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___________________________________________________________________________ 

Abstract Here we present a Monte Carlo simulation of a muographic campaign on Methana 
volcano, Greece. In order to estimate the absorption parameters and the pattern of muon scattering at 
various incident energies (GeV to TeV), a radar-derived digital terrain model (DTM) was submitted to 
irradiation by horizontal muons in Geant4 and the penetrating muons were collected by a hypothetical 
MicroMegas particle detector on the other side of the DTM. Monte Carlo simulation demonstrated that 
muon energies at least as high as 10 TeV are required for whole-scale radiography of Methana and one 
has to reduce the scale of study to smaller structures (e.g. ~600 m - wide volcanic domes) in order to 
exploit the more affluent lower energy muons (~600 GeV).  Coulomb scattering, on the other hand, 
brings about deflection of muon trajectories away from the detector, resulting in loss of information. 
Additionally, scattering adds Gaussian blurring to the scanned objects. With the intention of improving 
contrast and extract objects in muographic image we recommend the use of spatial operators (filters) 
employed in image analysis. 
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INTRODUCTION 
 

Geophysical exploration of the solid earth interior involves the introduction of some type of 
energy (i.e. electric, seismic or electromagnetic) and measurement in response to some physical 
property (i.e. electric resistivity, refraction or dielectric permittivity respectively).  With the 
exemption of passive seismic tomography which utilizes the natural microseismicity [1] and 
gravimetry, radiography of volcanoes by cosmic rays is an alternative and inexpensive way that 
exploits the energy attenuation of cosmic muons crossing the volcano along different paths (Fig. 1) to 
gather information about its internal structure [2]. Cosmic-ray muon radiography (thenceforth termed 
muography) measures the cosmic ray flux deficit in the direction of observation and determines the 
integrated 2D density of a geological structure. 

At near sea-level, cosmic rays primarily consist of relativistic muons with kinetic energies in the 
GeV– TeV range. Muons are charged particles (±) which arise from a series of decays of subatomic 
particles that are produced through spallation of atmospheric nuclei by colliding primary cosmic rays 
(i.e., higher-Z nuclei and protons) high up in the atmosphere. The differential flux of cosmic ray 
muons at the surface of the Earth is dependent on the polar angle theta (θ) but there is no expected 
dependence on the azimuth angle phi (φ).  

In the Standard Model of particle physics [3], muons are the decay product of pions (π±) and 
kaons (Κ±): 

π±
  →  µ±

   + 𝜈̅µ 

Κ±  →  µ±
   + 𝜈̅µ 

and they themselves decay further to electrons, positrons and neutrinos: 
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Figure 1. Conceptual model of muography of a volcanic dome of Methana volcano. 

 
µ-

   →  e- + 𝜈̅e + νµ 

µ+  →  e+ + νe + 𝜈̅µ 

 

While traveling in the upper solid earth, muons interact with the atomic constituents of rocks and 
their energy attenuates (Eq. 1) through excitation and ionization of atoms (ions) and radiative 
processes, such as bremsstrahlung (𝑏𝑟𝑒𝑚), pair production (pair) and photonuclear reactions (pn). 

 '−
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 (1) 

 
Muography employs particle detector technology and has been developed for imaging the 

integrity of nuclear reactors [4,5] and the internal structure of volcanoes [6-10]. Lately, muography is 
increasingly gaining ground in a greater number of geoscientific applications ranging from mining 
engineering to geotechnical engineering, the industry and more [2]. Density length X (hg·cm-2) is a 
key parameter of muography [6,8] which determines the amount of mass in the direction of 
observation. The higher the density and the longer the path (i.e. the larger the density length) cosmic 
muons travel in a volcanic edifice the lower their energy on exit. Muons that have intersected a 
volume of rock may reach the detector at a number (ν) given by the following expression [11]: 

 
 𝜈9𝑟6,1, 𝛥𝛵= = 𝛪9𝑟6,1= × 𝛥𝑡	 × 𝛵(𝑟6,1) (2) 

 
where, I (Eq. 3) represents the integrated muon flux crossing the geological edifice (cm-2sr-1s-1) as a 
function of the incident differential flux Φ0 (cm-2sr-1s-1) and the minimum energy 𝐸601 (in GeV) 
necessary for muons to cross the edifice from edge to end for a given density length [11]:  
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 𝐼E,F,G = H 𝛷J(𝛦, 𝜃, 𝜑)𝑑𝐸
N

OPQR

 (3) 

        
Δt is the measurement duration (s) and T (cm2sr) is the acceptance of the detector, which is a measure 
of the its efficiency to collect a muon flux at a given solid angle, and depends on the geometrical 
characteristics of the detector (x,y dimensions, pixel size). 

Various detector technologies (i.e. muon telescopes) have been employed in muography, ranging 
from nuclear emulsion plates to scintillators ([7,11]). Nuclear emulsion plate technology [12] provides 
high–resolution muographic images but their major drawback is that they only display the cumulative 
effect of the crossing muons. Gaseous tracking detectors [13] seem to be a true alternative to the 
presently popular scintillator-based detectors that reach the reliability of the latter and they can 
monitor density fluctuations in real time [14]. A promising technology is the MicroMegas detector 
(Micro–Mesh Gaseous Structure), which belongs to the genre of micro-pattern gaseous detectors 
(MPGD) with excellent time- and spatial resolution [15]. MicroMegas detectors are currently 
developed for the upgrade of the forward muon detectors of the ATLAS experiment at the Large 
Hadron Collider (LHC), CERN [16]. Recent efforts [17] in reducing the amount of electronics, 
consumption and cost can render these gaseous tracking stations practically deployable for 
muography. 

Real-time observations have demonstrated that geological activity inside a volcano [18,19] is 
measurable by muography even before an eruption. This opens up a window for continual monitoring 
of active volcanoes not only for geoscientific purposes but also for hazard assessment and civil 
protection. 

Insular volcanoes of the Aegean potentially pose major hazards to the region [20]. Methana 
volcano (Fig. 2) is a member of the active Hellenic volcanic arc, and it last erupted around 2.3 kyr ago 
[21]. It is a composite structure consisting of tens of volcanic domes [22]. Despite that fluid 
circulation is still ongoing on Methana, as seen from magnetotelluric and aeromagnetic data [23], the 
volcano has remained silent since the last eruption and for this reason it has been classified as 
dormant [24]. 

Nevertheless, the recent violent reawakening of the Sinabung volcano, Indonesia [25], which was 
previously classified as dormant too, justifies the need for close investigation and monitoring of 
volcanoes in Greece that have long been considered as dormant. Magnetotelluric prospection of 
Methana [26] mainly probes several kilometers beneath the volcano, but little is known as to the 
spatial distribution of near-surface geological structures (conduits) that could well-up magma in a 
future eruption. Muography has the potential to explore and monitor Greek volcanoes on a real-time 
basis, being decisive in providing early warnings of volcano reawakening. 

In the absence of a theoretical model of cosmic-ray propagation through a volcano, experimental 
data would only have a qualitative character. Quantification can thus be achieved only through 
simulations that allow comparison between theoretical estimates and experimental data. As the nature 
of muon propagation through matter does not allow for analytical solutions Monte Carlo simulation is 
typically employed to conceive a model of the muon-rock interactions [27]. This work estimates 
through Monte Carlo simulation the contribution of various processes to muon attenuation (radiative 
and ionizing) for a volcanic dome of Methana, as well as evaluates quantities such as range and 
Coulomb scattering angles on a hypothetical MicroMegas detector placed in front of the dome. 
Finally, it delivers a model of density length for the said volcanic dome derived from topographic 
data.  
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Figure 2. Digital terrain model of the Methana volcano. Source data: EU-DEM - a hybrid 3D raster DTM 
(GeoTIFF) combining SRTM (Shuttle Radar Topography Mission) and ASTER (Advanced Spaceborne Thermal 
Emission and Reflection Radiometer). Coordinate reference system EPSG:3035 - ETRS89 / LAEA Europe – 
Projected. The grid-like lines on the right of the map is an artifact of EU-DEM’s image processing. Black dot 
represents the detector position whereas the rectangle envelopes the scanned volcanic dome. 

 
 

MODEL SETUP AND SOURCE DATA 
 

Simulation was carried out in Geant4 [28] because the latter is efficient in handling complex 
geometries and includes detailed multiple–Coulomb scattering models. In order to reduce the 
computational time we submitted to irradiation only a small excerpt of the entire DTM (framed by the 
rectangular in Fig. 2) which corresponds to a ~600 m × 600 m  volcanic dome (Fig. 2), in the vicinity 
of the volcanic center erupted 2.3 kyr ago. 

The DTM used here is the EU-DEM, which is a hybrid 3D raster DTM (GeoTIFF) combining 
SRTM (Shuttle Radar Topography Mission) and ASTER (Advanced Spaceborne Thermal Emission 
and Reflection Radiometer) data (Fig. 2) with spatial resolution (i.e. pixel size) of 25 m.  In a 
computational region of Geant4 a virtual adaptation of the specific volcanic dome of Methana (Fig. 3) 
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was constructed by paving the digital terrain model (DTM) with voxels (‘3D pixels’) identified with 
physical volumes of vertical cuboids appended with SiO2 material (density 2.6 g·cm-3) and cross-
section and height dimensions determined by the pixel attributes of the DTM. 

The computational region outside the DTM in Geant4 was filled with air (1 atm).  A virtual 
detector designed as a matrix consisting of cells (pixels) filled with argon, each of them defined as 
‘sensitive’ was added to the model to represent a single 5–mm thick MicroMegas panel. Two different 
granularities (pixel sizes) were considered for testing: 1m × 1m and 0.5 m × 0.5 m, respectively. 

 

 
 
Figure 3. Model of the volcanic dome of the Methana volcano consisted of parallelepiped physical volumes 
(voxels) in the Geant4 computational region. X-axis (up) points East. The detector is placed south of the dome. 
 

Incident muon flux is not only a function of altitude and the polar angle but also of the muon 
energy. Analytical approximations lack the wanted precision and a Monte Carlo approach is usually 
preferred [29,30]. However, it has been found that muons with nearly horizontal trajectories can 
penetrate deeper in solid rock, as deep as ~1 km approximately [31,32] and for this reason they are 
preferred for muography of large salient geological structures over those coming from showers from 
all directions [7], despite their lower intensity (and the, thus, longer exposure times required). Here, 
rays of horizontal muons were used (Fig. 4) to calculate range and scattering angles. The modeled 
volcanic dome was exposed to µ-beams of increasing energy stepwise (in the GeV range) and its 
response as to the interaction parameters was measured. 
 
RESULTS AND DISCUSSION 
 

The results of the simulation experiments, performed in Geant4, are summarized in the 
following graphs, which were generated using ROOT software. Fig. 5 illustrates the energy loss per 
unit length at various muon energies. Bremsstrahlung and pair production (radiative) processes 
overtake ionization in the energy loss for the given rock type and density at ejection energies ≥300 
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GeV and grow at a rate nearly proportional to the energy. This point, which is defined as the energy at 
which the two loss rates are equal, is known as critical energy. Critical energy is twice as small as the 
value calculated for standard rock in the literature [33,34]. 

 

 
 
Figure 4. Schematic illustration of the simulation framework of the volcanic dome of Methana in Geant4. 
Yellow lines correspond to muon trajectories while jagged green lines represent photon tracks due to Compton 
scattering. X axis points East.  
 
 

 
Figure 5. Contributions of various processes (radiative and ionizing) to the muon energy loss as a function of 
the injection energy (MeV) 
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The next parameter evaluated was the penetration depth (range).  Fig. 6 demonstrates (with the 
blue line) the range of the muon beam (in cm) as a function of the injection energy up to 104 GeV (10 
TeV) and contrasts it against the continuous slow down approximation (CSDA; with the brown line) 
range (Eq. 4; [35]),  

 𝑅(𝐸J) =	−H
𝑑𝐸

𝑑𝐸/𝑑𝑥

OU

J
 (4) 

  
where 𝐸J corresponds to the injection energy. They seem to be in good agreement with each other. It, 
thus, follows that energies at least 10 TeV are required in order the entire volcano to be fully 
penetrated by muons, while the smaller structure studied here (i.e. volcanic dome) can be fully 
penetrated by ~ 600 GeV muons. 

With regard to scattering, the deviation that muons experience while transversing the medium 
along both polar and azimuth angles was estimated by shooting multiple particles from a point source 
opposite the dome in the direction of the detector at elevating energies. Fig. 7 summarizes the 
scattering information for each injection energy showing, as expected, that the higher the energy the 
tighter the distribution of the scattering angles. 

Fig. 8 and Fig. 9 illustrate the spatial (2D) distribution of muon scattering on the detector surface. 
The matrix represents a simulated MicroMegas detector against which muons are sequentially shot 
from a point source opposite the volcano (for the 900 GeV muons). Since a virtual environment like 
Geant4 does not pose any design restrictions the effective area was enlarged for wider observation of 
particle scattering using different detector granulatrities. It is obvious that Coulomb scattering incurs 
Gaussian blurring on the scanned objects, turning point objects into rough circles.    

 
Figure 6.  The range as a function of muon injection energy (blue) in comparison with the CSDA approximation 
(brown). 

 
Finally, a model of the theoretical density length was calculated (Fig. 10). The length of variable 

trajectories converging to a (0,0) were multiplied by the supposed average density of the lava dome. 
Any deviation between the modeled density length shown in Fig. 9 and the observed density length 
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(from the telescope; forthcoming measurements) would imply density discontinuities which can be 
translated as structural discontinuities inside the geological edifice.  

 
Figure 7.  Distribution of muon scattering angles at elevated injection energies for X- and Y-axis 
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Figure 8.  Count distribution on the MicroMegas detector of 1000 (top left), 2000 (top right) and 5000 (bottom) 
muons injected at 900 GeV. Resolution set to 1 × 1 m. (y,x axes in meters; number of muon hits represented as 
colors) 
 

 
Figure 9.  Count distribution on the MicroMegas detector of 1000 (top left), 2000 (top right) and 5000 (bottom) 
muons injected at 900 GeV. Resolution set to 0.5 × 0.5 m. (y,x axes in meters; number of muon hits represented 
as colors) 
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Figure 10. Density length model of the volcanic dome of Methana concerned here. Color-graded scale on the 
right provides the density length estimates (gr·cm-2·10-3) in the (φ,θ) direction. 
 
CONCLUSIONS 
 

Here, we simulated a muographic campaign of a volcanic dome of Methana volcano in Geant4, 
by exposing an open access radar–derived DTM to horizontal muon beams of various energies. 
Calculations of the range showed that muon beams should be energetic enough, at least 10 TeV, in 
order to fully penetrate the entire volcano. At those energies muon attenuation is controlled by 
radiative processes also. However, events in the TeV range are scarce [36] and impractical for 
muography. It is thus recommended that the area under surveillance be gridded in smaller segments of 
the size of the dome studied here so that the more affluent lower energy muons (~600 GeV) can be 
exploited swiftly and ensure timely muographic images. 

Coulomb muon scattering has the unwanted but unavoidable effect of blurring the image such 
that point objects appear as disks with soft edges. Although higher–energy muons will return less 
blurred images (since they undergo less deflection while traveling through the medium) blurring 
cannot be fully prevented. This situation is analogous to Gaussian blurring in conventional 
photography, where images suffer from some degree of degradation because of the image formation 
process or external factors such as atmospheric distortions etc. We promote the convolution of spatial 
filters employed in signal (image) analysis such as the Tikhonov regularization or the conjugated 
methods. These are inverse-problem solving methods that aim at reconstructing a Gaussian-blurred 
image. These aforesaid theoretical results will drive the forthcoming experimental study on Methana. 
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