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We describe the Muography Program to study the Colombian volcanoes. Mainly, we discuss the
criteria adopted for designing, building, and commissioning MuTe: a hybrid Muon Telescope.
MuTe implements a composite detection technique combining a hodoscope for particle tracking and
a water Cherenkov detector for enhancing the muon-to-background-signal separation of extended
air showers. Next, we discuss the detailed MuTe digital twin employed to estimate the instrument’s
response to the muon flux and its impact on its design and performance. The impinging muon
flux calculation and its corresponding signals in the detector consider four factors with different
spatial and time scales: the geomagnetic effects, the development of extensive air showers in
the atmosphere, the propagation through the scanned structure and the detector response at a
particular geographic point. Next, we examine the structural —-mechanical and thermal— behaviour
of MuTe, its first calibration measurements and identify the possible volcano candidate with the best
observation points. In addition, MuTe incorporates particle-identification techniques for reducing
the background noise sources and discrimination of fake events by a picosecond Time-of-Flight
system and implementing an offline machine learning framework. We found that the frontal
flux adds up 78% of the recorded events. From this total, 36% corresponds to electromagnetic
component, 33% single-muon events, and 30% multiple particle detection. Finally, we discuss an
optimization algorithm to improve our instrument’s estimation of the volcano’s internal density
distribution based on the Simulated Annealing method.
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1. Colombian Volcanoes

In this report, we review the Colombia Muography Program to study volcanoes, explaining the
criteria for designing, building, and commissioning Mu7Te —the Colombia hybrid Muon Telescope-—.
We also discuss the first results obtained during the commissioning process.

Any active volcano that erupted in the recent past could erupt again with imminent risks to
surrounding populations. Therefore, knowing the internal structure of active volcanoes is crucial
for assessing their potential hazards and social consequence. However, geophysical, seismic,
gravimetric and geoelectric methods applied to modelling volcano internal composition have spatial
limitations and require dense data sampling in severe field conditions [1, 2].

Muography is a non-invasive technique that measures the muon flux attenuation by rock
volumes of different densities. The projected images of volcanic conduits help to understand
possible eruption dynamics, offering a spatial resolution in the order of tens of metres, up to a
kilometre in depth [2, 3]. Colombia has many volcanoes and more than a dozen active ones
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Figure 1: Artistic representation of 13 Colombian active volcanoes spread in three clusters through the
Cordillera Central.

represent significant risks to the nearby populations. This has motivated local research groups to
apply muography to model inland geological structures. Some preliminary modelling had been
reported for devising a muon telescope to study the Galera volcano [5, 6]. C. A. Avila-Bernal and
his group designed and built a hodoscope prototype to measure muon flux crossing Monserrate Hill
in Bogotd. They determined the muon incident energy’s attenuation function and estimated the
muon flux as a function of the mountain’s location [7].

The most dangerous active Colombian volcanoes are: Azufral, Cerro Negro, Chiles, Cumbal,
Dona Juana, Galeras, Machin, Nevado del Huila, Nevado del Ruiz, Nevado Santa Isabel, Nevado
del Tolima, Puracé, and Sotard. Figure 1 displays their geographic distribution.
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2. A muography methodology for Colombian Volcanoes

There are only a few potential observation points for Colombian volcanoes, commonly sur-
rounded by other geological structures screening the atmospheric muon flux. To identify their
possible muon observation sites, we implemented a complete and detailed simulation code consid-
ering geomagnetic conditions, atmospheric reaction and detector response [8—10].

In reference [11] we presented the results of ray-tracing analysis for the volcanoes mentioned
above. There, we identified Cerro Machin as the best volcano to be studied, spotted the finest points
to place a muon telescope and estimated its time exposures for significant statistics of muon flux
(see Table 1).

Nevado del Ruiz, Nevado Santa Isabel & Puracé
Nevado del Tolima

Volcanoes Q1/Q2|Q3
Azufral, Cumbal, Dona Juana & Sotara N Y N
Cerro Negro* & Chiles* Y Y N
Galeras Y N Y
Machin Y Y Y
Nevado del Huila N Y N
N Y Y
N N Y

Table 1: Which Colombian volcano can be studied by muography? We summarized the answers to the three
questions applied to 13 Colombian volcanoes. Q 1- Is the volcano base width less than 1,500 m?. Q 2- The
surrounding topography does not interfere with the observation point?. Q 3- Are the sites accessible and
secure? Our studies suggested that only Cerro Machin obtains three definite answers. However, we hope that
shortly with the internal conflict over, Cerro Negro and Chiles will be safely accessible.

The time exposures of the detector is between 100 to 125 days for the volcano edifice’s upper
end (114 — 150 m) provide 10% of density discrimination. These results were reconfirmed using
more precise muon underground propagation codes [12, 13].

3. The Muon Telescope, MuTe

MuTe implements a composite detection technique combining a hodoscope for particle tracking
and a Water Cherenkov detector (WCD) for enhancing the muon-to-background-signal separation.
MuTe employs a plastic scintillator hodoscope to determine the particles’ trajectories. The WCD
filters the noise due to the soft component of EAS (electrons and positrons) and particles arriving
simultaneously. Discrimination of fake events due to scattered and backwards muons is addressed
using a picosecond Time-of-Flight system and offline machine learning techniques [14—16].

3.1 The instrument

Figure 2 sketches the Colombian hybrid Muon Telescope, MuTe, combining two detec-
tion techniques: Two-panel-hodoscope: two X-Y arrays of 30 X 30 plastic scintillating strips
(120 cm x 4 cm x 1 cm). Each array has 900 pixels of 4 cm X 4 cm = 16 cm?, which represent
14,400 cm? of panel detection surface. These panels can be separated up to D = 250 cm; Water
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Figure 2: A sketch of the Colombian Muon Telescope (MuTe), which combines the facilities of a two-panel-
hodoscope (900 pixels) and a 1.73 m® water Cherenkov detector.

Cherenkov Detector: a purified water cube of 120 cm side, located behind the rear scintillator
panel (see figure 2), which acts as a calorimeter and as a third active coincidence detector.

Designing the structure’s reaction (vibration frequencies not exceeding 0.04 Hz) guarantees its
structural integrity against seismic events triggered by volcanic activity [15]. Furthermore, under
a maximum wind speed of 30 m/s (occurring in ~ 54 days/year), the mechanical structure suffers
displacements of up to 1.63 mm in the frontal part of the scintillator panel. Thus, deformations
under stresses due to wind are negligible. Finally, we also performed the thermal structure analysis.
The WCD is a good heat dissipator due to the water content (~ 1.7 m?) attaining a maximum
temperature of 40°C. In this case, the front side of both panels has a lower temperature than the rear
side since the wind flow generates a cooling process by convection.

3.2 MuTe digital twin

Reference [17] compared the response of the MuTe Geant4 digital twin [18]. From the
scintillator simulation, we obtain 7% reductions in the number of photo-electrons, compared to
those produced at the near end of the silicon photo-multiplyers, SiPMs. The more distance the
photo-electrons travel within the fibre, the more energy they lose, and fewer photons reach the
SiPMs. This result is in agreement with the experimental 9% attenuation obtained. This attenuation
seems to be insignificant in the bar. Still, it is more noticeable in the hodoscope panels since the
difference between the closest corner to the SiPMs and the furthest is around 12%.

MuTe Geant4 simulations estimate the detection trigger in terms of the energy deposited by
each component. First, muons must deposit about 2.08 MeV in the two scintillator bars on the front
panel and finally discriminated from the background in the WCD where muons must lose about
240 MeV to be counted as an event.

3.3 The intrumentation

The MuTe electronics has two leading —independent but synchronized— readout systems: one for
the hodoscope and one for the WCD. A multi-channel ASIC MAROC3 (from Omega) discriminates
the 60 signals after making a gain adjustment to reduce the bar response variability. An FPGA



Colombia Muography Luis A. Nunez

Cyclone III sets the MAROC3 slow control parametres (channel gains and discrimination thresholds)
from Altera [19].

A local server collects data from the WCD and the hodoscope every 12 hours for carrying out
an in-situ analysis. An intranet system connects the local server, the hodoscope, and the WCD.
Additionally, the MuTe enables a wireless access point for working locally from a laptop or any
other mobile device.

The five-level triggering system determines event coincidence between the hodoscope and the
WCD. Time delays due to the transmission of the signals are estimated and considered for data
analysis.

e

Figure 3: The upper Left, plate I plots the deposited energy histogram for the average number of events
crossing the MuTe during one hour. The black-line hump (< 180 MeV) matches the electromagnetic compo-
nent (e+ y ), while the green-line represents the deposited energy of muons: 180 MeV< E; < 400 MeV.
The blue-line bump expresses two-muon events. Multiple particle events deposit energy above 400 MeV.
Next, the upper right, plate II displays the Time-of-Flight of particles traversing the hodoscope. Single-
particle events and correlated background (blue) have a ToF < 30 ns. The uncorrelated ones (red) has a
ToF > 300 ns. At the bottom, plates Il and IV illustrate, respectively, the angular distribution of the frontal
and the inverse particle flux traversing the hodoscope with an elevation angle of 15° and the axis located at
®, = 0O, = 0deg. The frontal flux adds up 78% of the recorded events reaching up to 3.23 Hz. The
WCD volume (white-square) absorbs the particles with energy < 240 MeV. Plate V displays the incoming
particle distribution: 36% electromagnetic component, 33% single-muon events, and 30% multiple particle
detection. See reference [16] for details.

MuTe power supply has four photovoltaic panel array of 100 W (18 V - 5.56 A), which provides
the instrument with six days of continuous operation, the maximum number of consecutive cloudy
days in the last 22 years at the observation site.

3.4 MuTe particle discrimination and first muogram

Figure 3 (plate I) shows the average hourly count of events recorded in WCD-Hodoscope
coincidence and can be divided into three categories. The electromagnetic component (photons,
electrons and positrons) with an energy loss of less than 180 MeV represents 36% of the events.
The muon part makes up 33.6% of the events in the range 180 MeV < E; < 400 MeV with an
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average of 240 MeV. Finally, multiple particle events dissipate above 400 MeV with a significant
contribution at 480 MeV, adding up the ~ 30% of the effectively recorded impacts [16].

We confirmed the WCD particle identification by implementing several machine learning
algorithms. We apply a supervised Naive Gaussian, Support Vector Machines (Radial Basis
Function), and Random Forest. The Naive Gaussian classified the components with higher precision:
99% of the electromagnetic particles, 100% of muons, and 97% multiple particle events.

As shown in plate II 3, the precise time of flight, ToF, implemented for MuTe, determined
that single-particle events span from 2.53 ns to 20.9 ns, and the uncorrelated background starts at
~ 300 ns. Therefore, the probability that an uncorrelated event occurs below ~ 200 ns is rough
0.05 %.

In plates IIT and IV of figure 3, we compare the frontal (left) and the inverse (right) flux crossing.
The inverse events represent 22 % of particles impinging the detector, and the WCD absorbs most
of these particles with energy < 240 MeV (see reference [16] for details).

Form two-month of recorded data, we obtain the first muogram shown in figure 4. With 15¢
elevation, the telescope aims at a mountain at = 20 km from the detector, having a maximum
altitude of 3466 m.a.s.l.
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Figure 4: Left plate displays the muogram which is the logarithm of the transmittance, i.e. 7 = In (%)
with @ the particle flux and @ open sky particle flux. For the open sky areas (6 > 70°) the transmittance
is~ 1 =~ In(T) = 0). Below the horizontal (dotted line), the open sky flux is zero. MuTe’s two months of
recorded flux at an elevation of 15°. On the right composition we illustrate the detector line of sight (red
line). The instrument’s elevation = 15¢ covered a zenith range of 50° to 90° and 10° below the horizon.

4. Optimization of density distribution

In [21] we describe an optimization method for obtaining the best density distribution inside
the volcano, instead of using a Bayesian framework [22—-24] or local optimization methods [1, 25],
we study the geophysical inversion problem with the Simulated Annealing Algorithm (SAA) —
applying the Metropolis criterion [26]— to obtain the global optimum for the density distribution
function inside the volcano. It is computationally efficient, can solve non-linear problems, and does
not introduce smoothing effects in the final density structure model [27].
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The estimated initial density model of the dome was obtained with GEOMODELER, adapted
to the Cerro Machin topography. We have improved this model by including the rock densities of
samples taken from the crater, the dome and the areas associated with fumaroles.

The inversion algorithm correctly reconstructed the density differences inside the Machin,
within a 1% error concerning our initial simulation model, giving a remarkable density contrast
between the volcanic duct, the encasing rock and the fumaroles area.
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