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a b s t r a c t

Applications of cosmic-ray muons have grown in numbers in the last decades. This was
possible thanks to the development of detectors and techniques employed in particle
and nuclear physics. Indeed the first famous application, the scanning of the Chephren’s
pyramid, was performed by L. W. Alvarez, that was a great expert in particle detectors
and indeed was awarded a Nobel prize for his work on the hydrogen bubble chambers.
After a first period in which the applications exploited mainly the absorption of the
cosmic-ray muons when crossing a structure under investigation, more recently also
the deflection of the muons has been used to design new applications. Nowadays more
and more groups around the world are working on this research field. In the present
review, after an introduction on cosmic-ray muons, the principles of the interaction of
muons with matter will be briefly summarised. This description is important to classify
the applications in three main categories: muon radiography, muon tomography and muon
metrology. In the following, for each class, an overview of the basic ideas and a detailed
description of the technologies will be presented along with a list of past and present
applications.
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1. Introduction

Cosmic-ray muons is a general expression to indicate muons that drop on Earth due to cosmic radiation. A description
of the origin of such particles along with the physical processes of interaction with matter is given in Section 2. The world
knew that it was possible to inspect the content of a large structure with such cosmic-ray muons in 1970, when Nobel
prize winner Luis W. Alvarez investigated the interior of the Chephren’s pyramid at Giza, looking for hidden and unknown
chambers in the stonework. The result of the study was that ‘‘no chambers with volumes similar to the known chambers in
Cheops’s and Snereru’s pyramids exist in the mass of limestone investigated by cosmic-ray absorption’’ [1]. Nevertheless the
endeavour received great attention from the media and the public. In his Article Alvarez reported that indeed his one was
not the first application of cosmic-ray muons in history, since previously, in 1955, E. P. George [2] gave ‘‘an independent
measure of the thickness of rock overlying an underground powerhouse in Australia’s Snowy Mountains Scheme’’. Another
application of cosmic-ray muons was introduced in 1995 when Nagamine and collaborators [3] performed measurements
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on Mt. Tsukuba proving that ‘‘nearly horizontal cosmic-ray muons can be used to explore the inner-structure of a gigantic
geophysical substance, such as the top region of a volcano’’.

All these first applications were based on the measurement of the attenuation of the cosmic-ray muons flux. By
counting the number of muons exiting the volume under inspection and assuming the composition of the crossed
material, the total thickness of the material could be inferred. The details and an extensive overview of all the possible
applications are presented and described below in Section 4. In the following we will refer to this technique as eithermuon
radiography or muon absorption radiography, since it is based on the effects of ‘‘absorption/transmission’’ similarly to
common x-ray radiography. Alternatively, in brief, it will also be cited as muography.

As described in Section 2.2, the energy loss and the consequent absorption of muons it is not the only effect of the
passage through matter. Indeed, in 2003 a Los Alamos research group [4] proposed an innovative idea, to use the scattering
angle of the surviving muons to measure the properties of the crossed material. Clearly both the incoming and the outgoing
trajectories of the cosmic-ray muons need to be measured. In this case, a three-dimensional image of the volume under
investigation can be obtained. This novel approach opened up new scenarios and, since then, more and more groups are
investigating the possibility to apply such methods for new applications. The technique, based on the scattering effect, in
the following is referred to as muon tomography or more extensively and more precisely muon scattering tomography
or muon MCS tomography, where MCS stands for Multiple Coulomb Scattering. Indeed muon tomography can also be
achieved through multiple-views muon radiography as described below. The details and an extensive overview of all the
possible applications of muon tomography are presented and described below in Section 5. In the literature the term
muography is sometime used to name both muon radiography and muon tomography, while in the present report it is
used as a more general and more appropriate, for various reasons as it will be clear in the following, definition of muon
radiography.

In addition to muon radiography and muon tomography, recently another way to use the cosmic-ray muons for civil
applications has been suggested [5]. Basically, even if each cosmic-ray muon is deviated from its original course, as
described in Section 2.2, for a sample of many particles the mean scattering angle is zero. In other words, on average, they
travel along straight paths. Similarly to what it is done with laser positioning systems, it is thus possible to estimate the
relative position of different parts of a given structure. Since decades this approach is indeed quite typical in experiments
of particle and nuclear physics for the calibration and the alignment of their apparatuses. This technique is referred to as
muon metrology and an overview is given in Section 6.

All cosmic-ray muons applications share the common fact that they need a detector to reveal and measure the passage
of muons. Due to different requirements, nevertheless, the detectors may have specific characteristics for each application.
An overview of the possible technologies and class of detectors is given in Section 3.

The overall research field of applications of cosmic-ray muons has experienced a sensible growth especially in the last
decade. This fact can be summarised by the distribution of the number of publications containing ‘‘muon and radiography’’,
‘‘muon and tomography’’ or ‘‘muography’’ in the title as a function of time as shown in Fig. 1. Because of the number of
projects and research developments, the ensemble of applications described in this article, though extensive, may be not
exhaustive.

2. Cosmic rays

2.1. Primary and secondary cosmic rays

The Earth, as all other planets in the Universe, is hit by particles and nuclei that originate from different sources,
mainly from astrophysical sources like supernovae. Such particles are generally called primary cosmic rays1 and can be
characterised by very high energies. When they interact with the atmosphere they undergo nuclear reactions generating
a cascade of processes that leads to the creation of a shower of many particles. The air shower, in general, has a hadronic
core that on the other hand operates as a source for electromagnetic subshowers. In particular decays of π o into two γ ’s
determine the creation of many electron–positron pairs, that are the most numerous charged particles in the shower. At
high altitude the presence of muons, from the decay of charged pions, is one order of magnitude lower. These muons,
nevertheless, have a mean lifetime of about 2 µs and, at the speed of light, they are able to reach the Earth’s surface. All the
particles belonging to the air shower are generally called secondary cosmic rays. They were discovered at the beginning
of the 20th century by Pacini [6], Hess [7] and other physicists when investigating on the electric conductivity of air.
They gradually realised that, using Pacini’s words, ‘‘a sizeable cause of ionisation exists in the atmosphere, originating from
penetrating radiation, independent of the direct action of radioactive substances in the crust.’’. It was Millikan that for the
first time, after these experiments, called this extraterrestrial radiation cosmic rays. The cosmic rays, after discovery and
for few decades before the takeover of particle accelerators, have been the main instrument for the early development
of particle physics. From 1932 through 1950 many new particles were discovered studying the cosmic rays, such as the
positron [8], the muon [9], the π mesons [10], the K mesons [11] and the Λ baryons [12].

1 Technically primary cosmic rays are only the particles originating from astrophysical sources while those produced in interaction with the
interstellar gas are considered secondaries. Literally electrons, protons, helium and other nuclei synthesised in stars are primaries. Nevertheless, for
the purposes of this report everything hitting the atmosphere from outside will be considered, in the following, as primary.
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Fig. 1. Number of publications regarding muon radiography or muon tomography in the last years. The search has been performed on Scopus looking
for ‘‘Muon AND tomography’’, ‘‘Muon AND radiography’’ OR ‘‘Muography’’ in the title of publications.

Even if the relative composition varies as a function of the kinetic energy, overall, about 99% of the primary cosmic
rays are nuclei and about 1% single electrons. There is also a tiny fraction of antimatter, such as positrons and antiprotons.
Among the nuclei, protons are the more abundant (90%), followed by helium (9%) while the remaining 1% is due to nuclei
of heavier elements [13]. Neutrinos are not considered here and in the following. The composition of the secondaries, on
the other hand, varies as a function of the altitude. Above 5–6 km of altitude protons are more abundant than muons
while at about 2 km the muons are about 10 times more. At the sea level protons are 2 orders of magnitude less frequent
than muons ([13] and references therein). Other particles reach the Earth surface, such as electrons, pions, protons and
neutrons but their fraction is, in general, negligible with respect to muons. For this reason and for the purposes of this
review, in the following the terms muons, cosmic rays, cosmic muons and cosmic-ray muons, somehow improperly, will be
anyhow used as synonymous.

The flux of muons at sea level, with a momentum greater than 1 GeV/c, has been measured to be around
60–70 m−2 s−1 sr−1 ([13] and references therein). As a general statement, it can be said that 10000 of muons per minute
and per square (horizontal) meter, or alternatively ∼ 170 Hz/m2, hit the ground [13]. On average about 600 of them cross
a human body every minute. Another easy to remember rule of thumb is that 1 muon per second intercepts the palm of
a hand. These are indicative values, since the flux depends on many variables such as altitude, solar activity, Earth and
solar magnetic field and other factors. The average energy is comprised between 3 and 4 GeV and the flux is maximum
at the zenith (vertical direction) and it scales approximately with cos2(θ ), θ being the angle with respect to the vertical.
The flux as a function of the muon momentum is shown in Fig. 2 [14].

2.2. Interaction with matter

To better comprehend the applications of cosmic-ray muons, it is important to describe what happens when they cross
the matter. Passage of muons through a given material determines (I) a loss of their energy and (II) a deflection of their
incident direction. These effects are primarily due to collective results of two processes, inelastic collisions with the atomic
electrons and elastic scattering from nuclei. Other processes, such as emission of Cherenkov radiation, bremsstrahlung and
nuclear reactions, can give contributions in specific energy ranges (see for example [13] and [15] for a more exhaustive
description).

2.2.1. Energy loss
The energy loss is expressed through the so called mass stopping power, ⟨−dE/dX⟩, as defined in Eq. (1) in units of

MeV g−1 cm2. The dX that appears in the denominator is indeed the product dx · ρ, being ρ the density of the crossed
materials in g/cm3. Expressed in this way, the mass stopping power is practically independent on the material the particle
is crossing. In the following X = x · ρ is also called opacity. The mean rate of energy loss per unit path length, namely
the linear stopping power, in MeV cm−1, is thus ⟨−dE/dx⟩ = ⟨−dE/dX⟩ρ. As an example the mass stopping power as a
function of βγ = p/Mc (where p is the momentum and M the mass) and of the muon momentum is shown in Fig. 3 for
positive muons in copper [13]. The region between 0.1 ≤ βγ ≤ 1000, for intermediate-Z materials, is well-described by
the ‘‘Bethe–Bloch equation’’, first published in 1930 [16] and then modified to account for better approximations (see for
example [13] and [15]), with an accuracy of a few percent. The Bethe–Bloch equation, can be expressed as⟨

−
dE
dX

⟩
= Kz2

Z
A

1
β2

[
1
2
ln

2mec2β2γ 2Wmax

I2
− β2

−
δ(βγ )

2

]
(1)

where K is a proportionality coefficient, z the charge number of the incident particle (z = 1 for muons), Z and A the atomic
number and mass of the absorber, I the mean excitation energy, me the mass of the electron, Wmax the maximum energy
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Fig. 2. Spectrum of muons ([14] and references therein) as a function of the muon momentum.
Source: Courtesy of L. Bonechi.

Fig. 3. Mass stopping power (= ⟨−dE/dX⟩) for positive muons in copper as a function of βγ = p/Mc over nine orders of magnitude in momentum
(12 orders of magnitude in kinetic energy) as reported in [13]. Solid curves indicate the total stopping power. Vertical bands indicate boundaries
between different approximations. The short dotted lines labelled ‘‘µ− ’’ illustrate the ‘‘Barkas effect’’, the dependence of stopping power on projectile
charge at very low energies.

transfer in a single collision and δ(βγ ) the density effect correction to ionisation energy loss. At non-relativistic energies,
⟨−dE/dX⟩ is dominated by an overall 1/β2 factor and decreases with increasing velocity until about v = 0.96 c, where a
minimum is reached. The stopping power function is then characterised by a broad minimum whose position drops from
βγ = 3.5 to 3.0 as Z goes from 7 to 100. In practical cases, most relativistic particles, such as cosmic-ray muons, have
mean energy loss rates close to the minimum. Particles at this point are known as minimum ionising particles or in brief
mips. The mean energy loss rate in this region for various materials is shown in Fig. 4 [13].

The ⟨dE/dX⟩ we have presented so far applies to pure elements. In general a mixture or compound can be described
as a succession of thin layers of pure elements. In this case a good approximate value can be calculated by averaging over
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Fig. 4. Mean energy loss rate in liquid hydrogen, gaseous helium, carbon, aluminum, iron, tin, and lead. Radiative effects, relevant for muons in iron
for βγ ≥ 1000 and at lower momenta in higher-Z absorbers, are not included.
Source: Fig. from [13].

each element in the compound (Bragg’s additivity), that is
1
ρ

dE
dx

=

∑
i

wi

ρi
(
dE
dx

)i

where wi is the fraction by weight of the ith element in the compound.
Given the ⟨dE/dX⟩, in practical applications it is important to know how far muons can penetrate in matter before

they lose all their energy, or saying it differently, before they are stopped and absorbed. This path is known as the range
of the particle and it clearly depends on the type of material and on the incoming muon energy. Useful information and
tables about muon stopping power and range can be found in [17]. In general it is common use to express the range in
units of g cm−2 GeV−1 (R) and in the form of R/M, where M is the mass of the incident particle. Since the overall effect
of slowing down is due to many collisions with electrons, muons with the same energy and crossing the same thickness
will have different ranges. This phenomenon is known as range straggling and the corresponding distribution is in first
approximation Gaussian. The fractional range straggling defined as

√
variance(range)/range is inversely proportional to

the square root of the mass of the particle, so that, for muons with respect to more massive particles such as the proton,
is not negligible. The fractional straggling depends on the energy of the muon and on the material crossed and it can
be of few percent (see [17] for details). The thickness that determines the absorption of all the particles is also called
practical range. R/M as a function of βγ = p/Mc is shown for a variety of materials in Fig. 5 [13]. To calculate the range in
units of cm, R/M needs to be divided by the density of the material and multiplied by the mass of the particle (in units of
GeV/c2). As an example a 1 GeV muon penetrates many meters through light materials, but can be stopped in about half
a meter in heavy materials similar to lead. The muon range in rock is important for the application of muon radiography
by absorption and is described with some details in 4.2.

2.2.2. Multiple Coulomb scattering
The deflection of the cosmic-ray muon when crossing a given material is mostly due to repeated elastic Coulomb

scatterings from nuclei. Each collision, in general, results in a small angular deflection of the muon. As a cumulative
effect, the incident particle is scattered and moves along in a random course exiting with a net deflection from the
original direction. An extensive treatment of the effect can be found in [13] and [15]. The process of Coulomb scattering
in matter, mathematically, can be treated differently, depending on the thickness of the crossed material, as single, plural
or multiple scattering. Since in applications of the cosmic-ray muons the thicknesses are not small, only the multiple
scattering approximation is important and will be described here. The effect is summarised in Fig. 6 along with some
variables used to describe the multiple Coulomb scattering (MCS). In this case, where the average number of scatterings
is greater than 20 and the energy loss is small, a probability distribution of the deflection as a function of the thickness
can be obtained treating the process statistically, such as in the theory of Molière [19]. In the literature detailed and
accurate formulations and reviews have been presented by various authors, for example [20] and [21]. In the following
the description of the phenomenon reported in [13] will be presented. This formulation is generally valid for particles
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Fig. 5. Range of muons in liquid (bubble chamber) hydrogen, helium gas, carbon, iron, and lead.
Source: Fig. from [13].

Fig. 6. Quantities used to describe multiple Coulomb scattering (Fig. from [18]). The particle is incident in the plane of the figure.

with a net deflection up to angles of θ ∼ 30◦ [15]. For many applications the net scattering distribution, and also the
displacement distribution, can be approximated by a Gaussian via the central limit theorem. Such approximation does
not take into account the less frequent ‘‘hard’’ scatters responsible for non-Gaussian tails. Usually such events account
only for a few percent of the total. The root mean square (rms) of the Gaussian approximation of the projected angular
distribution has been calculated in [22] and can be expressed as follows:

σθ =
13.6 MeV

βcp
z
√

x
X0

[
1 + 0.038 ln

(
xz2

X0β2

)]
(2)

where p, βc, and z are the particle momentum, velocity, and charge (for the muons z = 1), x is the thickness of the
scattering medium, σθ = θ rms

plane = 1/
√
2 θ rms

space and X0, the material radiation length, is given by:

X0 = 716.4 g/cm2 A

Z(Z + 1) ln(287/
√
Z)

(3)

where Z is the atomic number and A the atomic mass number. The definition of the radiation length given here,
taken from [15], is a useful approximation and it is convenient for quick calculations. For a more accurate description
see [13] and [15] and references therein. The presence of the radiation length in Eq. (2) is somehow incidental, used as a
simplification even if it is not related to the physics of the scattering.
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The approximation of Eq. (2) is generally good but for small x and large Z [22]. When a cosmic-ray muon crosses a
compound or a series of layers of different materials, adding the individual σθ in quadrature results in a too small overall
rms. In such cases it is much more accurate to find x and X0 of the compound and apply Eq. (2). Having defined σθ , the
angular distributions in space can thus be expressed as follows:

P(θspace) =
1

2πσ 2
θ

exp

(
−

θ2
space

2σ 2
θ

)
dΩ (4)

Correspondingly in the plane the distribution takes the form:

P(θplane) =
1

√
2πσθ

exp

(
−

θ2
plane

2σ 2
θ

)
dθplane (5)

where θ is the deflection angle. Assuming that the x and y axes are perpendicular to the direction of the incoming
muon and dΩ ≃ dθplane,xdθplane,y, then θ2

space ≃ (θ2
plane,x + θ2

plane,y). The deflection angles in the two orthogonal planes
are independent and identically distributed.

2.3. Simulation tools

When developing a particular technique or application based on cosmic rays it is very important to design the
detectors and the overall application itself relying on a simulation tool that could generate the cosmic ray muons and
track them when passing through the apparatus setup. In many cases the tracking is provided by a simulation tool
called GEANT [23], while the muon generator algorithm is generally hand-made. Clearly the simulation of cosmic-ray
muons is quite widespread in nuclear and particle physics. Most of the collaborations have their own generator tool
based on particular experimental data, on some assumptions and approximations and on a specific generation algorithm.
Nevertheless there are some packages that have been made publicly available and/or described in literature. A bunch of
them are actually simulating the whole process from the first interaction of the primary cosmic ray with the nuclei of
the atmosphere, while others rely on parameterisations of experimental data at different altitudes. A list of such tools,
without the pretension to be comprehensive, is the following: Sybill [24], CRY [25], FLUKA cosmic ray generator [26],
MUPAGE [27], CMSCGEN [28]. Clearly a good muon generator for civil applications should simulate as accurately as possible
the momentum, the direction of arrival and the charge ratio of the muons over the area of interest, namely the detectors
used to measure the passage of the cosmic ray muons. Since a perfect simulator is not possible, due to incompleteness
and uncertainties on the experimental data, to the approximation in parameterising the data and to the limitation in
computing time, some compromises have to be made. Given the specific nature of civil applications such compromises
are generally different from the ones of nuclear and particle experiments and also vary from application to application.

3. Detectors

Since decades, many types of muon detectors and, in general, of charged particle detectors have been developed,
designed and realised for particle physics experiments. They are all ensuring high reliability and excellent performance
with differences depending on the specific technology.

Concerning cosmic muon applications, specific requirements are needed according to the kind of application. Detectors
used in muon radiography by absorption must usually operate in difficult environmental conditions. Stability with respect
to environmental variations and low power consumption are necessary. In order to reach the site of installation the
detector must be easily transportable and installable. Dedicated front end electronics and data acquisition are usually
needed in order to fulfil these requirements. The detectors for MCS tomography have typically larger sensitive areas,
O(10) m2 compared to O(1) m2 of the absorption case. While for the absorption methodology just one tracking detector
can be used, in MCS two trackers must be used to measure simultaneously the muon upstream and downstream with
respect to the object under investigation. A comprehensive, though not exhaustive, list of detectors for cosmic-ray muon
applications is contained in Refs. [29–46].

Technologies in use are basically of three types, nuclear emulsion detectors, scintillation detectors and gaseous
detectors. Recently a fourth technology based on Ring Image Cherenkov detectors has been proposed [47]. In the following
sections some more details are given.

3.1. Detectors for muon radiography

As discussed above, the detectors for muon-based absorption radiography must ensure good tracking performance;
provide good angular resolution (∆θ < O(10) mrad); produce bi-dimensional measurements and guarantee stability in
time and position. Furthermore, since the corresponding applications could require to install the apparatus in difficult
environmental conditions, robustness against weather variations and low power consumption are also necessary.
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Fig. 7. Example of scintillator detector based on triangular bars. Left: a module of the MURAVES detector made of 32 scintillating bars with WLS
fibres. Right: schematic view of the centre of mass principle for the position reconstruction of the muon. The relative amount of energy released by
the muon in two adjacent bars depends on the distance between the centres of the two bars, while the sum is constant.

3.1.1. Nuclear emulsion detectors
Several requirements are fulfilled by nuclear emulsions. Nuclear emulsion detectors were among the first tracking

devices to be used [48]. They are similar to photographic emulsions but they reveal the passage of charged particles.
After the chemical development the track of the ionising particle is visible as a path of Ag grains. All tracks are registered
together and no time information is available. Nuclear emulsions have been replaced over the years by electronic devices
because of the large effort needed to visually scan the images and retrieve the track information. The development
of emulsion analysis by automated microscope for the OPERA experiment [49] gives the possibility for applications in
muon radiography by absorption. An interesting use of the nuclear emulsions is in the Emulsion Cloud Chamber (ECC)
which consists of several layers of nuclear emulsion interleaved with lead or other high density absorber. In this way low
momentum background muons can be rejected [50].

Nuclear emulsions have many advantages. They do not require electric power, are very compact and easy to transport
and install. Their spatial resolution is O(10) µm and allows to obtain O(1) mrad angular resolutions with ECC of ∼ 1 cm
of thickness. As a drawback, this technology requires dedicated post exposure processing and read out by sophisticated
and dedicated scanning systems. In addition, no time information is available and hence this detector can be used only
for static situations. Recently progresses on the automatic scanning system have been reported [51].

3.1.2. Scintillation detectors
The detector technology used in a large variety of absorption applications is based on scintillator hodoscopes. A typical

scintillator telescope consists of two or more double layers of orthogonal plastic bars used to track particles in two
independent projections [52–57]. The bars can be easily shaped with different size. The typical length is of the order
of 1 m for muon absorption small detectors. Longer bars, up to 6 m, can be produced by extrusion [58,59]. Arc shaped
bars have been proposed for cylindrical bore hole detectors [60]. The position resolution is determined by the shape and
the lateral size of bars. With a rectangular shape, particles produce mainly a single hit per plane and hence the spatial
resolution σ is directly related to the bar lateral size L, in particular σ = L/

√
12.

The scintillation light signal propagates to the bar end faces directly (this requires highly transparent scintillators) or it
is transported by secondary light emission in wavelength shifting optical fibres. The light signal is read by photodetectors
optically coupled to the bar lateral edges. Commonly used photodetectors are photo-multiplier tubes (single or multi
anodes) and more recently silicon photomultipliers (SiPM). The latter are cost effective, efficient, robust, have low power
consumption and, due to their small dimension O(1) mm2, are ideal for compact assembly. SiPM are more sensitive to
temperature variation with respect to phototubes.

A triangular shape, as shown in Fig. 7, measuring the signal fraction released in adjacent bars can be used to improve
the spatial resolution (∼ 3 mm for L = 33 mm) [54,55]. When better spatial resolution is required and/or detectors must
be compact, scintillator fibres can be used. For example scintillating fibres with a helical winding were used for a small
diameter cylindrical bore-hole detector [61,62]. Other example of scintillating bars based bore-hole detectors are reported
in [63–66] for the monitoring of a subsurface reservoir.

3.1.3. Gaseous detectors
Gaseous detectors are less common in muon radiography by absorption because they are more difficult to operate and

control in field experiments with respect to scintillation detectors. In the Tomuvol project [67,68] Glass Resistive Plate
Chambers have been used, while multi wire proportional chambers are in use at the Sakurajima laboratory in Japan [69]. A
relatively new technology, based on micro-pattern gaseous detectors (Micromegas) has also been used to realise telescopes
for. muon tomography applications [70]. These detectors can reach a O(1) m2 active surface and can be equipped with
O(1000) strips in both orthogonal coordinates. A position resolution of ∼300 µm can be obtained. Therefore, either an
angular resolution similar to the one of scintillator telescopes can be obtained with a compact detector, or a much higher
resolution (∼ 1 mrad) can be obtained with a telescope having layers spaced by about 1 m.
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Fig. 8. Cross section of a drift tube with the passage of an ionising particle.

3.2. Detectors for muon tomography

MCS tomography requires at least two detectors, one measuring muons at the entrance of the volume to inspect, the
other at the exit. They must fulfil the same requirements in terms of efficiency and resolution described above, but in
addition they should also cover large areas (detectors must be cost effective). An additional useful requirement, although
difficult to obtain, would be the detector capability to provide information about the individual muon momentum.

Telescopes made with one of the technologies (scintillators or Micromegas) used for absorption analysis could be
implemented also for MCS tomography. However, given the dimensions of the objects to inspect (e.g. transport containers,
dry storage casks for nuclear spent fuel) that can exceed a dozen of square meters, the number of channels required could
be not affordable at a reasonable cost. Large muon detectors can be realised, as in particle physics experiments, using
gaseous detectors as drift chambers or resistive plate chambers (RPC).

3.2.1. Gaseous detectors
Drift chambers can have different cell structure but the simplest shape to ensure construction simplicity, robustness

and good performance is a ∼ 5 cm diameter metallic tube with a coaxial anodic wire (Fig. 8). When a charged particle
crosses the cell, it ionises the gas atoms along its path. If the central conductive wire is electrically connected to a sufficient
positive high voltage, and the external tube is ground connected, the presence of an electric field obliges the ions to move
towards the cathode and the electrons to drift towards the anode. In the proximity of the wire, with a typical diameter
of 20 ÷ 100 µm, the electric field is high enough to allow drifting electrons to accelerate and to ionise in turn the gas
atoms. An avalanche process then starts, with a charge multiplication that induces on the wire an electric signal high
enough to be read-out by front end electronics. The electron drift velocity is much lower than the velocity one would
expect in vacuum, since it is determined by collision of electrons with the gas atoms. Therefore, it depends on the gas
type and on the electric field. It is important to avoid electronegative gases (as oxygen in the air). A typical gas used in
drift detectors is argon with the addition of molecular gases (quencher e.g. isobutane, CO2) to limit the discharge along
the wire. Despite the quite large cell size, a good space resolution (∼ 300 µm) is obtained thanks to the measurement
of the drift time of electrons. A typical detector module can be constructed by several layers of tubes. Layers oriented in
the orthogonal direction ensure measurement of both coordinates and provide tracking in two orthogonal planes. On the
other hand, RPC’s are fast devices which can measure, with good precision, the time of flight required for the muon to
travel between the two detector modules. Therefore, in principle they could provide momentum measurement at least
for the low energy part of the muon spectrum [71].

It could be convenient to realise hybrid detectors having both drift chambers and RPC to profit of the advantages of
both techniques.

Also gas electron multipliers (GEM) have been proposed for cosmic muons measurement [72].

3.2.2. Momentum measurement.
It would be highly recommended, to improve the performance of MCS tomography, to include momentum measure-

ment in the detector system. However it is not easy to add a devoted spectrometer without increasing enormously the
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Fig. 9. Picture of the INFN muon tomography system. The two chambers enclosing the test volume are located in the upper part. In the lower parts
the additional detectors for particle momentum analysis are visible.

costs or adding unacceptable complexity to the system. In addition to time of flight measurements discussed above,
solutions could be obtained by adding a measurement of scattering inside the detector itself [73–75] or in additional
layers of known materials [76].

3.2.3. An example of a detector for MCS tomography
A system to study muon tomography has been operating for more than ten years at the INFN national laboratory

of Legnaro, near Padova [77,78]. It has been the first muon tomography system of large dimensions, realised using two
spare detectors from the set of muon chambers produced for the CMS experiment [79]. As shown in Fig. 9, two chambers
are placed parallel to the horizontal plane with a vertical gap of ∼ 160 cm. The detectors have 300 cm× 250 cm lateral
dimensions and are both realised with twelve layers of rectangular drift cells in groups of four (quadruplets). To guarantee
measurement of both coordinates, one quadruplet is oriented in the orthogonal direction compared to the other two. The
two detectors enclose a total volume of more than 11 m3 and the system includes, in the lower position, two more
quadruplets and two 11 cm thick iron plates to provide momentum information in a similar way as in Ref. [76].

An example of the system reconstruction capability is shown in Fig. 10 where a small car (FIAT 500) is inserted in the
system and the structure of its front part is reconstructed.

4. Muon radiography

4.1. Introduction

As already described in Section 2 muon radiography by absorption is based on the measurement of the attenuation
of the muon flux intensity by a large massive object. The flux measurement is done downstream of the object to be
investigated, i.e. after that the muons have crossed it. This implies the possible use of just one detector without a
second detector that measures, upstream, the incoming muon, as in the case of the muon tomography based on multiple
scattering. Of course more detectors can be used to enlarge the total detection area, but all are positioned downstream
with respect to the object to be investigated (see Fig. 11).

The calculation of the attenuation of the flux of muons is done using dedicated measurement campaign of free sky
muons, i.e. measuring the muon flux when no object is interposed between the detector and the sky, and/or by models
and experimental measurements of the expected flux of the incoming muon. One key issue for the interpretation of the
data is the knowledge of the differential muon energy spectra and of the interaction of the muons in matter as discussed
in Section 2.

This technique has been applied to investigate large volume objects as volcanoes, hills, mineral deposits or pyramids. In
most of these cases the multiple scattering measurement technique cannot be used, because the two detectors measuring
the same muon upstream and downstream reduce drastically the solid angle seen from the detector system, and the
scattering angle would be too big.

Usually the size of the detector (∼ 1 m3) can be considered negligible with respect to the size and distance of the
structure under investigation. In this case the detector can be considered point-like and muons with the same direction
as coming from the same zone of interest independently from the actual position they hit the detector. When this is not
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Fig. 10. Left: picture of a 1967 FIAT 500 inside the INFN muon tomography system. Right: reconstruction of the front part of the car superposed to
the car layout. The battery is clearly visible.
Source: Picture and images are taken from [80].

Fig. 11. Pictorial representation of a muon radiography by absorption. A detector is placed on the flank of a volcano and measures the number of
muons that cross the rock. Detector size is not to scale.

the case, and the distance and size of the object are small, it is possible to deduce some information about the distance
and linear dimensions of the object under study (see Section 4.2.6).

Muography provides, typically, a single bi-dimensional (2D) projective measurement from a certain position. Combin-
ing different measurements from different locations, it is possible to get three-dimensional (3D) informations about the
internal structure of the object or about the position and dimension of a void. Sometime this kind of measurement is
referred to as muon tomography, not to be confused with the above mentioned muon MCS tomography.

In the last years many advances have been reported in the development of algorithms devoted to the
3D-reconstructions from muon data or in joint with gravimetric data (see Section 4.2.6).

Recently progresses have been reported in the attempt to provide real time information about volcanoes activity, by
measuring, for example, the magma dynamics in an erupting volcano (see Section 4.3). This is very encouraging for
possible applications of this technique to the monitoring of volcano activity for mitigation of the volcanic risk.

The main advantages of muography, with respect to traditional geophysical prospecting techniques, are: the spatial
resolution (that can reach few meters), the range (∼ 1 km of crossed rock) and the volume of investigation (the field of
view has a conical shape with semi-aperture angle in the range 40◦

÷ 60◦). Moreover the inverse problem is well defined
and does not suffer of non uniqueness of the solution. The source (cosmic muons) is for free and available everywhere
and always. Once installed the detector can operate without human presence and from a certain distance from the object
of investigation (order 1 km in the case of volcanoes, this can be relevant in case of emergency during eruptions) and
can provide real-time information, in the case of electronic detectors. Power consumption is low (tens of W/m2 for the
electronic devices) or absent for nuclear emulsions.

The main limitations of the muography, on the other hand, are the muon flux, that is ‘‘low’’ and consequently the
measurement of thick structures can require large detection area and/or long acquisition time and the fact that only the
volumes on a higher level than the detector can be studied. In the following, typologies of applications in geology, mineral
exploration, archeology/civil engineering and industry are discussed.

In geological muography, or in short geomuography, the study concerns geological cases as the measurement of the
size of a volcano conduit or the mass distribution inside a cone of a volcano (see Section 4.3), mine inspection, glacier
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monitoring and hydrogeological measurements (see Section 4.4). In a second case the study concerns sharp discontinuities
of small size, as cavities/tunnels in the underground or inside a building and can be applied to archeology and civil
engineering, as illustrated in Section 4.5. A third class concerns applications in the industrial field (see Section 4.6).

4.2. Basic principles

Muography is based on the measurement of the attenuation of the muon flux. Due to their interaction with the matter
muons lose their energy proportionally to the length and to the mass density of the crossed rock. As described in Section 2,
high energy muons can be assumed to cross the matter almost in a straight line. Considering a stretch of rock of length
L with mass density ρ, the opacity X is defined as:

X(L) =

∫
L
ρ(x)dx (6)

If the density is constant along L the equation becomes:

X(L) = Lρ (7)

while, if this is not the case, the opacity can be written in terms of the average density ρ:

ρ =
1
L

∫
L
ρ(x)dx (8)

X(L) = Lρ (9)

For a certain value of opacity X only muons with an energy greater than a minimum input value Emin will emerge
from the rock and will be measured. Since the cosmic muons have a continuous energy spectrum the number of muons
measured after the rock is correlated to the opacity X and can be therefore evaluated. From the opacity the average density
ρ can be obtained, if the length L of crossed rock is known. Conversely, the length of crossed rock can be measured if the
density is known.

As described in Section 2.2 the energy loss suffered by the muon in matter is well described by Eq. (1). The expression
can be rewritten making explicit the dependence on the energy E:⟨

−
dE
dX

⟩
= a(E) + b(E)E (10)

In general the parameters a and b depend on the muon energy and on the atomic composition of rock through the
average of the ratio Z/A and Z2/A, where Z is the atomic number and A the mass number of the elements composing the
rock [17].

For the typical composition of the rock, when no heavy elements are present, Z/A ∼ 1/2 and the a and b coefficients
can be considered constant with a ∼ 2 MeV g−1 cm 2 and b ∼ 4 × 10−6 g−1 cm2.

Often an ideal rock, called standard rock, is introduced with the following values: Z/A = 0.5, Z2/A = 5.5, Z = 11, and
ρ = 2.65 g/cm3. In many cases the use of the standard rock gives reasonable results, but, as reported in a recent study
on the effect of the rock composition [81], it can introduce a bias in the muon flux calculation particularly when the
target consists of high Z2/A rocks (like basalts and limestones) and if the rock thickness exceeds 300 m. As an example,
in the case where the target is 600 m thick and made of limestone (ρ = 2.711 g/cm3) the standard rock assumption
underestimates the flux by 7 ÷ 8%.

If a and b are considered constant, by integrating Eq. (10) it is possible to calculate an analytic expression of the exit
energy Ee of a muon with an initial energy E0 after the muon crossed a rock thickness of opacity X [17,82]:

Ee
= (E0

+
a
b
)e−bX

−
a
b

(11)

Better estimations of this value can be obtained by considering energy dependent coefficients in the equation and
by considering rock composition close to the real one (see [17,83]). In [84] the energy loss of muons in the standard
rock obtained by energy dependent coefficients a and b are fitted with a fourth order polynomial function providing an
analytic curve with relative errors never exceeding 2%. More detailed results can be obtained with Monte Carlo simulation
programs as GEANT4, that take in account all known physical processes involved. From Eq. (11) it is possible to evaluate
the minimum energy E0

= Emin that a muon needs to cross a certain amount of opacity X . Setting the exit energy Ee to
zero:

Emin(X) =
a
b
(ebX − 1) (12)

In Fig. 12 the minimum energy as a function of the standard rock thickness is shown.
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Fig. 12. Minimum energy required for a muon to cross a certain amount of standard rock, evaluated from Eq. (12).

Table 1
Parameters from [87] used in Eq. (13).
P1 P2 P3 P4 P5

0.102573 −0.06828 0.958633 0.0407253 0.817285

4.2.1. The muon spectrum
Knowledge of the muon energy spectrum is a key element for data analysis and feasibility studies. Many data are

available in the literature and many models can describe with a certain amount of precision the number of expected
muons as a function of the energy and of the zenith angle. A review can be found in [85]. Basically two approaches are
possible. A first class consists in full Monte Carlo simulations where air showers are produced starting from primary
cosmic radiation, and muon interactions within the atmosphere are evaluated taking in account also geomagnetic and
altitude dependence. A common software is, for example, CORSICA [86]. The second class is based on parametric curves
fitted with the experimental values and provides analytic expressions of the muon spectrum. As an example in Fig. 13
the differential flux as a function of the muon energy is reported for different zenith angles. It has been obtained using
Eq. (13), that is a modified parametrisation of Gaisser’s formula [87] to correct for the curvature of the Earth and muon
decay.

dIµ
dEµ

= 0.14
[ Eµ

GeV

(
1 +

3.64 GeV
Eµ(cosθ∗)1.29

)]−2.7
×

[ 1

1 +
1.1Eµcosθ∗

115 GeV

+
0.054

1 +
1.1Eµcosθ∗

859 GeV

]
(13)

where:

cosθ∗
=

√
(cosθ )2 + P2

1 + P2(cosθ )P3 + P4(cosθ )P5

1 + P2
1 + P2 + P4

(14)

P1, P2, P3, P4, and P5 are parameters given in Table 1. Other models and experimental data are presented in [88].

4.2.2. Density distribution measurement
In the context of muon radiography the direct problem can be defined as the following: given a certain detector,

estimate the number N(θ, φ; X) of muons measured in the time interval ∆T as a function of the opacity X(θ, φ) and
direction (θ, φ), (where θ and φ are the zenith and azimuthal angle). Formally N(θ, φ; X) can be written as:

N(θ, φ; X) = ∆T × Seff (θ, φ) × I(θ, X) (15)

where

I(θ, X) =

∫
∞

Emin(X)
Φ(θ, E)dE (16)

is the integrated flux.
Φ(θ, E) gives the differential flux, ∆T is the effective data acquisition time while Seff is called effective surface and takes

in account the sensitive area S, the geometrical acceptance A(θ, φ) and the efficiency of the detector and of the selection
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Fig. 13. The differential flux of muons evaluated with Eq. (13).

algorithm ϵ:

Seff = SϵA(θ, φ) (17)

The inverse problem consists in the evaluation of the opacity X(θ, φ) from the measured number of muons N(θ, φ; X).
The problem is well posed in the sense that the answer is unique. Once X(θ, φ) is known the average density ρ(θ, φ)
can be calculated from the knowledge of the length of rock L(θ, φ) that the muon crossed along the direction (θ, φ). The
value of L is typically computed from Digital Elevation Models (DEM) of the investigated area. The function ρ(θ, φ) is
the bi-dimensional muographic density image of the investigated object obtained from a certain position and represents
a projection of the mass distribution inside the object. Three-dimensional images can be obtained by performing
measurements from different positions and/or integrating gravimetry data with muographic data, as is discussed in
Section 4.2.6.

4.2.3. Relative transmission for the detection of cavities
In the detection of cavities an alternative approach can be followed [89–91]. The transmission T (θ, φ) is defined as

the fraction of muons that have been able to cross the object. The expected transmission TE can be evaluated using an
average density of the object and in the hypothesis of absence of voids:

TE(θ, φ) =

∫
∞

Emin(X) Φ(θ, E)dE∫
∞

E0 Φ(θ, E)dE
(18)

where Emin(X) is the minimum energy required for a muon to cross the amount of rock of opacity X and E0 is the minimum
energy for a muon to be detected by the telescope, typically of the order of 100 MeV, much less than Emin(X).

The measured transmission can be evaluated from the number of muons measured in presence of the object Nu(θ, φ; X)
and a sample Nfs that can be measured acquiring free sky muons, i.e. without the presence of any object between the
detector and the sky. From Eqs. (15) and (16) it follows that:

Nu(θ, φ; X) = ∆Tu × Seff (θ, φ) ×

∫
∞

Emin(X)
Φ(θ, E)dE (19)

Nfs(θ, φ) = ∆Tfs × Seff (θ, φ) ×

∫
∞

E0
Φ(θ, E)dE (20)

where ∆Tu and ∆Tfs are the acquisition time of the two measurement campaign. If we assume that the effective surface
is the same, from the ratio of the two previous equations we obtain:

Nu(θ, φ; X)
Nfs(θ, φ)

=
∆Tu

∫
∞

Emin(X) Φ(θ, E)dE

∆Tfs
∫

∞

E0(X) Φ(θ, E)dE
(21)

Defining the measured transmission TM (θ, φ) as

TM (θ, φ) =
∆Tfs
∆Tu

Nu(θ, φ)
Nfs(θ, φ)

(22)
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Fig. 14. Example of relative transmission measured in [89–91]. R values greater than 1 (green regions) indicate directions where cavities are supposed
to be encountered. The red line represents the expected signal shape of a known test chamber. Other green regions correspond to other cavities in
the detector acceptance.

and if no void is encountered Eq. (21) can be written as:

TM (θ, φ) = TE(θ, φ) (23)

The relative transmission R(θ, φ) is defined as:

R(θ, φ) =
TM (θ, φ)
TE(θ, φ)

(24)

If muons that cross the object along the direction (θ, φ) do not cross any void (or other density anomalies) the relative
transmission is expected to be close to 1:

R(θ, φ) ∼ 1 for each direction where no void is encountered. (25)

Conversely if a cavity is encountered along a direction (θ, φ) the number of measured muons is greater then the
expected one, the measured transmission is therefore greater then the expected one and the relative transmission is
greater than 1:

R(θ, φ) > 1 for each direction where a void is encountered. (26)

In Fig. 14 an example from [89] of the relative transmission R is shown.

4.2.4. Feasibility studies
The estimation of the number of muons detected by a telescope, expressed in Eq. (15), can be used for feasibility

studies. The main parameters involved are the opacity X , the effective surface Seff (θ, φ), that is directly connected to the
sensitive area of the detectors, and the acquisition time ∆T . The number of detected muons, for a given opacity, is directly
proportional to the product Seff (θ, φ)×∆T , therefore the same number of muons can be collected in a certain time integral
∆T by increasing the effective surface (i.e. the sensitive area of the detectors and/or increasing the number of detectors)
or, for a certain effective surface, increasing the acquisition time.

Following the discussion reported in [84] it is possible to define the detection surface and acquisition time needed to
resolve, from the point of view of the statistical uncertainty, a difference in the opacity. Conversely, for a given sample it
is possible to establish the corresponding density resolution.

For two opacities X0 and X0 + δX the expected difference ∆N(X0, δX) is:

∆N(X0, δX) = N(X0 + δX) − N(X0) = ∆T × Seff (θ, φ) × ∆I (27)

where ∆I = I(θ, X + δX) − I(θ, X) is the variation of the integrated flux for a variation δX of opacity.
Let us assume that N muons are detected and that N is large enough so that the Poissonian distribution may be

reasonably approximated by a Gaussian distribution with mean N and standard deviation
√
N . The opacity X can be

resolved with an error δX at a confidence level of 68% if:

∆N(X0, δX) > σ =

√
N(X0) (68% confidence level) (28)

From Eqs. (16) and (27) the following inequality can be set:

∆T × Seff ×
∆I2(X0, δX)

I(X0)
> 1 (29)

The previous discussion is valid only if the contribution of the background in the number of muons detected is
negligible. If this is not the case, a better estimation of the sensitivity can be obtained from the signal to background
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ratio N/
√
NB, where NB is the number of background events in the sample. If the flux of background ΦB is known, the

signal to noise ratio can be described by:

∆T × Seff × I√
∆T × Seff × ΦB

=
√

∆T × Seff
I

√
ΦB

(30)

An example of comparison of sensitivity between two different experiments in presence of background is reported
in [82].

4.2.5. Angular aperture, resolutions and geometrical acceptance of a typical detector
A typical detector consists of two or more sensitive planes of size L with a distance D between the first and the last

plane. Each plane can measure the position of the impact point of the muon with a resolution d. The detector is at a
distance R from the object to be investigated, called in the following the target. The angular resolution of the detector
is of the order ∆θ ∼ d/D while the maximum angle that can be observed is of the order tg(θmax) ∼ L/D. Increasing the
distance between the planes therefore improves the angular resolution but decreases the angular aperture. The spatial
resolution achievable on the target is of order ∆x ∼

d
DR. These simple considerations allow to have a quick estimation of

the main geometrical parameters involved in a muography. As an example, if the spatial resolution is d = 5 mm and the
detector has a size L = 1 m and a distance D = 1 m, the maximum angle observable is θmax = 45◦, the angular resolution
is ∆θ ∼ 5 mrad. A target at a distance R = 1000 m can be resolved with a spatial resolution of ∼ 5 m. At the maximum
angle it corresponds to the minimal effective surface since only tracks at the edges of the detector can have the maximum
angle. Conversely, the direction orthogonal to the planes has an effective surface corresponding to the sensitive area of a
plane. Numerically this is described by the geometrical acceptance or geometrical factor. For a simple geometry, as the
one described, it can be calculated analytically. For more complex geometry numerical computation can be used.

In the case of the investigation of large objects with size of order of a few hundred meter or more the effect of the
multiple scattering of muons within the object must be considered. Since the effect of multiple scattering is inversely
proportional to the muon energy, while the range is directly proportional, the dispersion of the muons at the exit of the
object is not very sensitive to the opacity of the object and is of order 10 mrad [69]. This means that in principal it is not
necessary to have detectors with spatial resolution much better than this value. However, better resolution can be used
to estimate the momentum of low energy muons (≤ few GeV) by measuring their multiple scattering in iron/lead plates
inserted between the detector planes. In this way the signal to background ratio can be improved [92].

4.2.6. 3D imaging
As already mentioned in the previous sections muography can provide 2D distributions of the average opacity or of

the relative transmission. A single measurement can give the mass density angular distribution, or detect the presence
of a void region, with an indication of its direction and angular dimension, neither the exact position in space nor its
size. A remarkable exception, that can be applied in some particular cases with sharp discontinuity as for cavities, is the
back-projection method, that is described at the end of this section.

In the last years many advances in the study and application of algorithms for the reconstruction of 3D information
have been developed. They consist in combining only muographic data from different locations, or joint muographic data
with other geophysical data, such as gravimetry, electromagnetic, seismic etc. In the following a short review of the main
principal methods will be reported.

A standard procedure for the determination of the 3D density distribution consists in dividing the region of interest in
voxels, i.e. basic volumetric units, which size depends strongly on the spatial resolution and on the amount of available
data. If the density function ρ j is known for each voxel j the opacity X i seen from each telescope direction i is given by

X i
=

M∑
j

Lijρ j (31)

where Lij is the matrix of the length crossed by the telescope angles views i in each voxel j. The direct problem is, as
for the 2D case, the determination of the expected flux measured by each detector in the ith direction. This is equivalent
to know the mean opacity X i for each direction, since mean opacity and flux are unambiguously correlated. The direct
problem does not have ambiguity, and from the density function ρ j the opacity X i can be calculated. The inverse problem
consists in evaluating the density vector ρ j that reproduces the measured opacity vector (i.e. the measured flux) for each
direction i of all the detectors.

In other terms, an inverse problem is solved by minimising an objective function related to the proximity of
model-based reconstructed data to the real observed data (for a general introduction to inverse problem see [93]).

Differently from the 2D inversion problem, typically, the number of measurements is not sufficient to have a unique
solution. The problem so suffers of ambiguities that need further assumptions to be resolved.

One of the first applications of this method was performed by Tanaka et al. [94] by installing two muon detectors
around Mount Asama, on the Japanese island of Hunshu [95]. Assuming the density changes smoothly within the detector
resolution they produced a 3D representation of a low density crater area found in 2006. These results were encouraging
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concerning the development of inversion techniques for three dimensional imaging, but still had limitations due to some
a priori assumptions needed before solving the inversion problem.

As already mentioned, muography is capable of finding low-density or vacuum regions underground. In this scenario
it is also possible to obtain a 3D reconstruction of cavities by solving inverse problems. An example is explained in [96]
by Lesparre et al. where a 3D density imaging of low density regions from underground galleries in the Tournemire
experimental platform (France) has been attempted. Measurements were performed from three different sites with a
partial overlap of muon trajectories, and an inverse problem has been posed to interpolate the different data to model a
volumetric image of the density distribution. Once the voxels have been defined, the inversion problem is resolved using a
simulated annealing which is a two-loop iterative nonlinear method. The iteration stops according to the minimisation of
an objective function. The inverse problem is first solved in 2D since structural geometries extend roughly in a direction
parallel to the N–S axis, then the data were analysed with a nonlinear 3D inversion process to check the validity of a
medium homogeneity along the N–S axis. The resulting density image shows a very low density zone in the region just
above one of the sites of measurements. A N–S corridor of low density is still observed with values varying between 0
and 1.5 g/cm3.

Muographic imaging of underground hidden objects is not restricted to cavities, more frequent in the field of
archaeology. Indeed, in the field of ore detection the interest is typically focused on high-density regions that can be
detected and geometrically reconstructed with two or more overlapping muographies (see Section 4.4.1). Examples of
inversion problem applications on 3D reconstruction of very dense objects with a strong density contrast respect to the
surrounding material are reported in [97–100].

4.2.7. Joint inversion of muographic and gravimetry data
The inverse problems that have been described so far solve a density distribution involving only muography data. It

has been demonstrated that combining muographic images with gravimetric data, which are related to the density values
as well, improves the results of the three dimensional density map reconstruction.

Gravimetry provides a traditional method to measure densities of large objects such as volcanoes, measuring the
vertical component of the local gravity field; a number of gravity studies have been performed to infer subsurface density
structures of volcanoes. However, these studies suffer from the well-known problem of non-uniqueness. Joint inversion
methods are able to solve the question of how to use both muographic and gravimetric data to obtain a density map of
the target.

Previous studies tried to solve the non-uniqueness of the solution of gravimetric data inversion introducing additional
constraints given by seismic exploration data, but the spatial resolution of seismological/gravimetric imaging is limited
to the wavelength of seismic waves (> 1 km). Muon radiography has a typical angular resolution of a few tens of milli-
radians, achieving a spatial resolution of tens of meters which is much better than that of conventional geo-exploration
techniques. Muon radiography and gravimetry used alone present different drawbacks: while gravimetric data cannot
provide a unique solution, muon radiography has no resolution beneath the detector. Several applications show that a
hybrid measurement based on both gravity and muography is useful especially for small structures with sizes of a few
hundreds of meters near the surface, and also for measuring density in the regions not covered by the muographic data. In
this context, Davis K., Oldenberg D. W. et al. [101] have tested on simulated situations, an algorithm to invert muography
and gravity data, to recover a 3D distribution of density contrast. Similar studies have been performed by Nyshiyama
et al. [92] which applied a joint inversion method to the Howa-Shinzan lava dome, Hokkaido, Japan, after a solid validation
on synthesised data. The mathematical approach is very similar in the studies of both Davis and Nishiyama.

Once the volume of interest is divided into a discrete number N of voxels, and assuming a starting value of the density
function ρ j

= ρ0, a gravimetric anomaly can be defined as:

∆g i
=

n∑
j

Gijρ j (32)

where Gij can be written as:

Gij
=

∫ xjmax

xjmin

∫ yjmax

yjmin

∫ zjmax

zjmin

ς (z i − z)√
(xi − x)2 + (yi − y)2 + (z i − z)2

3 dxdydz (33)

where ς = 6.674 × 10−11 N m2 kg−2 is the universal gravitational constant. Muography provides the opacity:

X i
=

M∑
j

Lijρ j (34)

where Lij is the length of the ith muon path crossing the jth voxel. Gravimetric and muographic data can be joined as:

d =

(
X

∆g

)
(35)



G. Bonomi, P. Checchia, M. D’Errico et al. / Progress in Particle and Nuclear Physics 112 (2020) 103768 19

Eqs. (32) and (34) can be simplified in:

d = Aρ (36)

where A =
(G
L

)
. Nishiyama et al. adopted a Bayesian approach to solve Eq. (36) for ρ including a priori information. They

assumed that the true value of data d can be described by a Gaussian probability density function with observation dobs
and a covariance matrix Cd. Moreover, a smoothing constraint has been imposed through an exponential covariance

Cρ(i, j) = σ 2
ρ exp(−d(i, j)/l) (37)

where σρ is the a priori error of the density, l is the correlation length, and d(i,j) is the distance between the ith and jth
voxels.

Before having been applied to the Showa-Shizan lava dome data taken by Tanaka et al. [95], the inversion method
has been tested on synthesised data expected for a known density model and the actual survey configuration. This test
allowed to find the best a priori parameters verifying a minimal chi-square criterion. Once the a priori hypotheses have
been fixed, data from Showa-Shizan lava dome have been inverted. Muographic results show the existence of a lava plug
narrowing downward, characterised by a higher density than the surrounding deposits.

The joint inversion has been applied to resolve the three-dimensional, detailed shape of the plug, especially of the
lower part, which might extend to the underground magma reservoir.

The work of Nishiyama et al. demonstrated that a combination of gravity and muon radiography data enables us to
determine the 3D density structure of a geological target with a higher spatial resolution than using the conventional
methods.

A more recent work, by Jourde et al. [102] develops a similar mathematical approach to the problem, applying it to
examples taken from field experiments performed on La Soufrière of Guadeloupe, France. The mathematical engine used
here is based on a resolving kernel, a function, defined in the whole space, that acts as spatial filter relating the true
unknown density structure to the density distribution recoverable from data. Results on available data from La Soufrière
of Guadeloupe show that the information provided by muon tomography is dominant relative to gravimetry, for points
inside the volume of the lava dome spanned by the lines of sight of the telescopes. The situation strongly changes when
a point below the lines of sight of the muon detector is moved. Indeed, muon data compensate the great sensitivity
of gravimetry at near-surface locations by shifting the centre of mass of the resolving kernel downward. This improves
the vertical resolution achievable in the deepest parts of the volcano. The method of resolving kernels allows also to
include some prior information by defining a weighted scalar product in the space X of continuous L2 functions going
from ℜ

3 into ℜ, which contains the 3D density distribution ρ. The weight function in the scalar product may be used,
for example, to neglect the impact of the free air zone around the studied structure for gravimetry and muography, or
to introduce correlations for density variations. This study anticipated the estimation of the three-dimensional density
structure of the La Soufrière de Guadeloupe lava dome discussed in [103]. Rosas-Carbajal et al. jointly inverted muon data
from three simultaneous telescope acquisitions together with gravity data by minimising an objective function consisting
of a weighted data misfit term and a model regularisation term:

φ(m) = (d − Gm)TC−1
d (d − Gm) + ϵ2(m − mprior )TC−1

ρ (m − mprior ) (38)

wherem = [ρµ, ∆ρ],mprior is the a priori density model, C−1
d is the data covariance matrix, C−1

ρ is the model regularisation
matrix, and ϵ2 the trade-off parameter, which establishes the relative weight of the regularisation in the cost function.
Their approach performs a scaling of the regularisation matrix to counteract the natural decay of the sensitivity with
depth for both gravity and muon data. Before inverting the real data, synthetic tests have been performed to assess the
influence of the regularisation scaling and the resolution that can be expected. Without scaling, the inversion places the
largest density contrasts close to the muon telescopes. In turn, the matrix scaling places the density contrasts where the
true anomaly is located. Inversions without the gravity data confirm the importance of these data in the delimitation
of the density anomalies in cases where the spatial coverage of the telescopes is not complete. Thus, the application of
this method to La Soufrière de Guadeloupe data resulted in the first 3-D density model of a volcano lava dome from
the joint inversion of simultaneous muon radiographies and gravity data. Several density anomalies have been detected,
especially an extensive low-density zone located below the southern part of the summit where most of the increasingly
active fumaroles are observed, reinforcing inferences from previous studies.

Several attempts to invert jointly muography and gravity data do not account for the fact that the two types of
measurements respond differently to the same physical quantity. A possibility to solve this issue is to take into account
an offset parameter between the density distributions inferred from the two different type of measurements. In [104]
several solutions have been evaluated and applied to a synthetic volcano imaging scenario based on the Puy de Dôme
volcano in the Central Massif region of France. In this work different methods to evaluate this offset have been considered,
assuming that the offset can be approximated to first order as a constant for all measurements. They presented strategies
assuming the same density model for both measurements types or by trying couplings between two different models.
The relative density offset correction can be added in the objective function of Eq. (38) as a constant c to be subtracted
to muography observed data in the muography misfit function, where c can be evaluated by minimising Eq. (38) in a
least-square sense (LSM method). Another approach is, for example, to treat c as an unknown scalar parameter in the
inversion. They evaluated the impact of several different approaches on a specific scenario, that is the Puy de Dôme, and
verified that the most successful one is the least squares minimisation method, but many of the other approaches tested
provided somewhat helpful results and may have some merit for general scenarios.
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4.2.8. Back-projection method
As already mentioned, typically the muographic imaging provides a 2D map of muon transmission as a function of

the angular coordinates which define the directions of particles, assuming the detector to be considered as a single point.
The point-like approximation of the detector is valid only if the distance between the detector location and the target
is big enough with respect to the size of the detector, as is the case of volcanoes. Otherwise the detector has a sort of
stereographic view that means different parts of the detector see the same object under different angles. This feature
can be used to localise objects or cavities hidden inside large material volumes. The algorithm, called back-projection
method [105] allows to obtain the size and distance from the detector of an object which is observed as an anomalous
region on the muography. The algorithm consists in the definition of custom surfaces at different distances from the
detector where the reconstructed tracks can be projected by backward propagation as straight lines. A higher density of
hit points is thus expected in correspondence of the projection of the object on each surface. The angular width subtended
by these regions with respect to the detector’s centre depends on the position of the back-projection plane. The size of the
angular width just defined decreases going from the detector to the object location, and then increases slowly at higher
distances, remaining near the minimum value along the extension of the object. The minimum angular width is thus
reached when the back-projection surface approaches the object. The distance between the plane where the minimum
is reached and the detector thus allows the localisation of the object while the linear extension is given by the linear
extension of the anomalous region on the plane corresponding to the minimum angular width. This method has been
tested with both laboratory measurements for metal detection and on-field measurements inside the Temperino mine in
Tuscany (Italy) for the identification of large cavities [106].

4.2.9. 3D modelling of a cavity
A new approach to the three-dimensional muography of underground structures, capable of directly localising hidden

cavities and of reconstructing their shape in space has been developed by Cimmino et al. [91], merging informations of
measurements performed from different locations around the object. The example in [91] concerns the 3D modelling of
a cavity in the Mt. Echia environment, a tuff hill with several cavities, combining three different 2D muographies of the
cavity. The novel method to reconstruct in space a hidden cavity, starts by defining a grid of points in a cubic volume
that encloses the region of space where the cavity is supposed to be. As a general criterion, a point was considered to be
located inside a cavity if in each of the three projective muographies it corresponded to a direction lying inside a signal
cluster. This procedure was tested by simulating the presence of differently shaped voids, approximately located at the
presumed position of the hidden cavity and having a similar size. The results of the simulation show that the real structure
is always comprised in the reconstructed object, but it contains also points that in a projection appear in the shadow of
the cavity, rather than inside. This contribution can be more and more reduced by adding other points of view. Compared
with the single muographies, that are 2D muographic images, they demonstrated that this method has a high power in
identifying, localising and reconstructing in space hidden cavities in complex systems, resolving in matter ambiguities
that affect 2D muographies.

4.2.10. Background
As mentioned in Section 4.2.4 the possibility of achieving a high precision on density measurements is strictly related to

an adequate control of the signal to background ratio. Indeed, several attempts to obtain a muographic image of volcanoes
failed to make clear observations due to background noise. The background contamination can be significantly elevated,
especially when large rock thicknesses (hundreds of meters or more) are involved. This can lead to an overestimation
of the muon flux and consequently to an underestimation of the average density. In the last years, thanks to on field
experiments and to synthetic models, many advances in the understanding of the possible sources of background and on
models for quantitative estimation of their intensity and of their energy spectrum have been achieved.

A possible way to classify the different typologies of background is the following (see also Fig. 15): accidental tracks,
scattered (non ballistic) muons, scattered electrons and hadronic background (see also [56,107]).

Accidental coincidences happen when two or more different particles hit, in the coincidence time window of the
electronic detector, the sensitive planes of the detector. This can happen for un-correlated particles or for particles coming
from the same cosmic shower, in the last case the particles are spatially and temporally correlated. In the case of a
detector with just two sensitive planes the two hits define automatically a background track. This was the case of the first
generation detectors used, for example, in [53,108]. The occurrence probability of accidental tracks may be considerably
reduced by using three or more detection planes, as already proposed in [109] and requiring the alignment of the three
or more points measured. Moreover, a short coincidence time window could reduce false tracks further, at least for non
correlated particles.

A muon coming from a direction different from the measured one is called a scattered or non ballistic muon. The
scattered muon can come from the backward direction, and sometimes they are called upward-going background muons
or from the forward direction, and in this case they are also called downward-going muons. In the first case measuring
the direction with a time of flight technique or by a Cherenkov detector [110] they can be identified. The forward
scattered muons are indistinguishable from the signal muons, and the only way to control their contribution to the
signal/background ratio is an energy cut that is favourable, as it is described below.
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Fig. 15. Pictorial representation of some background types. Top-left: two particles hit simultaneously the two detector layers, producing a fake track
represented by the dashed line. Top-right: a third detector layer reduces the probability to have simultaneously aligned background hits. Bottom-left:
a muon (solid line) is scattered by the shallow part of the mountain and it is reconstructed as a muon coming from the inner part of the mountain
(dashed line). Bottom-right: a hadron, a proton in the example, interacts with a nucleus of the mountain producing new particles that can be
interpreted as muons that have crossed the mountain.

Scattered electrons are similar to scattered muons, they are electrons coming from the atmosphere that deviated from
their original direction and entered in the detector acceptance. Since electrons lose their energy in matter much more than
muons (of the same energy) and can produce bremsstrahlung radiation, they can be more easily absorbed or identified by
the use of absorber material interposed inside the detector that can stop, deflect or generate electromagnetic showers.

Hadronic background can be of different types: protons from the primary cosmic radiation or any other particle
(including electrons and muons) produced by hadronic interaction of the protons or neutrons with the matter, in particular
with the topographic material surrounding the detector.

The decay products of radioactive materials present around the detector are usually considered negligible because
their energy is not sufficient to generate a track through the detector planes or their activity is not sufficiently intense to
generate accidental coincidences.

Many experiments on volcanoes had to deal with background. As already mentioned in 4.3 the results published
in [111] were quantitatively re-evaluated in [112] mainly because in the first data analysis the background contribution
at low elevation angles was underestimated. The experiment of [53] at the Mt Etna showed clearly that the low measured
value of the density was due to a large component of background. Successively the analysis conducted by Jourde et al. [113]
of datasets acquired on Mount Etna and on La Soufrière of Guadeloupe [114] revealed that upward going background flux
is present when the rear side of the telescopes is exposed to large and deep valleys, and its intensity may amount to 50%
of the measured total flux in given directions.

The contribution of low energy particles to the background of a muography experiment has been studied in detail by R.
Nishiyama et al. using emulsion film detectors [92]. In particular they used two types of emulsion detectors with different
momentum thresholds: one is a stack of four emulsion films (Quartet detector). The other is a stack of 20 emulsion films
and nine 1-mm-thick lead plates, the so-called Emulsion Cloud Chamber [115]. Stacking several emulsion films allows
to impose an energy threshold on the incident particles by analysing the straightness of the tracks. The straightness is
evaluated by using the deflection angle of the tracks in the adjacent films. Owing to the lead plates inserted between the
films in the ECC detector, this straightness leads to the detector gaining a higher energy threshold (∼ 1 GeV) than the
Quartet detector (∼ 50 MeV). The particle-flux estimated from the quartet detector is much higher than that from the ECC
detector. Considering the different momentum thresholds for the two detectors, this difference in flux arises from the low-
momenta particles in 0.2 GeV/ c < p < 2 GeV/c. While the density values determined from the ECC detector are consistent
with the density of typical volcanic rocks, the density values determined from the quartet detector are significantly lower.
This fact suggests that while the ECC detects only the signal muons, the quartet detector is affected by contamination from
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other low-momentum particles. This soft background is mainly composed of electromagnetic components of air showers,
and by fmuons deflected at large angles through the material.

In [116] a background measurement at Puy de Dôme volcano is presented. MU-RAY and TOMUVOL collaborations made
independent measurements of the atmospheric muon flux transmitted through the Puy de Dôme volcano using their first
prototype detectors. The results confirmed that an important bias comes from background contamination mimicking a
higher transmittance. Indeed, they measured, behind rock depths larger than 1000 m, remnant fluxes of 1.83 ± 0.50
(syst) ±0.07 (stat) m−2 d−1 deg−2 (MU-RAY) and 1.95±0.16 (syst) ±0.05 (stat) m−2 d−1 deg−2 (TOMUVOL), that roughly
correspond to the expected flux of high-energy atmospheric muons crossing 600 m of water equivalent (mwe) at 18
degree elevation. These results show the necessity of technologies able to reduce the background, for example using time
of flight measurement, to reject upward going muons, or particle identification capability to reduce the soft component
of cosmic rays.

Different simulations have been performed in order to understand the composition, the energy and angular distribution
of the background. It should be emphasised that full Monte Carlo Simulation, i.e. a complete transport simulation of
the muons and/or other cosmic particle through the real geometry under investigation and in the atmosphere are not
computationally feasible. For this reason simplified object geometries and/or optimisation of the transport of the particles
have been used in the literature.

In [107] the focus was on the composition of the background and of its energy spectrum. For this reason the energy
spectra of major cosmic particles produced by primary protons and helium nuclei have been simulated using the air-
shower simulation code COSMOS. The propagation near a detector and a mountain has been simulated with the GEANT4
toolkit. In order to simplify the computational problem, an ideal topography with a rotationally symmetric shape of the
Mt. Showa-Shinzan was simulated together with a virtual detector, with the same symmetry of the mountain. The results
showed that the background is composed by low-energy electrons, muons and protons, with energy below 1 GeV. The
simulation also verified the existence of both backward and forward background that decreases with an increase of the
elevation angle. The synthetic results are in good agreement with the experimental values of background measured with
nuclear emulsions at the Mt. Showa-Shinzan and reported in [92]. Furthermore good agreement with the background
estimation reported in [113] was found.

In [117] the Monte Carlo simulations were focused to evaluate the effect of the forward scattered muons, for different
object geometries and compositions. In particular two physics cases have been studied. The first one concerns an
archaeological target, the Apollonia tumulus near Thessaloniki in Greece, and the second case of study is La Soufrière
volcano in Guadeloupe Islands of the Lesser Antilles. In order to solve the computational problem two steps were
performed. In the first step a full GEANT4 simulation was performed for muons of energy below 10 GeV and for different
incident angles with respect to the ground. From this simulation the expected background flux for forward muons can be
evaluated. In the second step the expected signal and background were estimated for the two targets with a simplified
geometry and without performing the full simulation.

The result concerning the archaeological structure, that can be in some way extended to similar structure, shows
that the forward scattered muons on the object surface do not significantly disturb the muographic image. Different
conclusions are reported concerning the volcano simulation. The contribution for muons of energy greater than 5 GeV is
negligible for all the impact directions. For the lower energy muons, most of the efficient scattering processes (i.e. when
the scattered particle exits the medium) occur if the zenith angle of the incident direction is higher than 85 degrees and
do not exist if this angle is lower than 80 degrees. The contamination of forward scattered muons is not negligible and
needs to be corrected. Indeed, a significant influence of the forward scattered has been observed muons through a model
based on La Soufrière volcano in the measurement, which can represent up to 50% of the detected muons, and even more
for incident zenith angles higher than 85 degrees.

The problem of the estimation, with a full transport simulation of the muons through a not simplified but realistic
model of the mountain was solved by V. Niess et al. [118]. They implemented a backward Monte-Carlo technique for
the muon transport problem. Backward sampling can provide drastic CPU gains by simulating only events that can be
observed, because it provides a simple way to invert the simulation flow in a muon transport MC starting from final
states. This technique is a more flexible version of an adjoint MC, where the detector is considered a source of muons
that are propagated backward through the mountain gaining energy and experience multiple scattering.

A proof of principle has been provided using a dedicated library implemented for muography imaging: PUMAS. The
agreement between the forward and backward sampling results is better than the 0.1% MC error at high energies. At low
energy, due to an approximate backward procedure for the fluctuations in the ionisation loss, systematics of 1% can be
observed. However, this systematic is washed out when considering that muography imaging uses atmospheric muons
with a broad energy spectrum.

Despite the fact that the simulation can provide only the scattered muon component of the background, the detailed
transport approach and the use of a realistic model of the mountain (a Digital Elevation Model can be used) provide
important information on the expected background flux. The PUMAS code has definitively shown that the amount of
background is very dependent, for the same mountain, on the detector position since the real topography of the mountain
flank and of the areas surrounding the observation site can have important effects. The use of such a simulation is
recommended for the choice of the site of observation of a mountain.
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4.3. The study of volcanoes

4.3.1. Volcanoes in Japan
The revival of the muon radiography, after the pioneering experiment of L.W. Alvarez, has been triggered by the

application of this technique to the study of Japanese volcanoes. In 1994 the use of muography to investigate the structure
of a volcano was proposed [109]. A simple tracking system made of plastic scintillator bars was used to measure the muon
flux across the Mt. Tsukuba and a possible use for volcanic eruption predictions was proposed. In 2013, about 20 years
later, for the first time, evidence of a measurement of the magma dynamics in a volcanic conduit was given [119], showing
that radiography can be potentially used as a tool to detect precursors of eruptions (see Fig. 16). The experiment measured
the change in the average density along the conduit of the Satsuma-Iwojima, a small scale volcano with a large amplitude
and low frequency motion of magma. For this kind of measurements one of the most crucial element is the time resolution,
i.e. the time needed to resolve a density variation inside the volcano. This is of course strictly connected to the number of
muons collected per day. The statistics is proportional to the time of acquisition and to the sensitive area of the detector.
The detector size was 1.7 × 1.7 m2 of sensitive area with a distance of 3 m between the first and last plane. Six layers
of scintillation-sensitive planes were present and five 10 cm thick lead plates supported by ten 3 cm thick steel plates
were alternating for the background reduction (see Section 4.2.10). The detector collected 1.75 muons per day in each
bin (33 × 33 mrad2) after passing 800 m of rock (ρ = 2.0 g/cm3) in the case the conduit, 400 m large, is empty. In the
hypothesis the conduit is filled with magma with the same density of the rock the muon flux reduces to 0.37 muons per
day. The difference between an empty and full conduit can be detected in 3 days at a 2 σ (95%) confidence level.

The previous example shows clearly that large area detectors are needed if the time resolution must be reduced. Gas
based detectors, which can be less expensive with respect to plastic scintillator based detectors to cover large areas, can
be a valid alternative to increase the effective surface, as in the case of the muographic laboratory at the active volcano
Sakurajima (Kyushu, Japan). For this laboratory, which has the largest active area of detectors in the world, multi-wire
proportional chamber gas detectors (MWPPC) are in use [120]. Each detector has 0.8 × 0.8 m2 of sensitive area and 4 mm
spatial resolution. The distance between the first and last plane is 2 m, corresponding to an angular resolution of about
2 mrad. Since the distance between the observatory and the volcano is ∼2.7 km, the spatial resolution on the volcano
is ∼ 7 m. Each tracker is made of at least five planes and five 2 cm thick lead plates for background suppression. Seven
detectors are installed in the laboratory, with a total sensitive surface of 5.5 m2. The modularity of the detectors allow to
increase the total surface in case of need. The system showed quite stable operating conditions during long data tacking
campaigns (larger than 100 days), with tracking efficiencies above 95%.

The Sakurajima-Iwojima volcano was initially studied with a simple detector, consisting of just two layers of plastic
scintillator bars with an active area of 1 m2 and a distance of 2 m between the two planes. The angular resolution was
16 mrad and the distance from the summit crater about 1.4 km. The results published in [111] were quantitatively
re-evaluated in [112] mainly because in the first data analysis background contribution at low elevation angles was
underestimated. The presence of a low density region, 0.9 − 1.0 g/cm3 with a diameter of 300 m at 135 ÷ 190 m from
the summit crater was, anyway, confirmed and interpreted as a rhyolitic magma with a 60% vesicularity.

In the time period between the first experience of Mt Tsukuba, in the year 1994, and the recent realisation of a
laboratory to study Mt Sakurajima, many other volcanoes have been studied in Japan. For these measurements both
electronic detectors and nuclear emulsion (NE) were used. The first experimental measurement of the density distribution
concerned The Mount Asama, in 2007 [50,121], where a Nuclear Emulsion detector of 0.4 m2 area was installed in a 1 m
deep underground chamber at about 1 km distance from the volcano, taking data for 2 months. Two strong density
anomalies were observed, with an accuracy of 1%–2% and vertical and horizontal spatial resolution of 30 m and 60 m,
respectively. Successively Mount Asama was monitored with a real time muon detector with an angular resolution of
∼60 mrad corresponding to ∼ 72 m of spatial resolution at the centre of the crater, 1.2 km distant from the telescope. The
detector was operating since October 12 2008 when, on the 2nd of February 2009, the volcano erupted and a large amount
of volcanic ash was ejected. The comparison of the measurement before and after the eruption allowed for an estimation
of the amount of material ejected, in good agreement with the model calculation of volcanic ash flow. Moreover, the
visualisation of the mass density images suggested that a boiling liquid expanding vapour explosion occurred, since no
mass variation was observed below the crater.

In [122] an airborne muography of the Heisei-Shinzan lava dome of the Unzen volcano is described. An array of 14
scintillator bars was used to form a segmented detector with an active area of 49 × 49 cm2. The distance between these
segmented detectors was 16 cm, corresponding to a spatial resolution of ∼ 90 m on the target. The detector was installed
inside a helicopter and the muon flux was measured for 2.5 h at an altitude of 1350 m and a horizontal distance of a few
meters from the steep surface of the Heisei-Shinzan lava dome. The principal claimed advantage of this technique consists
in a shorten exposure time of the measurement. By getting the detector as close to the target of interest as possible the
viewing solid angle of the region of interest is maximised and, as a consequence, the recorded number of muons that
pass through the region is also increased. If the distance to the target is reduced to a half of the original value, it will
take a quarter of the original time to produce the same quality images. Another advantage is that the rock thickness to
look through the target volume is minimised. The topography around a volcano is usually complicated and it is generally
difficult to get a clear pathway from the target volcano to the land-based detector. Reducing the thickness of rock is
very efficient: if the rock thickness is reduced to a half of the original value, the transmitted muon flux will be 10 times
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Fig. 16. Magma dynamics during the Satsuma-Iwojima eruption. The plots show the angular distribution of 1 σ (68% CL) upper limit of the average
density along the muon path. The frame rate is 10 frames per month. The data were not taken during 20–22 June due to a blackout. Horizontally
adjacent two bins were packed in order to achieve higher and more accurate statistics. The elevation and horizontal distances at the centre of the
cone are shown.
Source: Courtesy of [119].

higher. As a consequence of this effect the airborne measurement is expected to shorten the time required for imaging
the peak region of the dome by more than 2 orders of magnitude in comparison to other 2 land-based measurements
that were performed. Other advantages are: no topographic and infrastructural restrictions, electricity availability, fast
transportation and installation of the detector.

In the bibliography a list of articles concerning the research in Japan is available. As last examples it is worth mentioning
the 3D reconstruction of Mt Asama [94] performed by two observation points and the comparison of muographic results
with classical gravimetry [123]. The 3D inversion methods have been discussed in more detail in Section 4.2.6.

4.3.2. Volcanoes in Italy
As in Japan, in Italy there are active volcanoes: Vesuvius, Etna and Stromboli have been object of investigation in these

years by the use of cosmic muons. The state of research on these volcanoes will be briefly discussed below.
Vesuvius is considered one of the most dangerous volcanoes of Europe and of the world. It can manifest very

violent eruptions (Plinian eruptions) and a large population, about 3 million, lives around the volcano. More than half
a million inhabitants lives inside of the so-called red zone that must be evacuated in case of a possible eruption. In the
2009–2012 period, the Italian National Institute of Nuclear Physics (INFN) funded a research and development project on
muon radiography applied in particular to the study of Vesuvius. The MU-RAY and MURAY2 [54,55,124] designed a new
class of particle detectors based on plastic scintillator bars coupled to silicon photomultipliers (SiPM). A prototype (1 m2

of active area) was realised and operated for a test run at the Vesuvius, in collaboration with the Italian National Institute
of Geophysics and Volcanology (INGV) [125] and successively at the Puy de Dôme volcano, France, in the framework of
a collaboration with the project TOMUVOL [116,126]. MURAVES is a INFN-INGV project funded by the Italian Ministry
of Research and Education based on the experience of the MU-RAY program. The experiment is taking data at the
Vesuvius [56,106,127,128]. Three 1 m2 muon hodoscopes have been installed in a laboratory realised on the slope of
Vesuvius and equipped with a photovoltaic system. Each tracker consists of four XY layers and a 60 cm thick lead wall
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placed before the last XY layer to suppress the background. With a sample equivalent to two years of data taking the
experiment could resolve density variations of 5% in the upper part of the Vesuvius Gran Cono. Due to existing gravimetry
and electrical maps it will be possible to combine them with the muographic data to provide a better understanding of
the structure of the Gran Cono.

Stromboli is a large strato-volcano of the Aeolian archipelago, in the south of Italy. Its altitude is about 920 m above
the sea level but the submarine portion extends down to about 1000 m depth into the sea. The volcano is characterised by
the emission of huge amounts of gas, explosive activity (the so called Strombolian activity) and repeated collapse episodes
that can produce tsunamis with potential danger for the islands of the archipelago and for the coast facing to the south
Tyrrhenian sea of Italy. A muography of the internal structure of the summit crater area has been performed by the use of
emulsion films [129]. The detector, with an area of 0.96 m2 took data for about five months. It was placed at an altitude
of 640 m a.s.l., optimised for the study of the crater region that is around 750 m a.s.l. A clear excess of muon flux in the
crater zone, from the surface to the depth of about 50 m, indicates the presence of a lower integrated density region that
extends laterally for about 200 m below the crater region. This excess corresponds to a decrease of the average density
along the muon path down to 1.4 g/cm3 (calculated with a reference rock density of 2.2 g/cm3). Mt. Etna, located in the
East coast of Sicily, is a very active strato-volcano that can present eruptions from its four summit craters or from vents
or fissures. It has a height of about 3350 m, and the base is about 40 km in diameter.

A first attempt to study this volcano by muography was performed in 2010 [53]. The target of the measurement was
the Southeastern Crater (240 m tall, about 500 m of base diameter). The muon detector was made of two XY planes
made of plastic scintillator strips. The sensitive area of each plane was 1 m2 and the distance between them was 170 cm.
One of the goals of the experiment was to understand if the amount of background present in a two-plane detector was
sufficiently low to permit a density measurement of geological structures with thickness of the order of 500 m, confirming
the results presented in [111], with a similar target, or if detectors with three XY planes have to be preferred to reduce
the amount of background. For more details on the background see Section 4.2.10.

The results obtained showed clearly that the measured muon flux across the volcano exceeded the expected flux by
a factor of about ten. The expected flux was computed with a bulk density of the rock of 0.7 g/cm3, on the base of a
gravity/GPS measurement campaign performed in 2010. Therefore the excess of muons measured with respect to the
expected one cannot be attributed to a too high value of the density of the rock in the synthetic model with respect
to the real one. The origin was attributed to the accidental background component due to false muon tracks that may
arise, for example, from vertical particles that hit simultaneously the two planes of the detector (see Section 4.2.10. In the
article a rough estimation of the probability to have this accidental track is presented and the result is compatible with
the observed measurement. In spite of the huge amount of background in the measurement, that is incompatible with
an accurate estimation of the density distribution inside the volcano, an indication of a lower opacity region was shown,
after the subtraction of the background as predicted by the synthetic model.

Mt Etna is also studied by two other projects. In the MEV experiment [130,131] a dedicated detector, based on plastic
scintillator bars, has been realised. The tracker consists of three XY planes of 1 m2 of area and a distance, between the first
and the last plane, of 97 cm. The planes are inserted with the light sensor and required electronics, in a cubic box with
external side of 1.5 m to ensure light and water insulation. The detector is powered with two photovoltaic panels and the
overall power consumption is about 25 W. In 2017 a test phase of about 110 days of data acquisition was performed,
measuring the extinct volcanic cone of Monte Rossi (Catania, Sicily) that is similar, in shape, size and distance from
the telescope, to the real object of investigation, the North-East crater of the Etna volcano. The test confirmed the good
performance of the detectors but also the need to improve the data analysis. The detector was, successively, placed close to
the North-East crater and two data samples were acquired, in 2017 and 2018. Data analysis of the samples is in progress.
The logistic conditions exclude the possible use of a lead wall or other shielding techniques to suppress background. For
this reason the group is looking for the introduction of a time of flight measurement or of a Cherenkov based detector to
discriminate forward muons from backward muons [47,110].

The other group is proposing a different detection technique, in particular a Cherenkov telescope designed in the
context of the ASTRI project [132] for γ ray astronomy by the use of an Imaging Atmospheric Cherenkov Telescope. The
proposed detector is a simplified version of the ASTRI prototype: dimensions are smaller and weight lighter in order to be
less expensive and easy to install [47,82]. A muon in the atmosphere needs to have an energy greater than about 5 GeV
(at sea level) in order to emit Cherenkov light. The intrinsic threshold on the muon energy makes the detector much less
sensitive to backward muons than other technologies. The actual energy threshold is higher because a minimum amount
of photons is needed to reconstruct the muon direction with sufficient precision (the ASTRI-SST-2M prototype will be
able to reconstruct muons with a precision on the direction of about 0.14◦, if the muon energy is higher than 20 GeV).
On the other hand a high threshold reduces the number of signal muons emerging from the rock. Another disadvantage
of this technology is that they can only operate at night, reducing the effective data taking capability.

A feasibility study was performed, with a simplified model based on the ASTRI-SST-2M prototype and a volcano
geometry represented by a simple cone of base 500 m and height of 240 m, roughly corresponding to the dimensions
of the South-Est(SE) mouth of the Etna volcano. With a distance between the telescope and the volcano of 1500 m the
projected spatial resolution referred to the axis cone is about 4.5 m. Cylinders of various dimensions (200, 144, 75 and 27 m
diameter) have been simulated and the time necessary to resolve, at a 68% confidence level, the difference between an
empty conduit and a full one was estimated. As an example a minimum of 3.7 nights is necessary in the case of a 200 m
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Fig. 17. Time variations of the muon flux across different domains of the lava dome. The red curve is for the bundle of lines of sight covering the
seismic source zone and corresponding to the direction of the hydrothermal source. The other three curves are for adjacent areas labelled 2, 3 and
4 in the inset showing the acceptance function of the telescopes view-field. Oscillation amplitudes are arbitrarily set to a common value. The total
acceptance of bundles of lines of sight crossing the source area 1 is 54.3 cm2 sr. The acceptances of the merged lines of sight in the areas 2, 3 and
4 are respectively 34.8 cm2 sr, 40.3 cm2 sr, and 45.8 cm2 sr. For comparison, the maximum acceptance of the field of view of the telescope equals
6.5 cm2 sr. The abrupt increase of the muon flux showed in curve 1 is interpreted as a genuine decrease of the density in the hydrothermal source,
since the other three curves are not changing.
Source: Courtesy of [135].

in diameter and 135 m in height conduit, corresponding to a maximum magma velocity of 5 m/h. The authors report also
a sensitivity comparison between the simulated experimental setup and the measurement performed in [119]. Taking in
account the two different background fluxes, a factor of ten improvement is expected, in spite of the reduced duty-cycle
of the Cherenkov detector. A validation test of the synthetic model will be possible when the ASTRI SST-2M prototype
will be operative, pointing the telescope to the Etna from a distance of 5 km and measuring the attenuation across the
South-Est crater, 500 m thick.

4.3.3. Volcanoes in France
Two main collaborations are active on the front of the study of Volcanoes in France. The TOMUVOL collaboration [67,68]

focused the research activity at Puy de Dôme, located in the Chaîne de Puys volcanic district in France. The DAFNE group
focused its attention mainly on La Soufrière of Guadeloupe, an active volcano in the Lesser Antilles.

Puy de Dôme is an extinct volcano with an altitude of 1465 m a.s.l. and a lateral extension of more than 2 km at the base.
Even if it is not very significative from the geological point of view the Puy de Dôme was chosen as a test laboratory for the
development of muon radiography (detectors and methods) applied to volcanoes. As a matter of fact the volcano edifice is
isolated, so that there is no muon absorption from other structures, the size is moderate enough allowing measurements of
a large part of the edifice, and can be observed from many locations, most of them with infrastructure reachable by roads
and served by electricity. Two measurement campaigns, with almost orthogonal directions, were performed in 2011 and
2012. There was then a third campaign of 41 day between 2013 and 2014. The used technology was gas based detectors
(Glass Resistive Plate Chambers GRPC). The results of these last measurements were published in [116] together with the
results of a measurement campaign performed at the Puy de Dôme by the MU-RAY group. The comparison of the results
obtained by the two groups with different detector technologies and independent analyses showed how important the
contribution of the background and the necessity of its reduction for the study of structures with 500 m or more of rock
(see Section 4.2.10) can be. The Puy de Dôme was also used as model for the study of joint inversion methods [104,133]
that are reported in Section 4.2.6.

The La Soufrière of Guadeloupe volcano has been object of an intense program of investigation by muon radiography,
sometimes in combination with other classic methods, gravimetry in particular [102,113,114,134,135]. In [134], for
example, a calibration experiment has been performed using a water tower. In [135] an increasing of activity of a
hydrothermal spot with excellent space and time resolution, using a combined analysis of the seismic noise and muon
radiography, is reported. The measurement is particularly interesting because no reliable precursory signal is known for
phreatic and hydrothermal eruption which can be very dangerous and have a very short timescale, between hours and
days. A plastic scintillator based detector with three XY planes of 50 × 50 cm2 area measured an increase in the muon
flux across the lava dome in the direction corresponding to a seismic source volume identified by seismic data analysis. A
simultaneous change in the muon flux and in the temperature measured by probes in active vents was observed, due to a
correlation with a hydrothermal event. A few days of time resolution have been estimated, that can be improved enlarging
the sensitive area using several muon telescopes, which can also improve the space localisation of the hydrothermal source
(see Fig. 17).

4.4. Geological applications

Besides the study of volcanoes other applications to geological cases concern the exploration of mines, monitoring CO2
trapped in underground deposits, studies of glaciers and hydrogeological measurements. Some of them will be discussed
in the next sections.
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4.4.1. Mineral exploration
The possible use of muography for the application in mining geophysics was already studied in the year 1979 by

Malmqvist et al. [136]. In their theoretical work the authors analysed two possible detectors, one for the use in a gallery,
with a sensitive area of 0.75 × 0.75 m2, the other for the use in narrow boreholes with a diameter of 46 mm and
a sensitive area of 1 × 0.03 m2. The feasibility study showed that the sensitivity of the method was enough for the
detection of density anomalies. In fact they found a 1% change in the mean rock density which corresponds to a change
of about 3% in the counting rate. Depending on the geologic situation, the depth and the design of the detector they
found a characteristic time varying from a few hours to about 10 days. The method was found to be most applicable
for massive sulfide and iron exploration. They estimated, as maximum depth for the use of the detectors, 600 m for the
gallery application and 400 m for the borehole application. These numbers must be considered only as a rough indication,
since the size of the detector, the size and density contrast of the target, and the maximum registration time accepted
for each observation can modify them substantially.

The principle has been tested in recent years in real mines [97–100] and 3D images of dense ore bodies in complex
geological environments were successfully obtained. In particular at the uranium deposit of the McArthur River mine
in Canada the measurements, performed at a depth of 600 m with a gallery detector of 2.2 × 1.1 m2 of sensitive area,
showed, with a 5 standard deviations statistical significance, the presence of uranium ore. The 3D density map obtained by
muon data showed a good agreement with the one produced by drill assay data from the deposit. Several measurements
were performed at different positions at a depth of about 600 m underground, a distance from the deposit ranging
between 59 to 86 m and acquisition times between 54 days to 143 days. These measurements were performed by the
CRM GeoTomography Technologies, Inc., a privately owned company spin-off from Advanced Applied Physics Solutions
Inc. (AAPS, now TRIUMF Innovations), based in Vancouver; it is one of the first companies operating in this field. This kind
of exploration, with a gallery telescope, is useful to search for extensions to existing ore bodies (the so called brownfield
exploration). For geophysical surveys looking for new mines (greenfield exploration) miniaturised borehole detectors are
needed.

In [97–99] other measurements of a different kind of ore deposit are reported. In particular at the Nyrstar Myra Falls
mine in British Columbia, Canada, a volcanogenic massive sulphide deposit containing zinc, copper, lead and silver has
been prospected by muography. Since the ore is only at about 70 m below the surface the data taking campaigns were
of 15–20 days with a detector of 1 m2 of active area with samples of about 1.5 × 105 muons (except one measurement
of 43 weeks that collected 3 × 106 muons). The inverted 3D density images obtained had good correspondence with a
model derived from drill core data.

An interesting test was performed at the Pend Oreille mine, located in northeastern Washington, USA, where a poly-
metallic deposit, at about 450 m below surface and with large density contrast to the surrounding dolomite, is present.
Four samples were collected with two detectors positioned in four different locations in total. Data taking at each locations
were of 68–153 days. The muon 3D density map was completed without any information about the ore existence and
properties and compared with the known geometry of the deposit only at the end (blinded analysis). The agreement was
good, also if a smearing out in depth was found. This effect has been attributed to a general issue of 3D reconstruction
from 2D images. If the 2D images were acquired all from approximatively one side (below the ore in the case) the object
geometry along the imaging direction is unconstrained.

4.4.2. Monitoring of carbon dioxide geo-storage
Another possible application concerns the monitoring of the carbon dioxide trapped in deep underground as proposed

for the reduction of greenhouse gas in the atmosphere [63,137]. The muon detectors could be positioned under the deposit
(depleted petroleum reservoir or other porous formation) using the well bore during the development of the storage site.
The detector must be able to work in hostile environment (saline, high temperature). The storage sites are at least 1 km
deep and must be monitored for decades if not centuries.

In [137] and [138] results from simulation are reported. They simulated a reservoir located at a depth of 1000 m
beneath a cap rock with average density of 2.70 g/cm3. The porous rock was 250 m thick with a porosity of 35%, containing
65% of sandstone (density 2.70 g/cm3) and 35% of brine (density 1.1 g/cm3). Carbon dioxide is then injected (density
0.75 g/cm3) up to a maximum of 10% of the reservoir volume. The muon flux is measured by a detector with a sensitive
area of 1000 m2 and a reference sample (before CO2 was injected) of 1 year was simulated. Then samples equivalent to 1
year of data taking were evaluated for different fractions of injected CO2 up to a maximum of 10% of the reservoir volume.
A statistically significant difference is achieved after about 25% of CO2 is injected.

The simulations have shown that large area (∼ 1000 m2) detectors are needed for this kind of measurement, to be
posed below the reservoir. The only practical possible solution is to use an array of detectors to be placed in horizontal
boreholes beneath the storage site. Boreholes of this kind are already in use in the oil industry. In [63] a prototype detector
is described, based on plastic scintillator bars housed in a steel tube that can be inserted in a 9-5/8 in. borehole of the
type used in the petroleum industry. The muon position along the bar is localised by measuring the arrival time of the
photons. The detector was tested for two months at the Boulby mine at 1000 m of depth, in a horizontal borehole with
35◦ celsius of temperature showing stable conditions of work.

Another research activity concerning borehole detectors for the study of subsurface reservoirs is reported in [64–66].
A borehole detector prototype was assembled with the use of plastic scintillator rods, coated with TiO2, and with a hole
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Fig. 18. Muon fluxes. Attenuation of muon flux (vertical axis) as a function of the obstacle thickness (horizontal axis). The colours of the data point
represent the zenith angle of muons arriving at the detector. The open circles denote muons, which passed only through the bedrock. These data are
used for calibration purposes by comparing them with the theoretical predictions of the flux attenuation in pure rock (density 2.68 g/cm3) reported
as solid lines for different zenith angles (45◦ , 60◦ and 75◦). The solid circles denote muons, which crossed both the ice and the underlying bedrock.
Source: Courtesy of [140].

in the centre for the insertion of a wavelength shifting fibre. Photons are read by SiPMs. The bars, of different lengths
(15 cm and 68 cm) have 1 × 1 cm2 cross section and are assembled in two X–Y planes that can be inserted in a cylindrical
casing of a 17.8 cm (7-in.) borehole. The angular resolution is about 3◦.

Measurements were performed at the Los Alamos National Laboratory in five different locations with overburden
thickness of rock between 0 m and 74 m. The measurements were performed together with another, gas based, detector
with larger (∼ 1 m2 sensitive area) for comparison. Results showed the good performances of the borehole detector and
its feasibility for borehole muon radiography measurements.

4.4.3. Bedrock profiles in glaciers
Recently the study of the bedrock erosion by glaciers has been performed by muography [139,140]. The study of active

curving by a glacier is difficult because of the lack of information about the shape and thickness of the bedrock under
the glaciers. Standard geophysical measurements are performed from the top surface of the glacier. For this reason they
suffer from lower resolution in the lateral boundaries, for example between the ice and the bedrock.

A first pilot experiment was performed in 2015 [139]. Using nuclear emulsion detectors a small portion (50 × 100 m2)
of the Aletsch glacier (Central European Alps) was successfully mapped. Successively, in 2017, nuclear emulsion detectors
were placed in three sites along the Jungfraubahn railway tunnel that runs under the Eiger glacier (Switzerland). The
three detectors had an effective area of ∼ 1000 cm2 and acquired data for ∼ 100 days. The three 2D images obtained
from the three different sites have been combined to obtain a 3D representation of the bedrock–glacier interface. The
spatial resolution obtained on the elevation resolution of the bedrock ranges between 10 m to 30 m and the estimated
ice thickness ranges between 50 m to 100 m. The reconstruction of the bedrock shape is based on the different density
between the rock and the ice. For each direction the total thickness L (rock + ice) of matter crossed by muons is evaluated
from a 2 m mesh digital elevation model of the mountain. The measurement of the attenuation allows the determination
of the average density ⟨ρ⟩ that is related to the rock bulk density ρrock, known by samples of rock, and the ice density ρice
through the relationship:

⟨ρ⟩ = xρrock + (1 − x)ρice (39)

where x represents the fraction of bedrock with respect to the ice. The boundary position is evaluated multiplying the
thickness of rock L and x. The performed study showed that muography can give an important contribution to the
understanding of the shape of the bedrock underneath an active glacier (see Fig. 18).

4.4.4. Fault lines and hydrogeological measurements
A possible use of muography for the measurement connected to fault lines and hydrogeological processes has been

proposed in the past. In [44,141] a study of the Itoigawa-Shizuowa Tectonic Line (Japan) was proposed. A measurement
campaign of 27 days was performed with a plastic scintillator bar detector of about 4000 cm2 and 100 mrad angular
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resolution. The detector was placed at a distance of 6 m from the fault outcrop. The analysis of the whole sample showed,
with a 2 sigma confidence level, the presence of the fault, in the direction estimated from the geological survey.

Besides this analysis a novel approach based on the temporal variations of the density due to rainfall was presented.
This method can be used to measure the depth dependent permeability of the fault. A general trend of the muon flux
variation with respect to the rain-fall event was observed, also if uncertainties are too large for a clear evidence. Anyway,
a permeable velocity as a function of the depth was estimated, with a trend that is consistent with expectations. Data
analysis also suggests a possible unknown fault line almost parallel to the known one.

Another applications of muography to the study of hydrogeological processes are presented in [142]. Muography is
proposed as a possible study of the investigation of landslides triggered by rainfall. The idea is the measurement of the
time variation of the motion of the underground water table installing a detector in a drainage tunnel drilled underneath
an estimated fault plane. Since there are limitations in the estimation of the underground water motion by borehole
observations, the feasibility study suggests that muography can provide real time images of the water saturation levels.

In [143] another feasibility study is proposed concerning the variation of the rock density with respect to hydroge-
ological processes. Simulation of the variation of the measured flux is estimated for an ideal detector of 1 m2 area, 10◦

angular aperture and 1 month of data tacking. The depth of investigation was between 60 m and 1000 m and the variation
of the flux for different, water induced, density variations divided by the error have been computed for standard rock
(2.65 g/cm3, Z = 11 and A = 22) as a function of the depth. A maximum depth of investigation can be defined for different
levels of confidence (1 σ , 3 σ and 5 σ ). As an example, a density variation of 2% can be detected with 3 σ confidence
level until ∼ 160 m of depth. The study also shows that the effect of the atomic composition of the rock on the variation
of the muon flux is negligible with respect to the density variation at least for classical rocks without high Z elements.

A study of the time resolution needed to measure the opacity variation due to water content is reported in [144]. The
muon flux variation was measured in correspondence of the variation of water level in a water tower. Two factors in
particular have been studied: the effect of the statistics and variation of the signal not due to the target but to external
factors as atmospheric variations.

4.5. Detection of cavities for archaeological and civil engineering applications

Muon radiography allows the search for cavities hidden inside large structures or underground. As already mentioned
in Section 4.2, when muons encounter a void region while travelling across a structure, the flux measured by the detector
is larger than expected in the directions corresponding to the positions of the cavity and this translates into a signal in the
muography, i.e. a higher transmission is observed. The possibility of finding hidden cavities can be of interest in different
fields such as archeology or civil engineering as will be described in the following sections.

4.5.1. Exploring the interior of pyramids
After the pioneering Alvarez experiment, described in Section 1, others attempted to follow his example looking for

traces of undiscovered structures inside pyramids. The second pyramid examined with muography is the Pyramid of the
Sun at Teotihuacan in Mexico, built by Aztecs in the 14th century. In the year 2000 this pyramid, which by volume is the
third-largest pyramid in the world, attracted the attention of a group of physicists of the National Autonomous University
of Mexico (UNAM), who decided to explore the internal body of the colossus by the use of muographic technologies. By
chance, a deep underground tunnel exists beneath the massive structure, which is 75 m tall and 225 × 225 m2 at its
square base; this tunnel leads towards the pyramid’s centre and ends with a small clover-shaped chamber. After about a
decade from the start of the experiment, the most significant result is that within the pyramid there seems to be an area
the shape of an equilateral triangle of 60 m side that is less dense than the rest of the structure [145].

Recently new measurements campaigns have been conducted in the terrain of Egyptian pyramids using several
technologies; taking advantage of the presence of a long, walkable gallery, named Grand Gallery and two burial chambers
(King’s and Queen’s chambers) scientists of the ScanPyramids collaboration imaged the internal structure of the Khufu’s
Pyramid using muon radiography [146]. Three different kinds of detectors have been installed: emulsion films along the
Grand Gallery, electronic scintillator hodoscopes in the Queen’s chamber and gaseous detectors from the outside of the
pyramid. An indication for the existence of an unknown new chamber has been provided by emulsion detectors and
confirmed by the two other technologies, installed later. This signal should correspond to a cavity similar to the Grand
Gallery, with an estimated length of more than 30 m, and located 40–50 m away from the emulsion detector’s position,
21 m above the ground level. The new observed chamber has been named ScanPyramid’s Big Void.

4.5.2. Underground cavities and tunnels
A pioneering application of muon radiography in underground surveys has been performed in the ninety’s, operating

a muon tracking detector inside the Grotta Gigante natural cave near Trieste (Italy) [147]. The detector was a gas based
tracker (glass spark counter) arranged in four layers of ∼ 1 m2 active area each and an angular resolution of less than
a few degrees. The detector was placed in three different positions at ∼115 m below the surface. The results showed
a good agreement in the reconstruction of the thickness of rock overburden, with difference less than 2 m (in absolute
value) for more than 80% of the represented surface. An anomaly of the muon flux was interpreted as the presence of a
red-soil deposit confirmed by gravimetry measurement. They claimed a 3% mass variation sensitivity of the method.
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Existing galleries are not always available where to install the muon detector. In these cases the construction of a
borehole could be the only possibility to place a detector in depth. The first detector realised for the use in a borehole is
described in [61,62]. The authors realised and tested a cylindrical tracker with a diameter of 14 cm and 224 cm height.
The sensitive area has a cylindrical shape and is realised using 48 scintillating bars with wave length shifting fibres, that
form the internal cylindrical surface, and two layers of scintillating fibres, 2 mm in diameter, disposed as counterclockwise
helix and clockwise helix, respectively. Light pulses are fed to six photomultiplier tubes with 64 channels each. The front-
end and readout electronics and a magnetic compass are positioned in the higher part of the detector. The total power
consumption was 40 W, 20 W for the front-end and readout electronics and 20 W for the computer.

The performance of this detector has been evaluated in different data collection campaigns performed at two Italian
archaeological sites: Aquileia near Udine and the Traiano and Claudio port, near Rome. Evidences found in these sites
have been confirmed by comparison with an existing archaeological map (Aquileia site) or a geo-radar scan (Traiano and
Claudio port).

A more recent study about void detection has been conducted inside the body of Mt. Echia, in Naples (Italy). Here a
complex system of cavities was excavated in the yellow tuff starting from the VIII century BC. A plastic scintillator based
detector, with 1 m2 of sensitive area [54,55,124] was installed under a total rock overburden of about 40 m. The data
analysis showed a correspondence between known chambers and muographic signals [89,90]. The observation of known
cavities proved the validity of the muographic technique, so that also an unknown cavity has been found and modelled
in three-dimensional shape by interpolating information from three different points of view. More details in Section 4.2.6
and in [91].

An interesting application of muography in the search for underground cavities has been developed in a cave system in
Hungary under the Buda and Pilis mountains [148]; here a compact, low power consumption gaseous detector has been
deployed in the Ajándék Cave to find and discover further hidden caverns. The detector has been developed accounting
for all the features of this kind of site: difficulties on deployment of the detector itself, environmental parameters and
in particular the high humidity, always near the dew point. The detector is based on Close Cathode MWPC and consists
of four parallel layers of 1 cm thickness. Each of the detector layers provides a 2-dimensional position information with
projective geometry, that is the measured hit positions in each of the coordinates of the detector plane. The first test of
the telescope consisted of a data taking campaign of 50 days. After data analysis no evidence has been found for unknown
caverns above the observational point of the detector.

Another case of application of muon radiography concerns the study of the ancient Temperino mine in the San Silvestro
archaeo-mining park in Tuscany (Italy) [149]. The Temperino mine is now composed of a series of tunnels on multiple
levels, with the shallower ones cutting through ancient mining shafts; in particular there is a large exploitation opening,
named Gran Cava, directly connected to the surface, that was enlarged during the Renaissance era by modern industrial
activity. For the measurement, the MIMA muon tracker, a transportable plastic scintillator based detector with a sensitive
area of 40 cm × 40 cm was placed in a cave along the tunnel of the Temperino mine just below the Gran Cava and
oriented vertically. The results of the experiment confirmed the good operation of the detector and the presence of the
Gran Cava which is clearly observed with muographic measurements.

4.6. Industrial applications

Muon radiography by absorption has been tested also in some industrial applications.
In [150] a test on a blast fornace for iron making is reported. Two detectors made of plastic scintillator bars of

10 cm × 1 m with a total area of 2 × 1 m2 and a distance between the planes of 1.5 m acquired data for 45 days in two
different positions. The thickness of the base plane and side-walls of the furnace and the local density of the iron-rich
part were measured with ±5 cm and 0.2 g/cm3 precision, respectively. The measurement was performed during a time
of full operation of the furnace, that has a diameter of more then 17 m. The results open to the possibility of monitoring
the status of degradation of a furnace without stopping the production.

In [151] a different method of using cosmic muons is proposed for the study of large industrial structures, in particular
of blast surface. They studied the neutrons induced by nuclear absorption of negative muons. This allows to distinguish
between high-Z and low-Z material. In a blast fornace up to 2 m of carbon is used internally to thermally isolate the steel
vessel. Over the course of years the thickness reduces and it could became potentially critical when it reaches 50 cm. Due
to the large difference in the atomic number between steel and carbon, the neutron induced method is sensitive to the
relative amount of the two components of the furnace. A Monte Carlo simulation based on GEANT4 validated the trend
observed in a small test experiment.

A portable muography detector for infrastructure degradation investigation is described in [152]. The detector consists
of two layers of scintillating fibres connected to SiPMs. The detection area is 140 × 140 mm2. The distance between planes
was set to 100 mm, corresponding to 8 msrd of solid angle resolution. A test was performed on a seven story concrete
building. From the measurement of the attenuation of the muon flux an image of the structural thickness was obtained
that was in agreement with the expected one.

Feasibility studies for the investigation of nuclear waste silos have been performed by the use of extensive Monte
Carlo simulations. In [153] the absorption technique is applied, and compared with muon MCS tomography, to a silo of
cylindrical shell made of reinforced concrete, with a height of 4 m, external diameter of 4 m and 0.5 m thickness. A 1 cm
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thick shielding made of stainless steel is present between the external shell and the internal part of the silo, which is
filled with ordinary concrete. The detector is composed of two detection planes of plastic scintillator of two 2 m2 placed
50 cm apart from each other with a spatial resolution σ = 0.3 cm and it is placed at the front face at 50 cm distance from
the silo. Multiple uranium cubes of different sizes (2 cm, 5 cm and 10 cm) were placed inside the silos. Results showed
that both techniques are able to resolve uranium objects with dimensions of 10 cm3 and greater with timescales in the
region of one month. For objects of 5 cm dimensions, the identification depends on the position within the silo and/or
the effective thickness and density of the background material in the path of the muon. Samples of uranium smaller than
this limit were not resolvable due to the large extent of Coulomb scattering from the thick concrete.

5. Muon tomography

A different approach, suitable to investigate volumes with dimensions not exceeding tens of meters, can provide three
dimensional tomographic images of the volume content. Applications in transport, industrial and nuclear controls are
possible. As discussed above, the technique requires to install detectors to measure muons before and after they cross the
inspection volume. It is based on multiple Coulomb scattering and consequently it is referred to as muon MCS tomography,
or muon scattering tomography, although the information coming from muon absorption can be used as well, with the
possibility to combine the two measurements, as discussed below in this chapter.

5.1. Basic principles

Muon scattering tomography was proposed in 2003 by a Los Alamos group [4]. When crossing a given material, cosmic
muons, as all charged particles, are deflected. As discussed above, for particles of a momentum p, the scattering angle
projected onto a plane is distributed approximately as a Gaussian with mean zero and a width σ which depends on the
thickness x and radiation length X0 of the crossed material:

σθ ≈
13.6 MeV

pc

√
x
X0

. (40)

which is a simplified version of Eq. (2).
Measuring the scattering angles allows to reconstruct information about the linear scattering density (LSD: λ = 1/X0)

of an unknown material. As it can be seen in Eq. (3), LSD is approximately the product of the atomic number Z times the
density ρ: λ ≈ Zρ.

Eq. (40) assumes a Gaussian distribution of the scattering angle for monochromatic muons of momentum p. However,
as shown in Fig. 2, the cosmic muons are not monochromatic and hence their scattering angle distribution is far from
being Gaussian. Considering the momentum spectrum f (p) of cosmic muons, the distribution is

dN
dθ
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√
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∫
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−θ2p2
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where b = 13.6 MeV/c.
In general, the momentum of an individual particle is unknown. Nevertheless, one can consider the variance of the

distribution:⟨
θ2⟩

= λxb2
⟨
1
p2

⟩
(42)

where the individual momentum is substituted by a fixed value computed from the average value ⟨1/p2⟩ of the 1/p2
cosmic muon distribution. From the approximate dependence of LSD on Z and ρ one can obtain:⟨

θ2⟩
∝ xλ ∝

∼
xZρ (43)

which relates the scattering measurements to the product of the density and the atomic number of a material. This
approximate relation holds also for objects containing several elements provided the average atomic number of the
compounds is considered.

However, for some application the loss of sensitivity due to lack of a momentum measurement could be too relevant
to obtain the required results. In such cases it could be necessary to provide some information about individual muon
momenta.

As stated above and sketched in Fig. 19, at least two detectors are necessary to detect muons entering and leaving
the inspection volume and to measure the position and the direction of crossing particles. To obtain 3D imaging it is
necessary to detect muons with large angular coverage and hence the detector dimensions must be larger than or at least
comparable with the size of the volume to inspect.

5.1.1. Algorithms for 3D imaging
Several methods and algorithms have been proposed to reconstruct images from cosmic muon measurements. The

simplest method assumes that the scattering of any individual muon is concentrated in a single point which coincides
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Fig. 19. Scheme of a muon MCS tomography system with two detectors (red boxes) measuring the muon trajectories before and after the volume
to inspect. Scattering angles are oversized for illustrative purpose.

Fig. 20. Schematic representation of the scattering of a single muon. See text for details.

with the point of closest approach (POCA) of the straight lines measured by the detectors. A 3D reconstruction of the
material LSD can be obtained by assigning to the POCA reconstructed for any individual muon a weight proportional to
the square of the measured projected scattering angle. The method is reliable for cases with an object much denser than
the rest of the volume and it is computationally very fast, but it is not precise in presence of diffused scattering centres.

A more powerful method, based on the maximum likelihood expectation maximisation (MLEM) algorithm is suitable
for reconstructing volumes where the material is not homogeneous. In the following the technique will be briefly
summarised. More accurate descriptions can be found in the original work of the Los Alamos group [154] and in [155,156].

The final goal of the MLEM approach is to estimate the three-dimensional distribution of the material LSD contained
in the inspected volume. In particular such a volume is divided into N finite elements called voxels, where the LSD is
supposed to be uniform. The input data are the measured scattering angle ∆ϕi and displacement ∆xi of each muon in
the sample (i = 0, . . . ,M) crossing the volume under inspection, as schematically represented in Fig. 20, while the result
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of the overall process is the set of values of the LSD in each voxel {λj} (j = 0, . . . ,N). For simplicity in Fig. 20 the
muon is supposed to move along a planar trajectory, perpendicular to the detectors, and the plane coincides with the
drawing one. It is important to state that the displacement incorporates information about the average vertical position
of the scattering process and its inclusion inside the likelihood function can improve the reconstruction quality. Another
important specification is that the measurement errors must be properly handled for a reliable maximisation process.

Let us start by expressing the experimental data, that is the projected scattering angle and displacement measurements
of the ith muon in a plane containing the incoming muon direction, as:

∆i =

[
∆ϕi
∆xi

]
(44)

Their covariance matrix can thus be written in the following form:

Ci =

[
σ 2

∆ϕi
σ∆ϕi,∆xi

σ∆ϕi,∆xi σ 2
∆xi

]
(45)

Considering that the ith muon has crossed ni voxels, then the covariance matrix can be expressed as:

Ci = Ei +
b2

p2i

ni∑
j=1

Wijλj (46)

where the parameter b = 13.6 MeV/c, pi is the particle momentum assumed to be constant along its trajectory and Ei is
the contribution of the measurement errors. Considering explicitly the length ℓij of the path of the ith muon inside the jth
voxel and the length tij of the muon path from the jth voxel to the point where the outgoing trajectory exits the inspected
volume, the matrix Wij takes the form:

Wij =

⎡⎣ ℓij
ℓ2ij
2 + ℓijtij

ℓ2ij
2 + ℓijtij

ℓ2ij
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⎤⎦ (47)

The log-likelihood function of the observed scattering for the whole sample of muons, assuming Gaussian distributions
for ∆ϕi and ∆xi, and that the muons are mutually uncorrelated, can thus be written as:

logL = −
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)
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where Ki represents the terms not containing {λ}.
The maximisation of the function, to obtain the linear scattering density set {λ} that best reproduces the observed

measurements, is performed using an iterative process as described in [154]. If we consider the two subsequent iterative
steps n and n+1, then the correlation between the corresponding linear scattering density sets {λn

} and {λn+1
} is expressed

as
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where mj is the number of muons crossing the jth voxel for which ℓij is different from zero, and sij
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1
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represents the contribution of the scattering of the ith muon in the jth voxel.
The method is quite complex and it may require relevant computational resources in case of large volumes to be

investigated with good spatial resolution.
As an example of the image capability of the POCA and MLEM reconstruction algorithms, the acronym INFN made by

lead bricks was used. Both reconstructed images are clear, as shown in Fig. 21.
The presence of detectors on both sides of the volume to investigate, allows to implement a tomographic algorithm

based on the absorption rate [75,157]. Also in this approach the volume can be subdivided into voxels and, as in [75], lines
of response (LOR’s, lines joining elements of the external surface) are defined. The algorithm considers on each LOR the
rate of absorbed muons w.r.t. the total number of muons on each LOR and compares it with the theoretical rate evaluated
on the basis of the hypothetical material thickness and of the muon energy spectrum. The sum of the quadratic differences
between the measured and predicted muons in each line constitutes a functional to minimise. The minimisation procedure
is iterative and, at the convergence, the linear stopping power of the material in each voxel is obtained. As discussed in
Section 2.2 and expressed in Eq. (1), the linear stopping power is approximately proportional to the material density ρ
and then any algorithm based on absorption can produce a density map of the considered volume. Therefore, recalling
the relation λ ≈ Zρ, a combination of MCS-based and absorption-based tomographic algorithms allows one to obtain a
map of the atomic number of the inspected object [157,158].

Other algorithms or methods to reconstruct images are described in Refs. [159–165].
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Fig. 21. From left to right: picture of the lead bricks forming the acronym INFN. Image reconstructed with the POCA algorithm. Image reconstructed
with the MLEM algorithm. See text for details.

Fig. 22. Left: picture of the measured blocks of different materials. All blocks are 10 cm high except the tungsten block which is 8 cm high. Right:
the measured scattering density as a function of the expected values. A saturation effect is evident and confirmed by a simulation of the same
objects.

5.2. Experimental results

Several effects can complicate the description given in Section 5.1 in presence of real measurements. Clearly the
detector resolution plays an important role either in the geometrical resolution of the objects to measure or in the material
discrimination. On the former, it is easy to figure that the error on the reconstructed position of the muon impact on the
detectors and the uncertainty on the measured particle directions would imply an amplified error, e.g. on the extrapolated
position of the POCA. On the latter, the uncertainty on measured directions is affecting directly the material determination
since one would have to modify

⟨
θ2
⟩
in Eq. (43) with⟨

θ2⟩
=
⟨
θ2
meas

⟩
− 2σ 2

det (51)

where
⟨
θ2
meas

⟩
is the measured quadratic scattering and σdet is the detector angular resolution assumed to be equal on the

two detectors and not depending on the individual particle.
The uncertainty contributions can be taken into account when determining the material LSD as explicitly considered in

Eq. (46), but other experimental effects as detector acceptance can bias the material determination. However, the largest
influence on the relation between the measured scattering and the material LSD, in absence of a momentummeasurement,
is due to the muon energy loss and absorption of low energy particles. As a consequence, the cosmic muon spectrum is
distorted and the corresponding ⟨1/p2⟩ value changes. This effect is significant even for measurements done on relatively
small objects [77] as the ones shown in Fig. 22. Six blocks of different materials (from aluminum to tungsten) have been
inserted in the system described in Section 3.2.3. All samples are 10 cm high except the tungsten sample which is 8 cm
high. The reconstructed scattering densities show a clear saturation effect which is reproduced by a GEANT4 simulation
of the passage of cosmic muons through the same objects. Additional data recorded with Pb and W samples of different
thickness show that the effect is related to the total crossed opacity.

This result illustrates the difficulty to determine the absolute value of LSD since it depends on the effective value
of ⟨1/p2⟩. Nevertheless, thanks to a proper calibration, precision measurements of LSD and of the ratio R = λ/ρ have
been obtained [166]. The measurements concerned material extracted from a blast furnace during the MU-Blast European
project [74] activities. The samples had a range of LSD from coke (λ = 1.30 rad2 m−1) to iron oxides (λ = 13.65 rad2 m−1).
In that case, to calibrate the absolute value of LSD, two objects of known and similar LSD were produced and measured
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Fig. 23. Left: large area detectors of Decision Sciences R⃝ enable scanning of commercial trucks. Right: example of material anomaly detection in a
three-dimensional image provided by the Decision Sciences’ Discovery system.

simultaneously with the samples. Considering several systematic uncertainties that can affect the measurements, in
addition to the calibration procedure, the total expected systematic error was between 7 and 10%. Since the chemical
composition of all samples was known, it was possible to compute the expected value of R through the relation R = wiRi
where wi is the mass fraction of the ith element of ratio Ri. It was then possible to compare the measured and predicted
values obtaining a good correspondence: a relative r.m.s. of 4.9% with a shift of −3.2%.

5.3. Main applications: state of the art

The muon MCS tomography is perfectly suitable to study large volumes containing heavy materials where other
techniques with more conventional probes (e.g. x/gamma ray inspection) cannot compete. The main limitation, however,
is constituted by the size of detectors which can hardly exceed 10–15 m in any direction.

5.3.1. Transport controls
An important application of muon scattering tomography regards transport controls. In particular, when proposed by

the Los Alamos group, the technique was indicated as a new tool to detect heavy metals in containers and trucks, to
contrast nuclear contraband. This activity has reached a commercial level and portals based on drift tube technology have
been realised and are now in operation [167]. As it can be seen in Fig. 23, a portal produced by Decision Sciences R⃝ can
scan an entire truck and material anomalies can be detected by the system.

5.3.2. Industrial applications
An industrial application, also related to transport control, is devoted to the detection of radioactive sources in scrap

metal. In containers transporting scrap metal to foundries for steel recycling radioactive sources are sometimes present.
Foundry entrance is usually equipped with radiation portals but if the source is shielded by its transportation cask, realised
with heavy metals as lead, the detection can fail. Consequently the source can be melted with serious consequences.

In all controls involving transports, the technique must provide a reliable response in a very short time (∼ 2÷5 min.),
not to delay the transport or the industrial chain. This is an important challenge, given the cosmic muon rate. However, it
has been shown, thanks to a simulation of a full scale portal for track inspection, that the technology can provide reliable
controls for scrap metal contamination. Fig. 24 displays the false positive rate versus the exposition time for several lead
volumes. It has also been shown that six minutes of cosmic muon collection are sufficient to guarantee 100% finding
efficiency without false alarms for a small volume (2 liters).

This study, realised in the framework of the Mu-Steel European project [73], has shown that a muon tomography
system, in conjunction with radiation detectors, can intercept radioactive sources within a time compatible with the
metal production chain. In addition, the industrial case was emulated at the INFN muon tomography system described
in Section 3.2.3. The collected data proved the capability to detect a lead volume, corresponding to a shield cask, hidden
into a ≈ 1 m3 box of scrap metal [156].

Another industrial application of cosmic-ray muons has been proposed for monitoring blast furnaces as described
in Refs. [151,168,169]. The capability of muon scattering tomography to provide information on the distribution of the
different components present in a blast furnace burden (coke, burden and reduced metal), during operation, has also
been investigated thanks to the Mu-Bast project [74]. As discussed above, it has been proven, with cosmic muon data,
that muon MCS tomography can measure the LSD of different materials extracted from a furnace with a precision of
about 10% [166]. Furthermore, the analysis of blast furnace simulation data has shown that good images can be obtained
with a complete detector coverage. On the other hand, since such a coverage would require a huge detector, a realistic
setup with a pair of detectors, not exceeding 25 m2, placed on the opposite sides of the furnace has been simulated. The
results have indicated that a measurement of individual particle momenta is necessary in order to obtain useful images
of the furnace interior. It was therefore necessary to design and simulate a detector capable to provide a momentum
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Fig. 24. Image obtained with a simulated portal for truck inspection (left); false positive rate versus the exposition time, for different volumes of
lead (right).
Source: These figures are taken from Ref. [73].

Fig. 25. From left to right: picture of the container inside the muon system. Horizontal slice (1 cm) in a region with tungsten pennies. Horizontal
slice in a region with steel bars.
Source: Courtesy of R.Kaiser for Lynkeos Tech. LTD.

measurement of individual muons with reasonable precision to produce images of the interior. With a detector size of
5 m×4 m and a data acquisition time of 8 h, the simulation has shown that useful images can be obtained. In principle,
such a long acquisition time could pose problems due to the burden displacement. However, it has been shown that it
is possible to cancel the movement blur by using the data provided by the two detectors, that have a fixed position in
space, as if they were moving synchronously with the burden.

5.3.3. Nuclear controls
An important field, with a lot of interest all over the world and several connected activities [170,171], is related to

nuclear waste control and to the inspection of dry storage casks (DSC) for spent nuclear fuel (this item is extensively
discussed in next subsection). The muon MCS tomography is a technology potentially adequate to identify and characterise
nuclear materials stored in legacy waste containers. The presence of such containers is largely diffused all over the world
so that the interest on this application is relevant. In general, it is required to identify high-Z materials in concrete-filled
containers. Simulations [172,173] and measurements [174] have shown that the technique works. In addition, a muon
imaging system from Lynkeos Technology LTD [175] has been installed at the National Nuclear Laboratory (Sellafield, UK).
Images of a container with hidden metallic objects have been produced and the presence of tungsten pennies and steel
bars is clearly visible, as shown in Fig. 25.

It is worth to mention here also the construction of a large drift-tube detector (two modules of 7.2 m× 7.2 m) planned
to image the Fukushima Daiichi Nuclear Power Plant [46]. For reasons independent of technical aspects, the measurements
in the nuclear facility were not done. On the other hand, the Tokyo Electric Power Company (TEPCO) has recently
announced that its scanning efforts at Fukushima with cosmic-ray muons, even though using a radiographic method,
was successful, and confirmed that nuclear plantś Reactor 1 suffered a complete meltdown following the earthquake and
tsunami that struck Japan in 2011.
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Fig. 26. Schematic view of cross sections of a CASTOR R⃝V21. Details of a fuel assembly and of a single fuel rod are also given.

5.3.4. Historical building controls
A very interesting application regards non-destructive controls on the Florence cathedral, Santa Maria del Fiore [66].

The dome of the cathedral (Cupola), built in the 15th century, risks to crack under its own weight and hence activities are
underway to model the structure before operating against further deterioration. According to some experts, the architect
Filippo Brunelleschi might have built some reinforcement structures in the Cupola including iron chains inside the wall.
Muon MCS tomography can be a technique to image iron substructures in the masonry, since the feasibility of the proposal
has been demonstrated with measurements on a mock-up wall at the Los Alamos National Laboratory.

5.4. A detailed example: the inspection of dry storage casks

The storage of spent nuclear fuel is currently relying on transport and storage casks, in particular dry storage casks
(DSC). Since spent nuclear fuel contains plutonium and uranium, the consequences of diversion of such nuclear material
can be disastrous. The significant quantity (SQ) is the measure to evaluate such consequences and it corresponds to a
quantity of nuclear material sufficient to produce a nuclear explosion. One DSC can contain up to 50 SQ’s and in all EU
there are more than 1500 DSC’s (the number is rising continuously). DSC loaded with spent fuel will be stored for several
decades in spent fuel storage facilities (SFSF). The safeguard is based on containment and surveillance methods, which
assure the continuity of knowledge during the transfer of DSC from reactor to SFSF and during their long-term storage.
Although this approach has proven to be very reliable, failures cannot be completely excluded over the long storage times
and re-verification options are currently not satisfactory. Indeed, no validated methods to re-verify the content without
opening the storage containers exist. Consequently, there is an urgent need to investigate techniques, which can provide a
solution in terms of re-verification of a shielded spent fuel cask. Therefore, since muons are an excellent natural probe to
study the content of dense and inaccessible volumes, muon tomography may constitute a very effective method to detect
or exclude the presence of spent fuel assemblies. Typical DPCs are CASTOR R⃝ V casks with a typical height of about 5 m,
an external diameter of 2.4 m and a mass of more than 120 tons when fully loaded. A schematic view of a CASTOR R⃝V21 is
presented in Fig. 26, where also the scheme of a single assembly is visible. This specific type is similar, in the geometrical
arrangement of assemblies, to other types of casks. A pressurised water reactor (PWR) fuel assembly consists in a bundle
of cylindrical rods (264 in the figure). Each rod is a Zircaloy tube of about 1 cm diameter, filled with pellets of uranium
oxide ceramic.

Given the large amount of material present in DSC, both in its structure and in the stored spent fuel assemblies, the
fraction of muons stopped inside the cask is not negligible. It is therefore possible to use simultaneously two techniques,
based on different physical processes: the muon absorption rate and the MCS. As discussed above, a combined use of the
two techniques can provide a map of the abundance of nuclei with different atomic numbers inside the cask.2

For all techniques, muon detectors should be placed around the container to measure position and direction, either
of muons that enter, or of muons that exit from the cask. Based on this scheme, several studies on simulation data have

2 An additional technique has been proposed [176]: the detection of neutrons from muon induced fission requiring to detect neutrons in
coincidence with muons.
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Fig. 27. Schematic view of a possible measurement of a CASTOR R⃝V21 with a limited acceptance detector, represented by the red lines.

Fig. 28. From left to right: layout of a CASTOR R⃝V21 with two missing assemblies used in the simulation. Reconstructed image obtained with a full
coverage detector and simulated data equivalent to 12 h of cosmic muon collection. Reconstructed image obtained with a 1/3 coverage detector and
12 h of data taking in three positions as indicated in Fig. 27. The image obtained after fixing the SP of the cask structure to its known value.

shown that the technique should be able to recognise the absence of one or more assemblies from a cask. As reported
in Ref. [171], with an ideal detector surrounding a cask, it should be possible to detect missing assemblies in less than
two days of muon collection with a statistical precision of ≈ 18 σ . In Ref. [177], the possibility to study the content of a
CASTOR R⃝V21 not only with a detector surrounding the cask, but also with a prototype detector with limited acceptance
has been considered. Assuming to have only two modules out of six forming a surrounding detector of hexagonal shape,
it has been supposed to rotate the modules as shown in Fig. 27.

Simulated data corresponding to 12 h of cosmic muons crossing a cask with two missing assemblies have been
produced and analysed. The reconstruction of the cask content is based on the tomographic absorption/transmission
method described above. The simulation shows that this technique can recognise the absence of fuel assemblies either
with a full coverage detector or with a limited acceptance prototype, as shown in Fig. 28. The two rightmost images show
that in presence of a reduced detector some artifacts can result from the limited acceptance at the detector borders and
that it is possible to get rid of them by fixing the linear stopping power value of the cask structure.

It must be noticed, however, that the radioactivity escaping from the DSC walls constitutes a potential problem, given
the low cosmic-ray rate. Nevertheless, two experimental tests have been performed in proximity of casks loaded with
spent fuel. In the first test (2016) [178] two 1.2 m×1.2 m drift tube detectors were placed at the opposite sides of a
Westinghouse MC-10 cask at the Idaho National Laboratory (US) as shown in Fig. 29.

In the second test (2018) [179] a small drift tube prototype 0.4 m × 2 m was tested in proximity of a CASTOR R⃝ V19 in
the interim storage facility of the EnKK nuclear power station at Neckarwestheim (Germany). In both cases muon tracks
have been reconstructed reasonably well, demonstrating that the technique works even in presence of cask radioactivity
(Fig. 30).

Data recorded in the American test have been taken in presence of a cask with several missing bars with respect to a
fully loaded cask (Fig. 31). Measured scattering as a function of the position on the cask has been compared with GEANT4
simulations of a full and of an empty cask. As it can be seen in Fig. 31, the fourth column presents a single missing
assembly. The corresponding average scattering is lower than what expected for a full cask by 2.3 standard deviations.
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Fig. 29. Picture of the experimental setup with the two muon detectors on the opposite side of the cask.
Source: Courtesy of C. Morris.

Fig. 30. Display of two reconstructed muon tracks, recorded with the detector positioned near the CASTOR R⃝V19 [179]. The drift tubes are represented
by black circles, the radial distances from the wires (pink crosses) corresponding to the measured drift time are shown as blue circles. A tube with
a signal candidate to be produced by emitted radiation is represented by the green area.

In conclusion, several GEANT4 simulations show that it is possible to locate missing fuel assemblies with large
confidence in a reasonable data taking time, and the first field tests indicate that using cosmic muons gives a potential
tool for spent fuel casks re-verification.

6. Muon metrology

6.1. Introduction

In addition to radiography and tomography applications, cosmic muons have also been used for the track-based
alignment of detectors, especially in high-energy physics (HEP) experiments, since decades. As discussed in Section 6.2,
the idea is to use the parameters of the reconstructed tracks to estimate the position and orientation of all active detector
elements. More recently, some authors have also investigated the possibility of using cosmic muons for the metrology of
structures, such as an industrial press [5] and historical buildings [180–182]. This technique, named muon metrology in
previous publications [70,183], is based on the assessment on how the relative alignment of a system of detectors, some
integral to the structure of interest and the others to the surrounding environment, evolves over time. Changes in the
alignment are then associated to movements or deformations of the structure. From a methodological point of view, this
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Fig. 31. Sketch of the cask filling (top panel: courtesy of C. Morris). Average scattering angle as a function of the position in the cask (bottom panel:
taken from Ref. [178]). The grey areas and the dashed horizontal lines indicate the correspondence with the shielding volume and the fuel columns,
respectively. Muon scattering simulations of a full and an empty cask are shown as well.

technique is basically a track-based alignment problem, even though an important difference is worth to be highlighted
and it is discussed below.

In general, alignment procedures aim at providing a precise assessment of the alignment parameters, which specify the
position and orientation of the different detectors of an experimental apparatus [184]. This leads to a better knowledge
of the geometry of the system and, consequently, an improved track reconstruction (see Section 6.2). For the stability
monitoring of structures, on the other hand, one is more interested in how the alignment parameters change over time
than in their actual values. Differential measurements, which are generally less sensitive to several sources of systematic
uncertainties compared to absolute ones, can thus be performed [180]. Moreover, the demands for the resolution, for this
type of applications compared to those for detector alignments, are less severe, so that much less stringent requirements
apply on the number of detectors, on their features and on the statistics to collect.

In Section 6.2 the use of cosmic muons for the alignment of tracking detectors is briefly discussed, whereas the focus
of Section 6.3 is on its application for the metrology of structures, namely the stability monitoring of historical buildings.

6.2. Cosmic muons for the alignment of tracking detectors

The accurate reconstruction of the trajectories of charged particles (tracking) is an essential requirement for a wide
range of physics topics. Indeed, large uncertainties on the estimated track parameters can have an impact, for example, on
the particle identification, on the reconstruction of primary vertices, and on the momentum resolution of the tracks. These
uncertainties are mainly due to the multiple scattering and the limited precision of the data recorded by the sensitive
detector elements. In particular, the latter source of uncertainty is not only related to the resolution of the tracking
detector, but also to the possible misalignment of its sensitive elements, as described below.

A charged particle, crossing a tracking detector, deposits energy in the sensitive elements of the detector, which results
into a collection of position measurements. These measurements are usually local, meaning that they are computed with
respect to a reference frame integral to the sensitive element they belong to. When reconstructing the particle trajectory,
though, these measurements have to be located in space, so the relative position of all detector elements has to be known
accurately. However, because of construction and assembly tolerances, of movements and deformations due to weight
and variations of temperature or magnetic field, large differences between the design detector geometry and the one
actually installed can occur. As a result, a bias on the measured positions is introduced, which translates in a degradation
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of tracking performance. Therefore, a precise assessment of the alignment parameters, with a higher precision than the
intrinsic detector resolution, is often a very important requirement. As alignment strategies based on lasers and cameras
cannot usually cope with the requested accuracy, track-based alignment, described in the next section, is the most often
used technique for high-precision tracking detectors.

6.2.1. Introduction to track-based alignment
This approach is based on the reconstruction of charged particle tracks, with a potentially misaligned detector, to infer

the amount of misalignment. The biggest advantage of this technique is that it is sensitive to detector misalignment at
levels smaller than the intrinsic detector resolutions. Tracks from different sources (and in different conditions) are usually
used in track-based alignment, such as cosmic rays [185], beam-halo muons [186] and collision data [187].

From the mathematical point of view, most track-based algorithms for alignment are based on the minimisation of a
χ2 of the form:

χ2(a, τ), =
tracks∑

j

hits∑
i

z2ij (a, τ j), (52)

where

zij(a, τ j) =
rij(a, τ j)

σij
=

mij − uij(a, τ j)
σij

(53)

is the normalised residual between the predicted hit location from the track model uij and the actual measurement mij.
In general, the residual r depends of the track parameters τ and of the alignment parameters a, containing all degrees of
freedom of the alignable elements.

Different approaches for the minimisation of the χ2 in Eq. (52) have been proposed. Some of the most popular
algorithms (especially in HEP) are:

• Hits and Impact Points (HIP) algorithm − It is an iterative algorithm which, independently for all alignable elements,
minimises a local χ2 function with fixed track parameters. After each pass over the data sample, the alignment
parameters are computed and the tracks are refitted with the new alignment scenario [188]. These alignment and
refitting steps are iterated until no statistically significant changes in the alignment parameters are obtained. The
HIP algorithm is a local χ2 method, that is correlations between different detector elements are neglected: each
module is aligned assuming all the others are fixed. This approximation makes the algorithm computationally very
light, as only a 6 × 6 matrix inversion is required for each alignable element.

• Kalman Filter (KF) algorithm − Like the HIP algorithm, also this method belongs to the family of the iterative
algorithms. Based on the Kalman Filter [189], its main idea consists of a sequential update of the alignment
parameters after each track [190]. This method performs a global alignment, even though, in presence of a large
number of alignable elements, the update is usually limited to those elements with large correlations with the ones
actually crossed by the track. This approach avoids the inversion of large matrices, but requires the bookkeeping of
the correlations between the alignable modules.

• Millepede algorithm − It is a non-iterative linear least squares algorithm, which does a simultaneous minimisation of
the χ2 function with respect to both alignment and track parameters, preserving all correlations [191]. This approach
will be described in more detail in Section 6.2.2

A major problem arising from track-based alignment is related to the so-called weak modes. They originate from co-
herent detector misalignments which leave the overall χ2 (almost) unchanged. As a consequence, detector displacements
producing weak modes cannot be detected by the track-based alignment. Two categories of weak modes are identified.
The first one corresponds to global translations and rotations of the entire detector to be aligned, as those degrees of
freedom are unconstrained by tracks reconstructed with the detector itself alone. The second category corresponds to
coherent detector deformations that leave the χ2 unchanged by biasing the reconstructed track parameters. Examples
are elliptical distortions and twists in cylindrically symmetric detectors. Moreover, weak modes are related to the type of
tracks used for the alignment. For example, for predominantly vertical cosmic tracks, shifts of all modules in the vertical
direction constitutes a weak mode, which is not the case for collision data, though. Weak modes can be handled in few
ways, such as adding external constraints in addition to the track quality, or using tracks from events with different
topologies.

6.2.2. The Millepede and Millepede II algorithms
Millepede is a well established algorithm, which was originally developed for the alignment of the H1 experiment

and later successfully used in many other HEP experiments, such as CDF, LHCb, CMS and others [184]. It is a fast and
non-iterative linear least squares algorithm, which can take into account correlations between the alignment parameters.
In this least squares fit problem, the alignment parameters are global parameters, as they are not specific to individual
tracks or events, whereas the parameters of the individual tracks are local parameters.
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Fig. 32. Schematic view of one quarter of the CMS tracker [198].

The algorithm performs a linearisation of the χ2 minimisation problem, by linearising the normalised residuals in
Eq. (52) [192]:

χ2(a, τ), =
tracks∑

j

hits∑
i

1
σ 2
i

(
mij − uij(a0, τ0,j) +

∂rij
∂a

δa +
∂rij
∂τ j

δτ j

)2

. (54)

This is done around some initial values a0 and τ0 of the alignment parameters and track parameters, respectively.
The minimisation of the χ2 function in Eq. (54) leads to a system of linear equations, whose solution would require the
inversion of an extremely large matrix, as the number of the track parameters, depending on the size of the data sample,
could be of the order of millions. Thanks to the fact that individual tracks are independent of each other, except for
using the same detector geometry, this matrix has a special structure, which can be exploited to reduce its size: the χ2

minimisation problem can be reduced to the inversion of a n×n matrix, C ′ [193], where n is the number of the alignment
parameters. This matrix size reduction is the core idea of the Millepede algorithm.

As the CPU time necessary to invert a n×n matrix is proportional to n3, the method becomes inapplicable if the number
the alignment parameters is very large (≫ 104). This is, for example, the case of the alignment of the CMS tracker (see
Section 6.2.3), as the number of the alignment parameters to be determined is up to 200000 [187]. For this reason a new
version of the Millepede algorithm, called Millepede II, has been developed [184]. The idea is to take advantage of some
techniques to solve linear equations, which are not based on the inversion of matrices [194]. They only require products
of matrices with vectors, which are generally very fast for sparse matrices, which is usually the case of C ′ [195]. Some of
these fast methods are implemented in Millepede II.

In the next section, the alignment of the tracker of the CMS experiment, as an illustrative example of the use of cosmic
muons for this type of metrology application, is presented.

6.2.3. Alignment of the CMS tracker with cosmic muons
The scientific goals of the Compact Muon Solenoid (CMS) experiment [79] apply strong constraints on the required

tracking performance. The CMS silicon tracking detector (tracker) [196,197] consists of six sub-detectors, as shown in
Fig. 32: pixel modules are arranged into the barrel pixel (BPIX) and the forward pixel (FPIX); strip modules, in the central
region, are arranged into the tracker inner barrel (TIB) and the tracker outer barrel (TOB); similarly, strip modules in the
end-cap regions are arranged in the tracker inner disks (TID) and tracker end-caps (TEC).

The CMS tracker has been designed to measure the trajectories of charged particles with very high momentum, angle,
and position resolutions. Indeed, design specifications require a resolution, on the transverse momentum, from 1.5% for
100 GeV/c momentum muons up to 10% for 1000 GeV/c ones [199].

Misalignment is one of the most limiting factors for the tracker performance: for example, misalignment at the level of
only few tens of µm can seriously affect the bottom-tagging performance [200]. As the intrinsic hit position resolution is
between 10 and 30 µm, an alignment precision better than 10 µm is requested in order to achieve optimal track parameter
resolution. Such a precision can only be reached with track-based alignment, using tracks from different sources, such as
cosmic muons and collision data.

CMS started to collect cosmic ray data, for testing and calibration purposes, in the commissioning phase of the
experiment. The first long and dedicated run for cosmic muons, known as cosmic run at four Tesla (CRAFT) [201], was
performed during October and November 2008, using the magnetic field at the nominal value (3.8 T). Approximately 200
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Fig. 33. χ2/ndf distribution of the tracks before the alignment and after the alignment with the local (HIP), global (Millipede II), and combined
methods [198].

Table 2
RMS of the DMR. Results from the global, local and combined methods are reported, as well as the values before any alignment (first column).
For comparison, also simulation results, based on the combined method and ideal geometries, are shown. Finally the last column reports, for each
detector subsystem, the number of modules, with more than 30 hits, used in the alignment procedure [198].

Before [µm] Global [µm] Local [µm] Combined [µm] Combined MC [µm] Ideal MC [µm] Modules > 30 hits

BPIX (u′) 328.7 7.5 3.0 2.6 2.1 2.1 757/768
BPIX (v′) 274.1 6.9 13.4 4.0 2.5 2.4 757/768
FPIX (u′) 389.0 23.5 26.5 13.1 12.0 9.4 393/672
FPIX (v′) 385.8 20.0 23.9 13.9 11.6 9.3 393/672
TIB (u′) 712.2 4.9 7.1 2.5 1.2 1.1 2623/2724
TOB (u′) 168.6 5.7 3.5 2.6 1.4 1.1 5129/5208
TID (u′) 295.0 7.0 6.9 3.3 2.4 1.6 807/816
TEC (u′) 216.9 25.0 10.4 7.4 4.6 2.5 6318/6400

million tracks were recorded, which were used to align and calibrate the various sub-detectors. In the following, a brief
description of the alignment of the CMS tracker with CRAFT data is presented.

Two different methods were used: a global approach, based on Millepede II (see Section 6.2.2), and a local one, based on
HIP (see Section 6.2.1). The two techniques were also combined (combined method) to improve the results: the alignment
parameters were initially determined from the global algorithm and then used as starting point for the local one, whose
alignment strategy was modified to exploit the already good knowledge of the alignment parameters used as input [198].
Several quantities were monitored to validate the results, such as the residuals and the χ2/ndf of the tracks, used in the
χ2 minimisation, and the track parameter resolutions. Fig. 33 shows the distribution of χ2/ndf of the tracks before and
after the alignment with the global, local and combined methods.

From the distribution of the hit residuals, in each module, the median was taken and histogrammed for all modules
in a detector subsystem. Only modules with more than 30 recorded hits were considered. The resulting distribution of
the medians of residuals (DMR) was used as a measure of the alignment accuracy [187,198]. Results, using ∼3.2 million
reconstructed cosmic muons, are summarised in Table 2. The alignment accuracy, as measured by the RMS of the DMR,
was found to be in the range between 3–4 µm in the barrel and between 3–14 µm in the end-caps, using the combined
method. The worse resolution in the end-caps was mainly related to the limited number of tracks in the forward regions.

The quality of the tracker alignment was not only statistically but also systematically limited. Indeed, in general, the
lack of different track types makes more likely that some detector deformations result into weak modes (see Section 6.2.1),
which the alignment procedure is not sensitive to. For this reason, with the first p − p collision data at LHC, CMS started
to include them in the alignment procedure, in order to achieve the best possible accuracy [187].

6.3. The stability monitoring of historical buildings with cosmic muons

The use of a somehow analogous technique to the track-based alignment, previously described, has been recently
investigated by some authors in a completely different scenario: the stability monitoring of large structures. In this
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context, a feasibility study for the monitoring of the structural alignment of a mechanical press was published in
2007 [5]. In this study, based on MC simulations, an ideal tracking detector, consisting of three 400 cm2 sensitive layers,
mechanically connected to the press, was used to assess relative changes in position between different parts of the
structure. Results, based on a number of reconstructed muons corresponding to 1 week of data taking, showed that a
performance comparable to those obtainable with standard alignment methods (such as laser scanners, theodolites, etc.)
could be achieved.

A major problem for many applications, based on the use of cosmic muons, is the limited rate of muons at the Earth’s
surface, which is approximately 170 Hz/m2. As a result, long data takings could be necessary to collect enough statistics
for the set goal, and this could be a strong limiting factor in the use of the technique, especially outside of the research
domain. However, for applications such as the static monitoring of historical buildings, data takings of the order of few
days (or even few weeks) could not be a problem, as typical structural deformations evolve over a very long period of
time. Moreover, for historical buildings, strong constraints apply on the invasiveness of the monitoring technique to be
used, because of their cultural and artistic value, and this could prevent the use of some standard monitoring systems.

For these reasons, recently the possibility of using cosmic muons for the stability monitoring of historical build-
ings [180] has been investigated, using the vaulted roof of the Palazzo della Loggia, in the town of Brescia (Italy), as a
benchmark case. The general idea is that, given a set of tracking detectors, some of them integral to the structure of
interest and the others to the surrounding environment, relative changes in their alignment over time can be used to
assess the structural modifications of the whole building. For this study, based on MC simulations, the authors considered
a simpler scenario, based on a system of 2 tracking detectors, consisting of three 400 × 400 mm2 sensitive elements each.
All tracking elements are composed of two orthogonal layers, made of 3 × 3 mm2 scintillating fibres. Three different
configurations were considered, with the detectors being separated by 350 cm, 880 cm and 1300 cm, respectively. In all
cases, an interposing material, consisting of a 15 cm thick wooden layer (simulating the ceiling of the Salone Vanvitelliano
within Palazzo della Loggia), was present between the detectors.

6.3.1. The method
As already discussed, the idea of the method is to measure changes in the relative position between the two detectors,

by means of reconstructed cosmic muons. As muons are highly penetrating particles, this technique can be used even in
presence of interposing material between the detector, as it is the case of Palazzo della Loggia. However, when a charged
particle traverses a medium, it is deflected by many small-angle scatters (multiple Coulomb scattering), as described in
Section 2.2. Because of the central limit theorem, for many small-angle scatters the net angular and spatial deflections are
(approximately) Gaussian-distributed random variables [13]. The expected mean values for both the angular and spatial
deflections are zero. In order to reduce the impact of the multiple Coulomb scattering, a minimum χ2 estimation method,
independently applied to both x − z and y − z views, was implemented.

Considering, for example, the x − z view of a xyz reference frame integral to the lower detector, being z the vertical
coordinate, the relative position of the higher detector with respect to the lower one is fully described by the spatial
variable xD and the angular variable θD. A muon, crossing the entire detection system, is independently reconstructed
in the two telescopes and the reconstructed tracks are extrapolated to a common plane. The differences between the
position of the extrapolated tracks at the common plane (x′

h − x′

l) and the track directions (θh − θl) are then computed.
As, in general, a roto-translation of one detector with respect to the other determines non-zero expected values for these
residuals, the estimation of parameter of interest xD and θD can be obtained from a minimum χ2 estimation method,
using the following χ2 definition:

χ2
=

∑
i

⎡⎣ (x′

h,i − x′

l,i)
2

σ 2
x′h,i

+ σ 2
x′l,i

+
(θh,i − θl,i)2

σ 2
θh,i

+ σ 2
θl,i

⎤⎦ , (55)

where σx′ and σθ are respectively the errors on the reconstructed x′ and θ respectively, the subscripts h and l refer to the
higher and lower detectors, and the i index runs over all the reconstructed muons in the data sample. Finally, it is worth
to mention that the use of this technique could also be extended to the monitoring of other large vertical structures, such
as dams, pillars and bridges, even though no literature on this subject is available at the time of writing this review.

6.3.2. Results
The χ2 minimisation, described above, provides an estimation of xD and θD from the reconstruction of a sample of

cosmic muons, whose size affects the statistical accuracy of the estimation. For a given sample size, the estimation was
repeated many times (on new samples) to assess the resolution on the parameters of interest. Of course, the expected time
of data taking to collect the same statistics changes among the three configurations, because of the different geometrical
acceptances. Expected rates for the ∆z(350 cm), ∆z(880 cm) and ∆z(1300 cm) configurations are (approximately)
6.0 muons/min, 1.1 muons/min and 0.5 muons/min, respectively.

Resolutions on the parameters of interest, xD and θD, are shown in Fig. 34, where systematic uncertainties related to
geometrical tolerances in the detectors and to their relative positioning were taken into account. The results show that,
even in the most challenging scenario with ∆z(1300 cm), accuracies on the relative position between the two telescopes
can be of the order of 1 mm with few days of data takings. Performance is found to be comparable to those of other
monitoring systems, with few potentially appealing features, such as the applicability also in presence of interposing
structures and the limited invasiveness.
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Fig. 34. Resolution on xD (left) and θD (right) as a function of data taking time, for the three different configurations: • ∆z(1300 cm), ▲ ∆z
(880 cm) and ■ ∆z (350 cm) [180].

7. Summary and conclusions

Since their discovery a century ago, cosmic-ray muons have been helpful to advance our knowledge of Nature.
Indeed they were used as probes to discover many new particles and have been used to calibrate detectors and
experimental apparatus in nuclear and particle physics. In the last decades, they have been also employed to develop
applications in various fields. In the present review, such applications have been classified into three main categories:
muon radiography, muon tomography and muon metrology. The nomenclature is somehow arbitrary since other authors
have used different ways to refer to these new techniques, especially for muon radiography and muon tomography. For
this reason, throughout the article, other synonymous have been used. In particular muon radiography has been also called
muon absorption radiography andmuography, while muon tomography has also been cited asmuon MCS tomography, where
MCS stands for Multiple Coulomb Scattering. The main difference between the two techniques is that the first one counts
the number of muons crossing a given structure, while the second one relies on the measurement of the deflection of the
particle and for this reason needs detectors at two sides of the object under study.

In this review, after an introduction about the origin of cosmic rays in Section 1 and their interaction with matter in
Section 2, an overview of the main detectors used in cosmic-ray applications (nuclear emulsions, scintillators, and gas
detectors) has been presented in Section 3. In Section 4, the basic principles of muon radiography have been summarised.
In particular, data analysis techniques to extract information on the structure under investigation, such as the density
distribution, relative transmission and 3D imaging, have been presented and described. Such techniques are now used in
many research areas such as in volcanology, archeology, civil engineering and for industrial applications. The studies of
big structures, such as pyramids and volcanoes, if we exclude the pioneer experiment of E. P. George in 1955, have been
historically the first ones to be introduced. On the other hand, mineral exploration, monitoring of carbon dioxide geo-
storages, bedrock profiling, hydrological and geophysical measurements, archeological surveys and industrial applications
are now being developed and they promise important results in the near future. For what concerns muon tomography, it
has been presented and described in Section 5. Through the measurement of the deflection of muons crossing the object
under study, 3D images can be reconstructed. To perform such reconstructions a sophisticated algorithm needs to be used,
as described in Section 5.1. Applications of muon tomography are mainly concentrated in the fields of safeguards, nuclear
security and safety, controls of transport, such as containers and trucks, for the detection of illicit or dangerous materials
(for example radioactive and nuclear materials), and in the field of nuclear energy (for example for the inspection of dry
storage casks). In particular DecisionScience, a spin-off of the Los Alamos National Laboratory, has been able to overcome
the research stage and is now on the market with a full portal for the inspection of trucks at borders and ports. Also
industrial applications are now under study for the inspection of large structures such as blast furnaces. In the end, in
Section 6, also muon metrology has been presented and described. Cosmic-ray muons have been used for many decades
to align detectors, in experiments at CERN and in other laboratories around the world. Recently it has been suggested to
use the same technique for civil applications such as the stability monitoring of vertical structures. A detailed example
for historical buildings has been presented in Section 6.3.

There are many advantages in the use of cosmic-ray muons in several applications, as pointed out throughout the
review. Summarising: they rely on a natural and continuous radiation source, so that no radiological risks are present;
they can count on very well known detectors, used since many decades in experiments in nuclear and particle physics;
in many cases, given the capability of the muons to cross big volumes of materials, there are no other technologies that
can be used. Concerning the limitations, an intrinsic boundary is the fact that the muon flux is limited by Nature. The
precision of the measurements depends on the available statistics. In other words, cosmic-ray muon applications are
not suitable where measurements need to be done in seconds or in many cases even minutes or hours. They can be
applied only to static or quasi static situations. On the other hand, waiting the appropriate time and with specific detector
and reconstruction techniques, systems based on muon radiography or tomography can be efficiently used. This field of
research, even if it is a relatively recent one, is evolving rapidly and we believe that there is room for improvement and
refinement of present and past applications, and for the development of new ones that, in the long term, can have an
impact on our daily life.
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