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Abstract 

Muography technology has evolved over the past decade for various observational applications 

without using radioactive materials. Muography utilizes naturally occurring muons to penetrate 

objects with thick shielding and pass through kilometers of rock. Detectors are required to generate 

an image of an object obtained from muon captures. Various studies have created images of magma 

flow, thus enabling monitoring of active volcanoes, discovering hidden chambers within temple or 

pyramid structures, and so on. Plastic scintillation detectors are widely used in various muography 

applications due to their reliability and robustness in various challenging environments, ability to 

move flexibly, and cost-effectiveness. Muography can be applied in Indonesia, one of which is to 

monitor magma movement in volcanoes to provide early warning to the surrounding communities.  
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Introduction 

Muons are naturally occurring charged particles 

produced by the interaction of cosmic rays with the 

Earth’s atmosphere. These particles penetrate the 

Earth’s surface at extremely high speeds (Mahon  

et al., 2018). Although muons share similarities 

with electrons, they are about 207 times heavier 

(Leone et al., 2021). At sea level, muons typically 

carry energies of 3-4 GeV and arrive at a rate of  

 

 

 

 
 

approximately one particle per square centimeter 

per minute. Thanks to their high energy-about four 

orders of magnitude greater than that of 

conventional X-rays-they can penetrate dense 

materials and travel through kilometers of rock 

(Mahon et al., 2018). 

Muography is an imaging technique that takes 

advantage of these penetrating muons. By  
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measuring the density of a target object, it enables 

the visualization of internal structures in large-scale 

objects (Cimmino, 2021). This non-destructive and 

non-radioactive method has gained recognition for 

its safety and effectiveness in applications where 

traditional imaging techniques are limited. 

Over the years, muography has been widely 

applied in fields such as volcanology (Marteau  

et al., 2012; Cârloganu et al., 2013; Nishiyama  

et al., 2014), tidal measurements (Tanaka et al., 

2021), cargo inspection at border crossings 

(Antonuccio et al., 2016), nuclear storage 

monitoring (Park et al., 2022), underground 

imaging through boreholes (Bonneville et al., 

2019), the scanning of archaeological heritage sites 

like pyramids and temples (Aguilar et al., 2013; 

Melesio, 2014), etc. 

The versatility of muography largely depends 

on the detectors used to measure and track muon 

interactions within a given object. Detector designs 

and capabilities vary based on the specific 

application, but recent advancements have 

significantly improved their reliability, durability, 

and energy efficiency (Bonomi et al., 2020). 

This article examines the potential of 

muography technology in Indonesia. It highlights 

the technology's diverse applications across various 

fields, including volcanology and archaeology. 

Additionally, it emphasizes its significance in 

addressing Indonesia’s unique environmental and 

geophysical challenges. 

Muography Principle  

When a muon passes through an object, it 

decelerates and loses energy primarily due to atom 

excitation, ionization, and bremsstrahlung-radiation 

processes. While it may lose energy and be 

absorbed in dense materials, the muon can also be 

deflected or scattered from its straight-line 

trajectory due to multiple Coulomb scattering (Leo, 

1994; Knoll, 1999). The extent of deflection and 

absorption is influenced by the muon’s initial 

energy and the density and thickness of the object it 

traverses. 

 In this study, the term muography will refer to 

muon-based imaging techniques, specifically muon 

absorption radiography and muon scattering 

tomography (MST). In muography, the difference 

between the two techniques is that muon absorption 

radiography is suitable for gigantic objects, while 

MST is more effective for small to medium-sized 

objects. As seen in Figure 1, MST requires two 

detectors placed before and after the target object to 

reconstruct the muon path passing through it. This 

makes the technique unsuitable for large objects. 

Meanwhile, muon absorption radiography only 

needs one detector placed after the object (IAEA, 

2022). 

Muon Absorption Radiography  

 In muon absorption radiography, the 

absorption of muons by matter is determined based 

on the attenuation of muon flux. The measured 

muon flux is then compared to the ‘free sky’ flux to 

produce a transmission rate. Since it is not possible 

to place a detector above large objects like  

a volcano, a free sky measurement is used as  

a substitute. Therefore, the effective muon 

transmission as a function of zenith (𝜃) and azimuth 

(𝜑) angles can be estimated by the following 

equation (Cimmino et al., 2019; Saracino et al., 

2017a; 2019): 

 

𝑇𝑀(𝜃, 𝜑) =
Φ𝑇(𝜃,𝜑)

Φ𝑓𝑟𝑒𝑒𝑠𝑘𝑦(𝜃,𝜑)
 (1) 

 

 from the above equation, the transmission rate 

is a ratio between the muon flux that passes through 

a target Φ𝑇(𝜃, 𝜑) and the muon flux in the free sky 

Φ𝑓𝑟𝑒𝑒𝑠𝑘𝑦(𝜃, 𝜑). 

 Measured flux can be computed through the 

following equation (Baccani et al., 2019): 
 

Φ𝑀(𝜃, 𝜑) =
𝑁(𝜃,𝜑)

𝑡 𝐴𝑒𝑓𝑓(𝜃,𝜑)
 (2) 

 

 with 𝑁(𝜃, 𝜑) as the number of detected tracks, 

and t as the acquisition time, and 𝐴𝑒𝑓𝑓(𝜃, 𝜑) as the 

detector's effective area.  

 The following equation expresses the relative 

transmission equation, which is useful for 

identifying cavities (Cimmino et al., 2019; Saracino 

et al., 2017a, 2019): 
 

𝑅(𝜃, 𝜑) =
𝑇𝑀(𝜃,𝜑)

𝑇𝐸(𝜃,𝜑)
  (3) 

 

 Where 𝑇𝑀(𝜃, 𝜑) is the measured transmission, 

and 𝑇𝐸(𝜃, 𝜑) is the expected transmission. The 

 

 
 

Figure 1. Schematic visualization of absorption 

radiography and scattering tomography 

and the corresponding detector geometries 

(Kaiser, 2018; IAEA, 2022) 
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expected transmission is defined as the ratio of the 

muon flux obstructed by high-density material to 

the muon flux in the free sky. The relative 

transmission will have a value close to 1 if the 

muons passing through an object along the 
(𝜃, 𝜑) direction do not encounter an empty space or 

density anomaly. However, if the muons pass 

through an empty space along the (𝜃, 𝜑) direction, 

the measured transmission will be greater than the 

expected transmission, and the relative transmission 

will have a value greater than 1. 

 
𝑅(𝜃, 𝜑) > 1 If it passes through empty space  
 (4) 

and 

 
𝑅(𝜃, 𝜑) ~ 1 If it does not pass through empty space 

 (5) 

 

 An evaluation with software simulation is 

required to obtain information about the density 

distribution of the target object. 

 The absorption of muons within a target 

volume is utilized to produce either a two-

dimensional image of the object's density 

(Cimmino, 2021) or, with the use of multiple 

detectors, a three-dimensional absorption image 

(Kaiser, 2018). This capability makes the technique 

particularly effective for imaging large-scale 

structures. 

 One of the primary advantages of muon 

absorption radiography is its ability to penetrate 

thick and extensive objects, spanning several 

kilometers, without relying on radioactive sources. 

The density imaging that is produced by this 

technology is capable of identifying voids or high-

density regions within massive structures. As  

a result, it is a perfect technique for applications 

such as monitoring magma in volcanoes or locating 

hidden chambers in pyramids and temples. 

Furthermore, its non-invasive nature makes it 

highly suitable for long-term observations, such as 

tracking magma movement in active volcanoes or 

preserving archaeological heritage without 

requiring direct contact or excavation. 

 Despite these benefits, muon absorption 

radiography has certain limitations. Its reliance on 

muon intensity measurements means it is less 

effective in detecting small anomalies or subtle 

density variations, which reduces its suitability for 

tasks requiring detailed imaging, such as inspecting 

hazardous materials in cargo containers. This 

limitation highlights the need for complementary 

techniques when precision imaging is essential. 

 

 

 

Muon Scattering Tomography (MST) 

In MST, when a muon passes through an 

object, it undergoes deflection or scattering by its 

atoms based on the multiple Coulomb scattering 

effect. By measuring the scattering angle of a muon 

after it passes through an object, the object's internal 

structure can be mapped based on the level of muon 

deflection. Multiple Coulomb scattering can be 

estimated using Molière theory (Bethe, 1953), with 

the scattering angle for small angles following  

a Gaussian distribution and for large angles 

following Rutherford's formula. The Gaussian 

approximation of the angular distribution for the 

small scattering angles can be calculated as follows 

(Lynch and Dahl, 1991): 

 

𝜎𝜃 =
13.6 𝑀𝑒𝑉

𝛽𝑐𝑝
𝑧√

𝑥

𝑋0
[1 + 0.038 ln (

𝑥𝑧2

𝑋0𝛽2
)]  (6) 

 

Where 𝜎𝜃  is the scattering angle in the plane 

perpendicular to the particle motion, 𝛽𝑐 is particle 

velocity (𝑣 = 𝛽𝑐, where c is the speed of light), 𝑝 is 

muon momentum in MeV/c, 𝑧  is particle charge 

(muons, 𝑧 = 1 ), 𝑥  is the path length of muons 

passing through the material in g/cm2, 𝑋0  is 

radiation length in g/cm2. 𝑋0 can be calculated 

using: 

 

𝑋0 = 716.4 𝑔 𝑐𝑚2⁄
𝐴

𝑍(𝑍+1) ln(287 √𝑍⁄ )
   (7) 

 

 where A is the mass number, and Z is the 

atomic number of the element. From equations (6) 

and (7), it can be seen that the scattering angle 

correlates with Z. The 𝑋0 value will decrease as the 

material's Z number increases. The following table 

shows the Z number and 𝑋0 with the material. The 

various types of materials shown in Table 1, 𝑋0 is 

obtained using equation (7). 

 
 

Table 1. Atomic number and radiation lengths of 

materials (Patrignani et al., 2016) 

 

Material Z# 
Radiation Length, 𝑿𝟎 

(g/cm2) 

Water (H2O) 
O: 8, 

H: 1 
36.08 

Polyethylene  44.77 
Shielding Concrete  26.57 

Aluminum (Al) 13 24.01 

Iron (Fe) 26 13.84 
Copper (Cu) 29 12.86 

Tungsten (W) 74 6.76 

Lead (Pb) 82 6.37 
Uranium (U) 92 6.00 
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 The degree of muon scattering is determined 

by the density and composition of the material it 

traverses. Denser materials, which typically have  

a higher atomic number (Z), such as heavy metals 

and other high-density substances, cause greater 

scattering of muons. In contrast, materials with 

lower density result in less scattering to allow for 

differentiation between regions of varying density 

within an object. 

 Nuclear materials generally exhibit high Z 

values (as shown in Table 1), which facilitates their 

identification based on scattering characteristics. 

When muons pass through an object from multiple 

angles, the resulting scattering data provides  

a wealth of information about the material’s internal 

composition. This data can then be analyzed using 

advanced computational algorithms to reconstruct  

a three-dimensional image of the object's internal 

structure with high precision. 

 Some advantages of MST include its 

suitability for non-invasive inspections requiring 

high sensitivity in high-density objects, allowing it 

to detect high-density materials better than 

absorption radiography. This technique enables the 

detection of small details in large objects because 

changes in the muon scattering angle can provide 

information about high-density materials, such as 

heavy metals or hazardous substances. This is 

especially useful for applications like cargo 

inspection at border crossings. 

 However, MST also has some limitations, 

including the need for more data for high accuracy, 

which results in relatively longer detection and 

image processing times. MST also requires 

complex data processing software and has 

limitations regarding the thickness of objects that 

can be analyzed. Excessive thickness can reduce the 

number of remaining muons available for analysis 

so that the image generated is less accurate. 

Detectors for Muography 

Although muon interactions with objects occur 

naturally, a detector is essential to measure and 

record these interactions effectively. The primary 

function of a muon detector is to convert the energy 

deposited by muons into an electric signal for 

analysis. This conversion enables the accurate 

detection and imaging of internal structures in 

various applications of muography.  

Over the years, several types of muon 

detectors have been developed to meet the growing 

demands of muography applications. These include 

ECC (Emulsion Cloud Chamber) emulsion detector  

 

 

(Nishiyama et al., 2017, 2019; Tioukov et al., 

2019), Cherenkov detector (Catalano et al., 2016), 

plastic scintillator (Tanaka et al., 2010; Anghel  

et al., 2015; Baccani et al., 2019; Bonneville et al., 

2019; Lo Presti et al., 2020), scintillator arrays 

(Lesparre et al., 2017), Close cathode chamber 

(CCC) detector (Oláh et al., 2018a), and Multi-wire 

Proportional Chamber (MWPC) detector (Oláh  

et al., 2019). The continual development of highly 

responsive and accurate detectors remains a critical 

requirement for advancing muography 

technologies. 

Muon detectors designed for absorption-based 

muography often encounter harsh and challenging 

environmental conditions. To perform reliably, 

these detectors must demonstrate stability in 

varying environmental settings while maintaining 

minimal power consumption. Moreover, ease of 

transport and installation is vital, particularly when 

accessing remote or difficult-to-reach locations for 

field applications. To meet these criteria, 

specialized front-end electronics and data 

acquisition systems are often necessary (Bonomi  

et al., 2020). 

The durability of muography detectors is 

another key consideration, as they must operate 

effectively over long periods with minimal need for 

direct human intervention. Different muographic 

applications may require specific detector shapes, 

sizes, and configurations to achieve optimal 

performance (Bonechi et al., 2020). Therefore, the 

choice of a suitable detector depends on factors such 

as available space, infrastructure constraints, and 

the specific objectives of the muographic study 

(Leone et al., 2021).  

 

Nuclear Emulsion Detector  

Nuclear emulsion (NEF) is a unique 

photographic film that detects minimal ionizing 

particles like cosmic ray muons. This emulsion film 

is exceptionally lightweight and does not require 

electricity and maintenance, making it suitable for 

mountainous areas (Tanaka et al., 2007; Tioukov  

et al., 2019). This nuclear emulsion film can 

provide information in the form of a 3D image with 

sub-micrometer accuracy (Nakamura et al., 2006; 

Morishima, 2015; Nishio et al., 2015; Morishima  

et al., 2017). The film is usually replaced every two 

months (Morishima et al., 2017). After use, this 

NEF is processed using photographic development 

in a darkroom, and then it needs to be read by an 

automated nuclear scanning system (Hamada et al., 

2012; Morishima et al., 2013; Yoshimoto et al., 

2017). 
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NEF can be made from an arrangement of 

silver bromide crystals dispersed in a thick, 

sensitive emulsion layer and adhered to both sides 

of a transparent plastic base, as seen in Figure 2 

(Morishima, 2015; Morishima et al., 2017). Each 

film will then be packed in an aluminum laminated 

vacuum package. This is done to prevent damage 

from light exposure, to control humidity (30% 

relative humidity, RH), and to avoid dust 

contamination (Morishima et al., 2013; Tioukov  

et al., 2019) 

The charged particles passing through the 

emulsion layer leave their traces in the form of a 3D 

trajectory, which is recorded, and the results can be 

determined after undergoing the chemical 

development process. Typically, the film can last 

for 2-3 months in a 25°C environment by adjusting 

the volume occupancy of silver bromide crystals by 

35% (Morishima et al., 2017). The reconstruction 

of muon tracks involves identifying coincidences 

between the two-layered films based on signal 

selection criteria, and subsequently, these identified 

coincidences are tallied as detected muons 

(Morishima et al., 2013). 

 
Gaseous Detector 

In muography, gaseous detectors are known 

for their durability and capability to operate 

outdoors for extended periods (Morishima et al., 

2017), providing excellent spatial resolution and 

real-time detection capabilities (Procureur and 

Attié, 2019). Despite these advantages, they are less 

practical than other alternatives due to their larger 

size (Morishima et al., 2017), and the costly 

electronic systems required for operation. 

Additionally, gaseous detectors often exhibit less 

stable performance under variable outdoor 

conditions (Procureur and Attié, 2019), and are 

more complex to operate and maintain in field 

environments compared to scintillation detectors 

(Bonomi et al., 2020). 

Gaseous detectors encompass various types 

designed for specific applications in muography. 

Examples include Close Cathode Chambers (CCC)  

 

for borehole-based muography (Varga et al., 2013), 

Glass Resistive Plate Chambers and multi-wire 

proportional chambers (MWPC) for muon imaging 

of volcano (Carloganu et al., 2013; Oláh et al., 

2019), MWPC for borehole-based muography 

(Oláh et al., 2018a; Oláh et al., 2018b). Another 

advanced variation is the micro-pattern gaseous 

detector, such as Micromegas, which offers 

improved precision and versatility for muon 

detection (Bouteille et al., 2016). 

The working principle of gaseous detectors 

involves muons traversing a gas-filled volume, 

leaving behind an ionized trail as they interact with 

the gas molecules. An applied electric field collects 

the resulting electrons and ions, allowing the 

detection process to proceed. Standard 

configurations often feature a cylindrical design 

with a thin wire anode to gather the electrons 

produced during ionization (Bonechi et al., 2020). 

Real-time analysis is then performed to determine 

the muon track parameters, enabling immediate 

reconstruction of the particle's trajectory 

(Morishima et al., 2017). 

 

Cherenkov Detector 

Cherenkov-based detector was used in the 

muography experiment due to its higher spatial 

resolution and ability to disregard the background 

(Catalano et al., 2016). Cherenkov radiation occurs 

when charged particles, like muons, move through 

a dielectric medium at a speed (v) exceeding the 

medium's speed of light. The Cherenkov detector 

operates in the visible and ultraviolet regions of the 

electromagnetic spectrum. Imaging Atmospheric 

Cherenkov Telescopes (IACT) was used for 

performing muography of giant objects using 

multiple telescopes such as VERITAS (Weekes  

et al., 2002), MAGIC (Tridon et al., 2010), H.E.S.S. 

(Benbow, 2005). Cherenkov Telescope Array 

(CTA) then became the next generation of IACT 

(Actis et al., 2011). IACT and CTA consisted of an 

optical system comprising highly reflective mirrors 

concentrating Cherenkov light onto a multi-pixel 

camera with rapid read-out electronics. 

 

 
 

Figure 2. Schematic view of a nuclear emulsion film (Morishima et al., 2017) 
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Scintillation Detector 

There are various optimal criteria for a muon 

scintillator detector, which encompass (1) 

achieving high luminance efficiency, (2) exhibiting 

a short decay time, (3) absence of afterglow 

emissions, (4) possessing a short attenuation length, 

and (5) cost-effective (Yamashina et al., 2010). The 

scintillation detectors need a power supply, which 

can be provided by the photovoltaic panel (Gibert  

et al., 2010).  

The scintillation detector, as illustrated in 

Figure 3, comprises two essential components. The 

first is the scintillator, which acts as the medium for 

photon ionization by converting the energy 

deposited by muons into visible light. The second 

component is the photomultiplier tube (PMT), 

which amplifies and converts the emitted photon 

light into measurable electrical signals for further 

analysis. 

The schematic diagram in Figure 4 above 

explains the sequence of processes for detecting 

muons, which minimally involves using two 

scintillation detectors stacked on each other. The 

output signals from the detectors are processed by  

a signal processor to obtain the digital signal. Then, 

the output digital signals are synchronized with 

coincidences to obtain the single count value of the 

muon number. 

Scintillation detectors are classified into two 

main types based on their material composition: 

organic materials, such as liquid and plastic 

scintillators, and inorganic materials, such as 

crystals. Plastic scintillators are widely used as 

muography detectors due to their robustness, which 

allows them to function effectively in harsh 

environments (Bonechi et al., 2020). They offer 

additional advantages, including ease of machining, 

a flexible structural design, stable performance, and 

adaptability for various applications (Procureur, 

2018; Yang et al., 2022). In muography, plastic 

scintillators are typically configured in a telescope 

structure, where multiple scintillator planes are 

aligned to detect and trace the trajectory of muons 

passing through the target object. This arrangement 

enhances angular resolution and enables accurate 

reconstruction of internal density distributions in 

large-scale structures. 

The telescope structure is adopted in muon 

absorption imaging, utilizing multiple parallel-

arranged scintillator planes capable of measuring 

the angular distribution of muons behind the target 

area and generating images using the back-

projection method (Bonomi et al., 2020). This 

configuration enables the generation of detailed 

images using the back-projection method, which 

reconstructs the internal density distribution based 

on the detected muon trajectories. A key 

performance parameter in this structure is the 

angular resolution, which is influenced by the 

spatial resolution of the scintillator planes relative 

to the maximum distance between them. 

Additionally, the aperture, determined by the area 

of the scintillator planes over their separation 

distance, plays a critical role in ensuring the 

accuracy and precision of the imaging results (Yang 

et al., 2022).  

When muon energy emissions interact with  

a scintillation detector, the deposited energy is 

converted into visible light signals through the 

scintillation process. These light signals are 

subsequently captured by a photosensor, which 

converts them into electronic signals for further 

 
 

Figure 3. Part of scintillation detector (Kerlin and Upadhyaya, 2016) 

 

 

 
 

Figure 4. Schematic diagram of muography detector simplification 
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analysis. Traditionally, photomultiplier tubes 

(PMTs) were used as photosensors; however, 

Silicon Photomultipliers (SiPMs) have emerged as 

a widely preferred alternative due to their lower 

cost, reduced power consumption, and compact 

design. SiPMs offer improved energy efficiency 

and reliability, making them particularly suitable 

for modern muography applications where 

portability and long-term operation are essential. 

(Bonomi et al., 2020; Bonechi et al., 2020).  

In a plastic scintillator, muons interact with the 

atoms of the scintillator material as they pass 

through, resulting in energy loss and Coulomb 

scattering (Saracino et al., 2017b; Procureur, 2018). 

The absorbed energy excites the scintillator 

molecules, which subsequently release this energy 

in the form of photons. These emitted photons are 

collected by photosensors, such as (SiPMs) or 

(PMTs), which convert the optical signals into 

corresponding voltage signals for further 

processing. This efficient conversion process is 

critical for detecting and analyzing muon 

trajectories in muography applications (Procureur, 

2018). 

The scintillator for muography is mainly made 

of organic material, such as polystyrene or 

polyvinyltoluene, and is doped with primary dopant 

and secondary dopant as a wavelength shifter. For 

example, Anghel et al. (2015) used 1% by weight 

of PPO as the primary dopant and 0.03% by weight 

of POPOP as a secondary dopant (Anghel et al., 

2015). Plastic scintillators used in the muography 

have several parameters, as shown in Table 2. 

 

 

The size of the plastic scintillator can vary, 

depending on the needs. For muography purposes, 

plastic scintillators are made up to 1 m long or up to 

6 m long and can be produced using an extrusion 

method with heating at its melting point (220-

230°C) and molded into required shapes. The edges 

of the bars are sanded with fine sandpaper and 

polished with a transparent adhesive. Scintillator 

bars can also be coated with a 250 μm thick titanium 

dioxide (TiO2) layer, which helps to reflect 

ultraviolet (UV) rays and the blue glow produced by 

radiation ionization (Anghel et al., 2015).  

The scintillator's shape for muography is 

either square, rectangular, or triangular bars, 

adjusted to obtain a position-sensitive detection 

layer to produce fewer read-out channels. 

Scintillators can be arranged with various detection 

layer configurations. Each bar is optically shielded 

so that particles passing through it will produce  

a light signal and reconstruct coordinates.  

A scintillator telescope typically comprises 

two or more double layers of plastic scintillator 

bars, which are arranged to trace particles across 

multiple projections (Saracino et al., 2017b; 

Baccani et al., 2018). The configuration of the 

plastic scintillator bars can be adapted to suit the 

specific requirements of the experiment as it allows 

for flexibility in design and functionality. The 

number of bars in the array is carefully adjusted 

based on the size of the coverage area to ensure 

optimal detection efficiency and spatial resolution. 

This adaptability makes scintillator telescopes 

highly effective for a wide range of muography 

applications, from large-scale imaging to localized 

density measurements. 

Plastic scintillator bars can be arranged 

sideways, as illustrated in Figure 5(a), using square 

or rectangular bars with dimensions tailored to 

match the surface area of the target being tested. In 

this configuration, muon particles interacting with 

the detector may strike either a single bar or two 

adjacent bars simultaneously. This arrangement 

provides a straightforward and efficient method for 

detecting muon trajectories by offering reliable 

spatial resolution while maintaining structural 

simplicity. Such configurations are particularly 

advantageous for applications requiring large-area 

coverage with minimal complexity in design and 

implementation. 
 
 

 

 

 

 

 

 

Table 2. Parameter of the plastic scintillator used in 

the muography experiment (Yang et al., 

2022) 

 

Properties Value 

Base Polyvinyltoluene 

Dopant POPOP 

 p-Terophenyl 

Atomic ratio (H: C) 11:10 

Density (g/cm3) 1.05 

Refractive index 1.58 

Light output (% anthracene) 55 

Light yield (pe/MeV) 11000 

Emission peak (nm) 405 

Attenuation length (cm) 190 

Slow/ fast yield 0.27 

Fast decay time (ns) 2.1 

Slow decay time (ns) 14.2 
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The MIMA project (Baccani et al., 2018; 

Baccani et al., 2019) utilized rectangular bar 

scintillators overlapping sideways, as seen in Figure 

5(b). This arrangement yields better spatial 

resolution than the above setup with the same 

number of read-out channels but employs a more 

complex coordinate reconstruction algorithm. This 

arrangement can identify two events: a muon hitting 

a single bar and a muon hitting two adjacent bars. 

This arrangement defines three different regions for 

each of its bars.  

The following configuration involves using 

triangular bars stacked on top of each other, as in 

the MU-RAY project (Anastasio, 2013) (see Figure 

5(c)). Incident particles will always hit two adjacent 

bars. This configuration allows spatial resolution to 

be achieved in an order of 3 mm. This resolution is 

better than that captured by the configuration in the 

overlapping sideways using the same number of 

read-out channels. In this configuration, the number 

of photons captured will increase proportionally 

with the increase in signal-to-noise ratio and spatial 

resolution obtained using large-area SiPMs directly 

connected to the scintillator. 

 

 
(a) 

 

 
(b) 

 
(c) 

 

Figure 5. Configuration of scintillator bars (a) 

rectangular bars arranged sideways 

(Bonechi et al., 2020); (b) rectangular bars 

arranged overlapping sideways (Baccani  

et al., 2018; Baccani et al., 2019); (c) 

triangular bars stacked on top of each 

other (Anastasio et al., 2013; G. Baccani  

et al., 2018; Baccani et al., 2019) 

 
 
Table 3. Summary of muography applications 

 

Detector 

type 

Active 

surface 

Angular 

resolution 
Method Applied field Ref. 

Plastic 

scintillator 
1-4 m2 

～ 0.1 to > 10 

mrad 

AM 

Volcanology 

(Tanaka et al., 2009; Gibert et al., 2010; Tanaka  

et al., 2010; Carbone et al., 2014; Tanaka et al. 
2014; Ambrosino et al., 2015;  Rosas-Carbajal et 

al., 2017; Saracino et al., 2017; Baccani et al., 2018; 

Baccani et al., 2019; Lo Presti et al., 2020) 

Archaeological 
(Hanazato, et al., 2014; Okamoto, 2014; Hanazato 

et al., 2017; Kouzes et al., 2022) 

Mining 
(Bryman et al., 2014; Bryman et al., 2015; Borselli 
et al., 2022) 

Oceanografi (Tanaka et al., 2021) 

MST Security 
(Anghel et al., 2015 ; Antonuccio et al., 2016; Park 

et al., 2022) 

Gaseous 
detectors 

1 to > 
10 m2 

～ 0.1 to  ～ 

10 mrad 

AM Volcanology 
(Carloganu et al., 2013; Oláh et al., 2018a; Oláh  
et al., 2019; Procureur and Attié, 2019) 

AM Geology (Tanaka et al., 2020) 

MST Security 
(Durham et al., 2018; Bonomi et al., 2022; 
Lorenzon et al., 2023)  

Nuclear 
Emulsions 

< 1 m2 < 10 mrad 

AM Volcanology (Nishiyama et al., 2014; Tioukov et al., 2019)  

AM Geology (Nishiyama et al., 2017, 2019) 
AM Civil (Kitagawa et al., 2023) 

AM Safety (Morishima et al., 2017) 
 

Legend: 
AM = Absorption muography 

MST = Muon scattering tomography 

 
 
 



 

 

030242-9 Suranaree J. Sci. Technol. Vol. 31 No. 6; November - December 2024 

The photons produced from interactions 

within the scintillator can be further optimized 

using wavelength shifting (WLS) fibers, which 

enhance light collection efficiency. These fibers 

absorb the emitted photons and re-emit them at  

a higher wavelength, reducing attenuation losses 

during transmission. The re-emitted photons are 

then directed to photosensors, such as (PMTs) 

or (SiPMs), for efficient detection and signal 

conversion. This technique improves the overall 

light yield and enhances the performance of the 

scintillation detector, particularly in applications 

requiring precise and reliable muon detection (Yang 

et al., 2022). 

Information about muon detectors are 

summarized in Table 3. 

Muon Detection in Indonesia 

Researchers have been developing and researching 

muon detection in Indonesia for the last decade. In 

2014, Hanazato et al. used muography to survey the 

structure of the Prambanan Temple, which the 

Central Java Earthquake damaged in 2006 

(Hanazato et al., 2014). After the earthquake, all 

temple buildings in the Prambanan complex were 

restored except Candi Siva. Candi Siva is 

Prambanan’s oldest and highest temple building, 

and the condition of the inside structure could not 

be detected. Muography was used to project the 

inner structure of Candi Siva, including the size and 

location of its hidden room, and was carried out for 

5 months (Hanazato et al., 2014; Hanazato et al., 

2017). The detection method of Candi Siva’s inner 

structure used plastic scintillators as scintillating 

detectors assembled with PMTs and connected to  

an electronic support system and laptop. This 

instrument was put on the corner of the base floor 

with an active detection area of 1764 cm2 with an 

angular interval of 70 mrad. The research concluded 

that the inner structure of Candi Siva was safe from 

structural damage (Hanazato et al., 2017). 

In the other research, the simple way to 

develop a muon detector was using a CMOS sensor 

from a webcam and was used to substitute 

scintillator and PMT since it was much simpler and 

cheaper (Nurawan et al., 2018; Riveli, 2018). In this 

research, the photon energy of visible light was 

detected by a photodetector, which was installed 

inside a CMOS sensor, thus creating a photoelectric 

effect. Free electrons from this occurrence 

generated electricity from the USB hub to the PC. 

The software processed the muon images and gave 

information, including intensity and frequency.  

To the best of the author's knowledge, there 

has been no extensive scientific discussion on muon 

detection research in Indonesia apart from the 

studies mentioned above. Existing literature 

remains limited, with only a few documented 

applications, such as the structural imaging of 

Prambanan Temple. This highlights a significant 

research gap and emphasizes the need for further 

investigations into the potential applications of 

muon detection technology across various scientific 

and industrial fields in Indonesia. 

Prospect of Muography in Indonesia 

Muography is likely to be applied in Indonesia for 

various purposes, some of which are outlined 

below. 

 

Volcanology 

Indonesia is home to 127 volcanoes, with 77 

classified as active, including prominent examples 

such as Mount Merapi, Mount Semeru, Mount 

Galunggung, and Mount Anak Krakatau (Gunawan 

et al., 2019). This concentration of active volcanoes 

underscores the country’s considerable risk of 

volcanic disasters. According to the National 

Disaster Management Agency (BNPB), Indonesia 

experienced four volcanic eruptions in 2023, one 

eruption each in 2021 and 2022, and seven 

eruptions in both 2019 and 2020 (BNPB, 2024). 

These eruptions have resulted in significant human 

casualties, extensive damage to infrastructure, and 

substantial economic losses. Given the frequency 

and severity of volcanic activity, enhancing and 

developing effective volcanic disaster mitigation 

strategies is of paramount importance to safeguard 

communities and reduce potential impacts. 

One of the volcanic mitigation measures in 

Indonesia is implementing a volcano monitoring 

system, which includes monitoring seismic activity, 

temperature, surface deformation, and remote 

sensing using satellites (Alvarado et al., 2007). In 

volcano monitoring, the Indonesian Center for 

Volcanology and Geological Hazard Mitigation 

(CVGHM) collaborates with the U.S. Volcano 

Disaster Assistance Program (VDAP), funded by 

the U.S. Agency for International Development 

(USAID) and the U.S. Geological Survey (USGS) 

(Lowenstern et al., 2020) in the form of geological 

mapping, seismic monitoring, aerial monitoring, 

and volcanic gas observations. The equipment used 

for volcano monitoring in Indonesia to detect early 

signs of eruptions includes satellite remote sensing 

(Pallister et al., 2019) and ground-based monitoring 

systems such as seismometers (Indrastuti et al.,  

2019), Global Positioning System (GPS) (Hotta  

et al., 2019), tiltmeters (Andreastuti et al., 2019), 

Electronic Distance Measurement (EDM) 
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(Nandaka et al., 2019), Differential Optical 

Absorption Spectroscopy (DOAS) for SO₂ 

measurements (Primulyana et al., 2019) and so on. 

All of those volcano monitoring systems 

generally rely on ground-based (visual) monitoring 

that requires direct contact with the ground surface. 

Currently, there is still no magma movement 

monitoring from within. Muography offers an 

internal monitoring technique that can reveal 

magma flow and internal structural changes within 

the volcano. Muography technology can be used to 

measure magma levels and monitor the activity of 

active volcanoes. With the implementation of 

muography technology, magma movement can be 

easily observed because the empty areas in the vent 

have a lower density than magma and surrounding 

rocks (Leone et al., 2021).  

The application of muography in volcanology 

has several advantages, including its ability to be 

applied to volcanoes for long-term monitoring so 

that it can predict the volcanic hazard through 

imaging the density variation of the magma in the 

vent area in real-time. In the volcano's muography 

imaging, space in the vent has the least density than 

the magma and surrounding rocks, thus making the 

magma movement easy to observe (Leone et al., 

2021). Aside from that, the axisymmetric structure 

of the volcano makes it possible to assume that the 

density variations of muon particles are only 

localized in the crater area (Yamashina et al., 2010). 

Muography can construct images of the magma 

column’s movement before and after the volcanic 

eruption (Tanaka et al., 2014). The abundant  

natural source of muons makes muography  

a technique that always has resources. Muography 

also enables detailed observation of the internal 

structure from outside the volcano without 

requiring direct contact with the ground surface, and 

it can map the internal structure over a wide area. 

An example of muography application on a volcano 

can be seen in Figure 6. 

In addition to these advantages, muography 

has some limitations. It has a lower resolution than 

satellite remote sensing, GPS, or others. Muography 

also requires a long operational time to obtain 

accurate data due to fluctuations in muon flux, 

which can interfere with imaging results and require 

recalibration for accuracy. Muography equipment is 

composed of expensive specialized detection 

devices that may need to be more readily available 

in Indonesia. High rainfall and humidity can affect 

the sensitivity and accuracy of muography 

equipment and damage sensitive electronic 

components. This reduces the effectiveness of 

muography compared to weather-resistant 

techniques like remote sensing or other geophysical 

methods. 

Future research could focus on developing 

durable muography equipment for long-term 

monitoring in volcanic areas. Research institutions 

in Indonesia need to establish collaborations with 

international universities or research organizations 

to accelerate the development of muography 

technology. With the application of muography 

technology in Indonesia, volcanic eruption disasters 

can be well predicted, thus maximizing volcanic 

disaster mitigation and minimizing the number of 

casualties.  

Archaeological Heritage 

Indonesia has relatively high seismic activity, 

often experiencing earthquakes with an intensity of 

more than 20 events per year (BNPB, 2024). The 

temples in Indonesia are historical relics over 1000 

years old, so many of their stones have cracks or 

even decayed. Large structures like Prambanan 

Temple and Borobudur Temple are highly 

vulnerable to earthquake damage due to the age of 

their constituent rocks, which have been around for 

thousands of years. In Indonesia, the Indonesia 

Heritage Agency (IHA), under the Directorate 

General of Culture, oversees the management of 

temples and heritage sites. The maintenance and 

upkeep of temple structures are conducted by 

monitoring the structural stability of the temples, 

using crack meters, robotic total stations, geodetic 

GPS, digital inclinometers, and others. 

 

 
 

Figure 6. Muography for volcanoes imaging. Top: 

detector set up for muography in  

a volcano. Bottom: image reconstruction 

result (Carbone et al., 2014) 
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A crackmeter is a device installed on the joints 

between stones on the temple walls and is used to 

monitor the spacing of these joints (Ekarini et al., 

2019). If widening of the joints is detected, 

excavation is required to assess the structural 

stability of the temple. Excavation is typically 

conducted by creating a test pit, which involves 

removing some of the temple stones and digging  

a shallow pit to allow investigator movement and 

reinforcement according to the load-bearing 

capacity of the walls or materials around the test pit. 

This test is conducted to examine the types of stones 

used in the foundation and soil layers and to assess 

the stability of the temple foundation (Pramumijoyo 

et al., 2009). 

An endoscopic camera, also known as  

a videoscope, is used to observe the internal 

drainage system of temples (Haldoko et al., 2019). 

This device employs a small camera connected to 

an LCD monitor via a long, narrow cable inserted 

into the drainage system to inspect the filter layer. 

This filter layer filters groundwater that flows out 

from within the temple hill, ensuring that the 

outgoing water flow does not carry away soil from 

the hill. 

Monitoring the internal structure of temples 

using muography was applied to Prambanan 

Temple in 2013-2014 through a collaboration 

between the University of Tokyo, Tsukuba 

University, and Universitas Gadjah Mada 

(Okamoto, 2014). Muography was used to study the 

internal structure of the Siva Temple, which was 

impacted by the 2006 earthquake (Hanazato et al., 

2014). However, the application of muography 

techniques on temple structures in Indonesia did not 

continue in subsequent years. Monitoring temple 

structures in Indonesia generally involves mapping 

the surrounding environment with advanced 

equipment or conducting excavations. RTS 

technology, GPS, and inclinometers only detect 

structural shifts in the temple. An example of 

muography application on a temple can be seen in 

Figure 7. 

By imaging their internal structure, 

muography can be applied to determine the 

condition inside these rock sites to facilitate 

maintenance. Using this technology, the internal 

structure of temples can be monitored to detect 

shifts, cracks, or structural weaknesses that are not 

visible from the outside without excavating or 

exposing stone floors or other components. This is 

highly beneficial for identifying temple buildings 

that need reinforcement to withstand earthquakes. 

The 3D imaging from muography can provide  

a more detailed picture of the internal structure of  

a temple, aiding in conservation or restoration 

planning, as the data produced is quite detailed. 

In addition to these advantages, the 

technology also has some drawbacks. The scanning 

process can be time-consuming due to fluctuations 

in muon flux, which require adjustments to obtain 

accurate data. The complex and expensive 

muography equipment and detectors can result in 

high costs, both for installation and maintenance. 

This can be a challenge, especially for conservation 

projects with limited budgets.  

 
Cargo Inspection 

As an archipelagic country, Indonesia has 

numerous customs and border entry points. The 

potential danger of illegal items, including nuclear 

material or other objects covered with high-density 

material hidden within cargo, can threaten national 

security. To date, the security of border crossings 

for the exchange of commodities is being improved 

extensively. Active and passive detection inspects 

the object inside a cargo container, especially for 

hidden radiation sources or radioactive material. 

Active detection uses a radiation instrument to 

irradiate the cargo container and capture the 

photons, neutrons, etc, with the detector, while 

passive detection measures the photons, neutrons, 

etc., from the radioactive materials (Bendahan, 

2017; Rahon and Danagoulian, 2020).  

X-ray scanner technology has been widely 

used in the past decade in ports as a non-invasive 

inspection technology capable of detecting density 

differences in cargo materials, which are then 

turned into images (Molder et al., 2009). X-ray 

radiography can construct an image from the object 

inside a cargo container by detecting the differences 

in its object's density. Generally, pulsed X-ray 

linacs are used to generate high-energy X-rays so 

that they can penetrate deep inside the cargo 

 
 

Figure 7. Muography for archaeological heritage 

imaging. Left: detector set up for 

muography in a temple. Right: image 

reconstruction result (Hanazato et al., 

2017) 
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container. Several X-ray scanners are used across 

various ports in Indonesia, including the HCVM 

model X-ray container scanner and the Hi-co X-ray 

scanner. The Hi-co X-ray scanner has limitations, 

such as its inability to scan light-sensitive imported 

goods or items containing radioactive sources. 

The gamma-ray detection system usually uses 

high activity of Cobalt-60 or Cessium-137 sources. 

It can produce higher-resolution images than the X-

ray system, yet it cannot be turned off (Isnaini  

et al., 2021). Radiation portal monitors (RPMs) 

detect radioactive materials using gamma rays or 

neutron detectors. This technology uses large 

detectors and is highly efficient (Livesay et al., 

2014; Gilbert et al., 2015). In this technology, if 

radioactive material is shielded by sufficiently thick 

shielding (dense material with high Z), then the 

RPM may be unable to detect it.  

In addition to RPMs, there is also the Vehicle 

and Cargo Inspection System (VACIS) Gamma 

Ray Container Scanner, which uses gamma rays. 

There are two types of VACIS: portal VACIS 

gamma ray and mobile VACIS gamma ray. Portal 

VACIS is placed in customs areas, especially at 

busy ports where export and import goods are 

unloaded from ships. At the same time, a mobile 

VACIS gamma ray is mounted on a vehicle 

equipped with container scanning equipment. 

In Indonesia, x-ray scanners are used to scan 

imported goods, whereas gamma-ray scanners are 

used to scan exported goods. This is because 

gamma-ray scanners provide more accurate 

detection than x-ray scanners (Febrica, 2023). 

However, x-ray scanner technology has drawbacks 

because the generated photons cannot penetrate far 

into the cargo contents (container cargo) (Gomes  

et al., 2013). X-ray scanners are often turned off 

when it rains (to prevent them from getting wet), 

allowing container trucks to pass through freely 

without inspection (Pamadi and Sari, 2022). 

Furthermore, using X-ray and gamma-ray scanners 

requires caution because they result in high 

radiation doses that harm the human body 

(Bendahan, 2017).  

Muography is one of the passive detection 

techniques that can be applied to observe the cargo 

container. Among the cargo inspection technologies 

mentioned, muography is also suitable for 

application in Indonesia since it can see through 

dense and thick materials; this technology allows 

for in-depth inspection without opening the 

container. It can detect hidden objects or hazardous 

materials inside containers, such as nuclear 

materials or contraband, and does not damage or 

alter the contents inside. So that this technology can 

be applied in Indonesia, especially for special cases 

that do not require a short detection time. 

Muography, unlike other methods, does not 

use radioactive sources that could be hazardous for 

operators or the surrounding environment, as it only 

utilizes muons from natural cosmic rays. 

Muography can produce high-resolution images 

using detector units, making it easier to identify the 

structure of objects or materials within the 

container. Additionally, muography covers a wide 

area, making it suitable for large containers or dense 

materials that are difficult to inspect with X-rays or 

another more limited method. 

In addition to the advantages of using 

muography, there are some drawbacks. For 

example, scanning with muography generally takes 

longer than an X-ray or gamma scanner. This is 

because muography relies on muons, so the imaging 

process can be affected by fluctuations in muon 

particles, which can impact the consistency of the 

results and slow down the scanning time. This 

becomes a challenge, especially for inspections at 

ports or locations with high container traffic that 

require quick scanning. In addition, muography 

technology is more effective for materials with 

significant density differences. For materials with 

similar densities, the detection capability may 

decrease. The detectors and equipment used in 

muography are typically expensive and complex, 

resulting in high installation and maintenance costs. 
 

Spent Nuclear Fuel Monitoring 

Monitoring the spent nuclear fuel inside dry 

cask storage is performed to know the fuel’s 

location and structural condition without harming 

its system using nondestructive assay (NDA) 

measures based on ionizing radiation. This can be 

performed using various imaging techniques such 

as x-rays, gamma-rays, neutrons, and muons 

(Greulich et al., 2016). X-rays and gamma-rays 

emitted relatively low-energy photons, mostly 

below 1 MeV. These make it challenging to deliver 

radiographic images of the storage with concrete 

and metal structures, and they can cause radiation 

exposure to the human body (Medalia, 2010). The 

other monitoring method is by measuring neutrons 

emitted from the spent nuclear fuel inside dry cask 

storage using 3He or BF3 detectors, yet their 

detection efficiency is poor, so they are not enough 

to generate the tomography images (Medalia, 2010; 

Runkle et al., 2010).  

Currently, the reactor fuel in Indonesia from 

the three research reactors owned by BRIN is partly 

sent back to its country of origin and stored in 

temporary storage within the Interim Storage 

Facility for Spent Fuel (ISSF). However, in the long 

term, this temporary storage facility will be unable 

to accommodate the continuously increasing spent  
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fuel as the research reactors in Indonesia continue 

to operate. Moreover, the ISSF faces several issues, 

such as the aging of its system, structure, and 

components (SSC). Due to these challenges, the 

Nuclear Energy Research Organization-BRIN 

(formerly BATAN) has planned to establish a dry 

storage system before 2074 to address the spent fuel 

storage problems (Ratiko et al., 2020). 

In addition, as part of efforts to reduce 

dependence on fossil fuels in electricity generation 

and Indonesia's commitment to reducing carbon 

emissions by 29% by 2030 (Presiden Republik 

Indonesia, 2016), nuclear power plants can begin 

construction (Presiden Republik Indonesia, 2020). 

With a Nuclear Power Plant (NPP) in Indonesia,  

a dry storage system will also need to be built. So, 

in the future, monitoring the fuel used in the dry 

cask must be carried out. Aside from the previous 

method, muography is the most effective method to 

monitor the spent nuclear fuel inside dry cask 

storage. Muography exploits the cosmic rays muon, 

which penetrates deep into the large and thick 

shielded cask and provides the 3D imaging of the 

inner cask’s structure without opening it (Park et al., 

2022; Poulson et al., 2017). 

Some advantages of using muography include 

the high penetration power of muons through dense 

and thick materials such as metals or concrete, 

which allows for monitoring storage containers 

without being hindered by their wall thickness. 

Monitoring can be done over long periods without 

dismantling or opening the storage container. This 

makes the application of muography for monitoring 

spent nuclear fuel safer than other methods, 

especially considering the radiation risks from spent 

nuclear fuel. Additionally, muography is highly 

effective in distinguishing between materials with 

different densities, including uranium, plutonium, 

and the materials that make up the storage 

containers. This technology allows for detecting 

and confirming the presence of nuclear materials 

within the container, including detecting any 

changes or shifts in the material's position inside the 

container. This is crucial for ensuring the integrity 

and stability of the materials during storage, 

reducing the risk of leaks or undesirable changes. 

Some drawbacks of applying muography for 

monitoring spent nuclear fuel include the longer 

scanning time compared to other methods, which 

becomes a challenge in situations that require rapid 

monitoring, especially in nuclear facilities. Another 

limitation is that spent nuclear fuel has a density 

similar to that of the surrounding materials, which 

reduces the accuracy of muography detection. 

Furthermore, the equipment and detectors used in 

muography are generally complex and expensive, 

resulting in high installation and maintenance costs. 

Mineral Exploration 

Mineral exploration involves the systematic 

search for valuable and commercially viable natural 

rocks or minerals within the Earth’s crust. In 

Indonesia, a country rich in natural resources, 

several exploration techniques have been developed 

and widely implemented to identify potential 

deposits. These methods include geological surveys 

to analyze rock formations, geochemical analysis to 

detect elemental concentrations, geophysical 

techniques to map subsurface structures, and remote 

sensing technologies to provide large-scale surface 

data. Additionally, Geographic Information 

Systems (GIS) play a critical role in integrating and 

analyzing exploration data to improve accuracy and 

decision-making in mineral resource identification. 

The initial exploration stage can be conducted 

by collecting geological information through 

remote sensing. This technology involves 

multispectral and hyperspectral sensors capable of 

detecting variations in mineral composition based 

on spectral reflection from the Earth’s surface 

(Andriansyah et al., 2021). The next stage involves 

geological mapping, which includes direct 

observation of rocks and geological structures in the 

field to identify the presence of minerals (Falah and 

Tabbu, 2023). Subsequently, soil, rock, or sediment 

samples from various depths must be collected for 

chemical analysis to detect the mineral content. 

Anomalous concentrations of certain elements can 

indicate the presence of mineral deposits 

underground. 

In addition, geophysical methods that utilize 

the physical properties of rocks and minerals to 

detect and map mineral deposits beneath the surface 

are also commonly used. Information about 

subsurface structures, geophysical anomalies, and 

the potential existence of minerals can be obtained 

without extensive excavation or drilling. 

Exploration data from satellite imagery, 

geophysical data, geological data, and geochemical 

data are integrated into maps that can be analyzed 

spatially using Geographic Information System 

(GIS) technology. 

Exploration drilling is the final and most 

crucial stage of mineral exploration. After 

confirming the potential for minerals, drilling is 

conducted into the Earth to obtain core samples 

from subsurface rocks. A single drill hole may not 

necessarily discover mineral deposits in core 

drilling technology. Additionally, drilling depths 

can range from several to thousands of meters, and 

the costs can be substantial. 

Mineral exploration requires varying amounts 

of time, ranging from several years to decades. This 

is due to the complexity of the geology of the 

mineral deposits, the area being explored, and the 



  

030242-14 The Prospect of Muographic Detection Using Plastic Scintillator in Indonesia-A Review 

availability of technology. Muography can also be 

applied in mining and rock engineering to observe 

the density contrast of a rock mass since it is quite 

complex and costly to do using conventional X-ray 

or core drilling (Zhang et al., 2020). Muography is 

chosen not only because its operational costs are 

much lower but also because its equipment can be 

reused (Leone et al., 2021). 

Muography instruments used for mineral 

exploration can be strategically positioned 

underground, within natural caves, or in existing 

mining tunnels. It enables access to subsurface 

areas without the need for invasive drilling or 

excavation. This non-destructive approach 

significantly reduces the environmental footprint 

typically associated with conventional exploration 

methods, such as core drilling. Furthermore, by 

minimizing the need for extensive excavation, 

muography lowers operational costs, making it  

a more sustainable and economically viable 

alternative for subsurface mineral detection in both 

new and existing mining sites. 

Some advantages of muography compared to 

existing exploration methods include the ability of 

muons, as a source of muography, to penetrate thick 

rock layers up to several kilometers deep, making it 

effective for detecting the presence of minerals in 

rock layers that are difficult to reach with other 

methods. Muography’s advantage in detecting 

material density makes it suitable for identifying 

mineral deposits or underground cavities. The 

application of muography can reduce exploration 

costs compared to existing methods, which are 

often very expensive and can save time in 

exploration due to its shorter scanning time 

compared to existing methods. High-resolution 

density mapping can be performed with 

muography, providing a clearer picture of 

subsurface geological conditions and aiding 

exploration decision-making. Therefore, this 

technology is suitable for application in Indonesia, 

especially in mining areas or new mining sites. 

However, despite these advantages, the use of 

muography also has limitations. Muography has 

constraints in detecting small details with low 

density beneath the surface. This becomes  

a challenge if the exploration requires high 

precision in narrow areas. Muography’s resolution 

can decrease at very deep depths due to the reduced 

number of detected muons. In mineral exploration, 

muography data must often be combined with other 

methods to achieve more accurate results. 

 

 

 

Conclusions  

Over the past decade, muography technology has 

gained widespread global recognition for its  

diverse applications that support human activities, 

including volcanology, archaeology, and mineral 

exploration. This imaging technique offers  

a significant advantage in safety, as it relies on 

naturally occurring cosmic-ray muons and does not 

involve the use of radioactive elements. Its non-

invasive and non-destructive nature further 

highlights its suitability for a wide range of 

scientific and industrial purposes.  

Muography is particularly well-suited for 

application in Indonesia, including monitoring 

magma activity in volcanoes to provide sufficient 

data for early warning of volcanic eruption hazards 

to surrounding communities. Furthermore, 

muography can be used to assess the condition of 

rock structures in ancient temples at risk of decay or 

cracking due to age. Mineral exploration, cargo 

inspection at border entry points, and future spent 

nuclear fuel monitoring can also be conducted using 

muography technology.  

Among the various types of detectors used in 

muography, plastic scintillation detectors are 

particularly well-suited for application in Indonesia. 

Their ease of installation, combined with 

exceptional durability under diverse weather and 

environmental conditions, makes them ideal for 

deployment in the country’s challenging geographic 

and climatic settings. Plastic scintillators offer real-

time analysis capabilities, which are crucial for 

continuous monitoring in applications such as 

volcanic activity, archaeological studies, and 

mineral exploration. These advantages highlight 

their practicality and effectiveness for advancing 

muography research and implementation in 

Indonesia. 

Acknowledgment  

This work was supported by Research Organization 

for Nanotechnology and Materials, National 

Research and Innovation Agency. 

 

 

 

 

 

 

 

 

 



 

 

030242-15 Suranaree J. Sci. Technol. Vol. 31 No. 6; November - December 2024 

References  

Actis, B.S., Agnetta, G., Aharonian, F., Akhperjanian, A., 

Aleksic, J., Aliu, E., and Zech, A. (2011). Design concepts 

for the Cherenkov Telescope Array CTA: An advanced 
facility for ground-based high-energy gamma-ray 

astronomy. Experimental Astronomy, 32:193-316. 

https://doi.org/10.1007/s10686-011-9247-0 
Aguilar, S., Alfaro, R., Belmont, E., Grabski, V., Barra, T., 

Lemus, V., and Menchaca-Rocha, A. (2013). Search for 

cavities in the Teotihuacan Pyramid of the Sun using 
cosmic muons: Preliminary study. In Proceedings of 

Science (X Latin American Symposium on Nuclear 

Physics and Application), 1-10. 
Alvarado, G.A., Soto, G.J., Pullinger, C.R., Escobar, R., Bonis, 

S., Escobar, D., and Navarro, M. (2007). Volcanic 

activity, hazards, and monitoring. In Central America: 
Geology, resources and hazards, 1,155-1,188. 

Ambrosino, F., Anastasio, A., Bross, A., Béné, S., Boivin, P., 

Bonechi, L., and Vulpescu, B. (2015). Joint measurement 
of the atmospheric muon flux through the Puy de Dôme 

volcano with plastic scintillators and Resistive Plate 

Chambers detectors. Journal of Geophysical Research: 
Solid Earth, 120:7,290-7,307. 

https://doi.org/10.1002/2015JB011969 

Anastasio, A., Ambrosino, F., Basta, D., Bonechi, L., Brianzi, 
M., Bross, A., Uchida, T. (2013). The MU-RAY 

experiment: An application of SiPM technology to the 

understanding of volcanic phenomena. Nuclear 
Instruments and Methods in Physics Research, Section A: 

Accelerators, Spectrometers, Detectors and Associated 

Equipment, 718:134-137. 
https://doi.org/10.1016/j.nima.2012.08.065 

Andreastuti, S., Paripurno, E.T., Gunawan, H., Budianto, A., 

Syahbana, D., and Pallister, J. (2019). Character of 
community response to volcanic crises at Sinabung and 

Kelud volcanoes. Journal of Volcanology and Geothermal 

Research, 382:298-310. 

https://doi.org/10.1016/j.jvolgeores.2017.01.022 

Andriansyah, Z., Adib, I., Rahmatika, I., and Arjasakusuma, S. 
(2021). Multi-level mapping of iron ore by using the 

combination of hyperspectral EO-1 Hyperion imagery and 

Landsat 8-OLI multispectral in Progo River, Yogyakarta. 
Geomatika, 27(1):41-50. 

Anghel, V., Armitage, J., Baig, F., Boniface, K., Boudjemline, 

K., Bueno, J., and Waller, D. (2015). A plastic scintillator-
based muon tomography system with an integrated muon 

spectrometer. Nuclear Instruments and Methods in 

Physics Research, Section A, 798:12-23. 
https://doi.org/10.1016/j.nima.2015.06.054 

Antonuccio, V., Bandieramonte, M., Becciani, U., Bonanno, D. 

L., Bonanno, G., Longhitano, F., and Valvo, G. (2016). 
The Muon Portal Project: Design and construction of a 

scanning portal based on muon tomography. Nuclear 

Instruments and Methods in Physics Research, Section A, 
1-4. https://doi.org/10.1016/j.nima.2016.05.006 

Baccani, G., Bonechi, L., Borselli, D., Ciaranfi, R., Cimmino, L., 

Ciulli, V., and Viliani, L. (2018). The MIMA project: 
Design, construction, and performances of a compact 

hodoscope for muon radiography applications in the 

context of archaeology and geophysical prospections. 
Journal of Instrumentation, 13(11). 

https://doi.org/10.1088/1748-0221/13/11/P11001 

Baccani, G., Bonechi, L., Bongi, M., Brocchini, D., Casagli, N., 
Ciaranfi, R., Viliani, L. (2019). Muon radiography of 

ancient mines: The San Silvestro archaeo-mining park 

(Campiglia Marittima, Tuscany). Universe, 5(1). 
https://doi.org/10.3390/universe5010034 

Benbow, W. (2005). The status and performance of H.E.S.S. AIP 
Conference Proceedings, 745:611-616. 

https://doi.org/10.1063/1.1878471 

Bendahan, J. (2017). Vehicle and cargo scanning for contraband. 
Physics Procedia, 90:242-255. 

https://doi.org/10.1016/j.phpro.2017.09.003 

Bethe, H.A. (1953). Molière's theory of multiple scattering. 
Physical Review, 89(6):1,256-1,266. 

https://doi.org/10.1103/PhysRev.169.201 

BNPB. (2024). Infografis-bencana-tahun-2022. Retrieved 
March 6, 2024, https://bnpb.go.id/infografis 

Bonechi, L., Alessandro, R.D., and Giammanco, A. (2020). 

Atmospheric muons as an imaging tool. Reviews in 
Physics, 5:100038. 

https://doi.org/10.1016/j.revip.2020.100038 

Bonneville, A., Kouzes, R., Yamaoka, J., Lintereur, A., Flygare, 
J., Varner, G.S., and Mellors, R. (2019). Borehole 

muography of subsurface reservoirs. Philosophical 

Transactions of the Royal Society A: Mathematical, 

Physical and Engineering Sciences, 377(2137). 

https://doi.org/10.1098/rsta.2018.0060 

Bonomi, G., Andreetto, P., Benettoni, M., Bez, N., Castellani, L., 
Checchia, P., and Zumerle, G. (2022). MUTOMCA: An 

experiment to investigate spent fuel casks with muon 

tomography. In IAEA Symposium on International 
Safeguards, 1-8. 

Bonomi, G., Checchia, P., Errico, M.D., Pagano, D., and 

Saracino, G. (2020). Applications of cosmic-ray muons. 
Progress in Particle and Nuclear Physics, 112:103768. 

https://doi.org/10.1016/j.ppnp.2020.103768 

Borselli, D., Beni, T., Bonechi, L., Bongi, M., Brocchini, D., 
Casagli, N., and Saracino, G. (2022). Three-dimensional 

muon imaging of cavities inside the Temperino mine 

(Italy). Scientific Reports, 12. 
https://doi.org/10.1038/s41598-022-26393-7 

Bouteille, S., Attié, D., Baron, P., Calvet, D., Magnier, P., 

Mandjavidze, I., and Winkler, M. (2016). A Micromegas-
based telescope for muon tomography: The WatTo 

experiment. Nuclear Instruments and Methods in Physics 
Research, Section A: Accelerators, Spectrometers, 

Detectors and Associated Equipment, 834:223-228. 

https://doi.org/10.1016/j.nima.2016.08.002 
Bryman, D., Bueno, J., Davis, K., Kaminski, V., Liu, Z., 

Oldenburg, D., and Sawyer, R. (2014). Muon 

Geotomography - Bringing new physics to orebody 
imaging. Economic Geology Special Publication, 18:235-

241. https://doi.org/10.5382/SP.18.11 

Bryman, D., Bueno, J., and Jansen, J. (2015). Blind test of muon 
geotomography for mineral exploration. In 24th 

International Geophysical Conference and Exhibition 

(ASEG-PESA 2015), 1-3. 
https://doi.org/10.1071/ASEG2015ab054 

Carbone, D., Gibert, D., Marteau, J., Diament, M., Zuccarello, 

L., and Galichet, E. (2014). An experiment of muon 
radiography at Mt. Etna (Italy). Geophysical Journal 

International, 196:633-643. 

https://doi.org/10.1093/gji/ggt403 
Cârloganu, C., Niess, V., Bene, S., Busato, E., Dupieux, P., Fehr, 

F., and Portal, A. (2013). Towards a muon radiography of 

the Puy de Dome. Geoscientific Instrumentation Methods 

and Data Systems, 2:55-60. https://doi.org/10.5194/gi-2-

55-2013 

Catalano, O., Del Santo, M., Mineo, T., Cusumano, G., 
Maccarone, M. C., and Pareschi, G. (2016). Volcanoes 

muon imaging using Cherenkov telescopes. Nuclear 

Instruments and Methods in Physics Research, Section A: 
Accelerators, Spectrometers, Detectors and Associated 

Equipment, 807:5-12. 

https://doi.org/10.1016/j.nima.2015.10.065 
 

  



  

030242-16 The Prospect of Muographic Detection Using Plastic Scintillator in Indonesia-A Review 

Cimmino, L. (2021). Principles and perspectives of radiographic 
imaging with muons. Journal of Imaging. 

https://doi.org/10.3390/jimaging7120253 

Cimmino, L., Baccani, G., Noli, P., Amato, L., Ambrosino, F., 
Bonechi, L., and Viliani, L. (2019). 3D muography for the 

search of hidden cavities. Scientific Reports, 9(1):1-10. 

https://doi.org/10.1038/s41598-019-43833-z 
Durham, J.M., Poulson, D., Bacon, J., Chichester, D.L., 

Guardincerri, E., Morris, C.L., and Winston, P. (2018). 

Verification of spent nuclear fuel in sealed dry storage 
casks via measurements of cosmic-ray muon scattering. 

Physical Review Applied, 9:44013. 

https://doi.org/10.1103/PhysRevApplied.9.044013 
Ekarini, F.D., Setiyawan, J., Diah Puspita Rini, W., Dwi 

Hanggoro, P., and Mudzakkir, A. (2019). Structural 

stability of Mendut temple. Jurnal Konservasi Cagar 
Budaya, 13(2):80-109. 

https://doi.org/10.33374/jurnalkonservasicagarbudaya.v1

3i2.227 

Falah, M.D. and Tabbu, M.A.S. (2023). Eksplorasi batu mulia 

dengan metode pemetaan geologi daerah Tuwung Barru. 

Indonesian Journal of Fundamental and Applied 
Geography, 1(1):8-17. 

https://doi.org/10.61220/ijfag.v1i1.202302 

Febrica, S. (2023). Port security and preman organization in 
Indonesia. ISEAS-Yusof Ishak Institute. 

https://doi.org/10.1355/9789815011890 

Gibert, D., Beauducel, F., Déclais, Y., Lesparre, N., Marteau, J., 
Nicollin, F., and Tarantola, A. (2010). Muon tomography: 

Plans for observations in the Lesser Antilles. Earth, 

Planets and Space, 62:153-165. 
https://doi.org/10.5047/eps.2009.07.003 

Gilbert, M.R., Ghani, Z., McMillan, J.E., and Packer, L.W. 

(2015). Optimising the neutron environment of radiation 
portal monitors: A computational study. Nuclear 

Instruments and Methods in Physics Research, Section A: 

Accelerators, Spectrometers, Detectors and Associated 
Equipment, 795:174-185. 

https://doi.org/10.1016/j.nima.2015.05.060 
Gomes, R.S., Gomes, J.D.A.R.L., Costa, M.L.L., and Miranda, 

V.F.E.S. (2013). Dose to drivers during drive-through 

cargo scanning using Geant4 Monte Carlo simulation. In 
International Nuclear Atlantic Conference - INAC 2013. 

Greulich, C., Gao, Y., Enqvist, A., Tulenko, J., and Baciak, J. 

(2016). Computed tomography of dry cask storage for 
used fuel. Transactions of the American Nuclear Society, 

115. 

Gunawan, H., Surono, Budianto, A., Kristianto, Prambada, O., 
McCausland, W., and Iguchi, M. (2019). Overview of the 

eruptions of Sinabung volcano, 2010 and 2013-present 

and details of the 2013 phreatomagmatic phase. Journal of 
Volcanology and Geothermal Research, 382:103-119. 

https://doi.org/10.1016/j.jvolgeores.2017.08.005 

Haldoko, L.A., Rachmat, B., and Purwoko, A.W. (2019). 
Condition of drainage channel in Borobudur Temple and 

its conservation. Borobudur, 13(1):25-40. 

https://doi.org/10.33374/jurnalkonservasicagarbudaya.v1
3i1.203 

Hamada, K., Fukuda, T., Ishiguro, K., Kitagawa, N., Kodama, 

K., Komatsu, M., and Yoshida, J. (2012). Comprehensive 

track reconstruction tool ‘NETSCAN 2.0’ for the analysis 

of the OPERA emulsion cloud chamber. Journal of 

Instrumentation, 7(7). https://doi.org/10.1088/1748-
0221/7/07/P07001 

Hanazato, T., Tanaka, H., Kusagaya, T., Okamoto, Y., Uekita, 

Y., and Subroto, Y. (2017). Seismic safety evaluation 
based on muon monitoring of Prambanan World Heritage 

Temple damaged by the 2006 Central Java earthquake, 

Indonesia. 
 

 

Hanazato, T., Tanaka, H., Kusagaya, T., and Okamoto, Y. 
(2014). Muon radiography monitoring for structural 

survey of the Prambanan World Heritage Temple. In 

Japan Geoscience Union Meeting 2014, 115:12332. 
Hotta, K., Iguchi, M., Ohkura, T., Hendrasto, M., Gunawan, H., 

Rosadi, U., and Kriswati, E. (2019). Magma intrusion and 

effusion at Sinabung volcano, Indonesia, from 2013 to 
2016, as revealed by continuous GPS observation. Journal 

of Volcanology and Geothermal Research, 382:173-183. 

https://doi.org/10.1016/j.jvolgeores.2017.12.015 
International Atomic Energy Agency (IAEA). (2022). Muon 

imaging: Present status and emerging applications (IAEA-

TECDO). 
Indrastuti, N., Nugraha, A.D., McCausland, W.A., Hendrasto, 

M., Gunawan, H., Kusnandar, R., and Kristianto. (2019). 

3-D seismic tomographic study of Sinabung Volcano, 
Northern Sumatra, Indonesia, during the inter-eruptive 

period October 2010-July 2013. Journal of Volcanology 

and Geothermal Research, 382:197-209. 

https://doi.org/10.1016/j.jvolgeores.2019.03.001 

Isnaini, I., Yunia Ekariyani, N., Teguh Prasaja, S., and 

Suryaningsih, F. (2021). Preliminary study on the gamma-
ray cargo scanner design for Indonesian ports. PRIMA, 

18(1):51-60. 

Kaiser, R. (2018). Muography: Overview and future directions. 
Philosophical Transactions A: Mathematical, Physical 

and Engineering 

Sciences.https://doi.org/10.1098/rsta.2018.0049 
Kerlin, T.W. and Upadhyaya, B.R. (2016). Nuclear plant 

instrumentation. In T.W. Kerlin and B.R. Upadhyaya 

(Eds.), Dynamics and control of nuclear reactors, (pp. 1-
23). Academic Press. https://doi.org/10.1016/B978-0-12-

815261-4.00016-0 

Kitagawa, N., Morishima, K., Fukumoto, Y., Yasuda, H., 
Imanishi, T., Kishimoto, K., and Shimizu, K. (2023). 

Development of cosmic-ray imaging with nuclear 

emulsion films for safety assessments of levees. In 
Proceedings of Science (38th International Cosmic Ray 

Conference, ICRC 2023), p. 540. 
https://doi.org/10.22323/1.444.0540 

Knoll, G.F. (1999). Radiation detection and measurement (3rd 

ed.). Wiley. https://doi.org/10.1109/PROC.1981.12016 
Kouzes, R.T., Lintereur, A., Mostafanezhad, I., Pang, R., Rotter, 

B., Snigdha, F., and Bonneville, A. (2022). Novel muon 

tomography detector for the pyramids. Journal for 
Advanced Instrumentation in Science, 2022:1-8. 

https://doi.org/10.31526/jais.2022.240 

Leo, W.R. (1994). Techniques for nuclear and particle physics 
experiments (2nd ed.). Springer-Verlag. 

https://doi.org/10.1007/978-3-642-96997-3 

Leone, G., Tanaka, H.K.M., Holma, M., Kuusiniemi, P., Varga, 
D., Olah, L., and Joutsenvaara, J. (2021). Muography as a 

new complementary tool in monitoring volcanic hazard: 

Implication for early warning system. Proceedings of The 
Royal Society A, 477. 

https://doi.org/10.1098/rspa.2021.0320 

Lesparre, N., Cabrera, J., and Marteau, J. (2017). 3-D density 
imaging with muon flux measurements from underground 

galleries. Geophysical Journal International, 

208(3):1,579-1,591. https://doi.org/10.1093/gji/ggw482 

Livesay, R.J., Blessinger, C.S., Guzzardo, T.F., and Hausladen, 

P.A. (2014). Rain-induced increase in background 

radiation detected by radiation portal monitors. Journal of 
Environmental Radioactivity, 137:137-141. 

https://doi.org/10.1016/j.jenvrad.2014.07.010 

 
 

 

 
 

https://doi.org/10.1016/j.jenvrad.2014.07.010


 

 

030242-17 Suranaree J. Sci. Technol. Vol. 31 No. 6; November - December 2024 

Lo Presti, D., Riggi, F., Ferlito, C., Bonanno, D.L., Bonanno, G., 
Gallo, G., and Romeo, G. (2020). Muographic monitoring 

of the volcano-tectonic evolution of Mount Etna. 

Scientific Reports, 10(1):1-11. 
https://doi.org/10.1038/s41598-020-68435-y 

Lorenzon, A., Andreetto, P., Aymanns, K., Balling, M., 

Benettoni, M., Bez, N., and Bonomi, G. (2023). The 
MUTOMCA project: Investigation of muon tomography 

for re-verification purposes of spent fuel casks. In 

Proceedings of the INMM & ESARDA Joint Annual 
Meeting, 1-10. 

Lowenstern, J.B., Kasbani, Pallister, J.S., and Ramsey, D.W. 

(2020). Indonesia and the United States team up to reduce 
impacts from dangerous volcanoes: U.S. Geological 

Survey Fact Sheet, 2,019-3,074. 

https://doi.org/10.3133/fs20193074 
Lynch, G.R. and Dahl, O.I. (1991). Approximations to multiple 

Coulomb scattering. Nuclear Instruments and Methods in 

Physics Research Section B: Beam Interactions with 

Materials and Atoms, 58(1):6-10. 

https://doi.org/10.1016/0168-583X(91)95671-Y 

Mahon, D., Clarkson, A., Ireland, D., Jebali, R., Ryan, M., 
Shearer, C., and Mahon, D. (2018). First-of-a-kind 

muography for nuclear waste characterization. 

Philosophical Transactions A: Mathematical, Physical 
and Engineering Sciences. 

https://doi.org/10.1098/rsta.2018.0048 

Marteau, J., Gibert, D., Lesparre, N., Nicollin, F., Noli, P., and 
Giacoppo, F. (2012). Muons tomography applied to 

geosciences and volcanology. Nuclear Instruments and 

Methods in Physics Research, Section A: Accelerators, 
Spectrometers, Detectors and Associated Equipment, 

695:23-28. https://doi.org/10.1016/j.nima.2011.11.061 

Medalia, J. (2010). Detection of nuclear weapons and materials: 
Science, technologies, observations. 

Melesio, L. (2014). The pyramid detectives. Physics World, 

27(12):24-27. https://doi.org/10.1088/2058-
7058/27/12/35 

Molder, C., Bizgan, A., Mieilica, E., and Iacobita, A. (2009). 
Automated non-intrusive cargo inspection system using 

gamma-ray imaging (ROBOSCAN 1M). In Proceedings 

of the 8th WSEAS International Conference on Signal 
Processing, Robotics and Automation. Retrieved from 

http://www.mbtechnology.ro 

Morishima, K., Hamada, K., Komatani, R., Nakano, T., and 
Kodama, K. (2013). Development of an automated 

nuclear emulsion analyzing system. Radiation 

Measurements, 50:237-240. 
https://doi.org/10.1016/j.radmeas.2012.06.016 

Morishima, K. (2015). Latest developments in nuclear emulsion 

technology. Physics Procedia, 80:19-24. 
https://doi.org/10.1016/j.phpro.2015.11.082 

Morishima, K., Kuno, M., Nishio, A., Kitagawa, N., Manabe, Y., 

Moto, M., and Guerriero, E. (2017). Discovery of a big 
void in Khufu’s Pyramid by observation of cosmic-ray 

muons. Nature, 552(7685):386-390. 

https://doi.org/10.1038/nature24647 
Morishima, K., Nishio, A., Moto, M., Nakano, T., and 

Nakamura, M. (2017). Development of nuclear emulsion 

for muography. Annals of Geophysics, 60(1):1-6. 

https://doi.org/10.4401/ag-7387 

Nakamura, T., Ariga, A., Ban, T., Fukuda, T., Fujioka, T., and 

Fukuda, T. (2006). The OPERA film: New nuclear 
emulsion for large-scale, high-precision experiments. 

Nuclear Instruments and Methods in Physics Research 

Section A: Accelerators, Spectrometers, Detectors and 
Associated Equipment, 556:80-86. 

https://doi.org/10.1016/j.nima.2005.08.109 

 
  

Nandaka, I.G.M.A., Sulistiyani, Suharna, Y., and Putra, R. 
(2019). Overview of Merapi volcanic activities from 

monitoring data 1992-2011 periods. Journal of Disaster 

Research, 14(1):18-26. 
https://doi.org/10.20965/jdr.2019.p0018 

Nishio, A., Morishima, K., Kuwabara, K., and Nakamura, M. 

(2015). Development of nuclear emulsion detector for 
muon radiography. Physics Procedia, 80:74-77. 

https://doi.org/10.1016/j.phpro.2015.11.084 

Nishiyama, R., Ariga, A., Ariga, T., Kaser, S., Lechmann, A., 
Mair, D., and Schlunegger, F. (2017). First measurement 

of ice‐bedrock interface of alpine glaciers by cosmic 

muon radiography. Geophysical Research Letters, 
https://doi.org/10.1002/2017GL073599 

Nishiyama, R., Ariga, A., Ariga, T., Lechmann, A., Mair, D., 

Pistillo, C., and Schlunegger, F. (2019). Bedrock 
sculpting under an active alpine glacier revealed from 

cosmic-ray muon radiography. Scientific Reports, 9(1):1-

11. https://doi.org/10.1038/s41598-019-43527-6 

Nishiyama, R., Tanaka, Y., Okubo, S., Oshima, H., Tanaka, 

H.K.M., and Maekawa, T. (2014). Integrated processing 

of muon radiography and gravity anomaly data toward the 
realization of high-resolution 3-D density structural 

analysis of volcanoes: Case study of Showa-Shinzan lava 

dome, Usu, Japan. Journal of Geophysical Research: Solid 
Earth, 119(1):699-710. 

https://doi.org/10.1002/2013JB010234 

Nurawan, M.R., Alfian, D., Saufi, A., Baihaqi, R.T.A., Mulyana, 
C., and Riveli, N. (2018). Identifikasi material dengan 

tomografi muon kosmik menggunakan detektor berbasis 

CMOS memanfaatkan webcam. Jurnal Ilmu Dan Inovasi 
Fisika, 2(2):70-79. 

https://doi.org/10.24198/jiif.v2i2.19710 

Okamoto, Y. (2014). Seismic structural evaluation of Candi 
Siva, Prambanan world heritage temple, by introducing 

muography. In I. Vayas & F. M. Mazzolani (Eds.), 

Structural analysis of historical constructions: An 
interdisciplinary approach. Springer. 

https://doi.org/10.1007/978-3-030-90788-4_109 
Oláh, L., Hamar, G., Miyamoto, S., Tanaka, H.K.M., and Varga, 

D. (2018a). The first prototype of an MWPC-based 

borehole-detector and its application for muography of an 
underground pillar. Butsuri-Tansa (Geophysical 

Exploration), 71:161-168. 

https://doi.org/10.3124/segj.71.161 
Oláh, L., Tanaka, H.K.M., Ohminato, T., Hamar, G., and Varga, 

D. (2019). Plug formation imaged beneath the active 

craters of Sakurajima volcano with muography. 
Geophysical Research Letters, 46(17-18):10,417-10,424. 

https://doi.org/10.1029/2019GL084784 

Oláh, L., Tanaka, H.K.M., Ohminato, T., and Varga, D. (2018b). 
High-definition and low-noise muography of the 

Sakurajima volcano with gaseous tracking detectors. 

Scientific Reports, 8(1):29-33. 
https://doi.org/10.1038/s41598-018-21423-9 

Pallister, J., Wessels, R., Griswold, J., McCausland, W., 

Kartadinata, N., Gunawan, H., and Primulyana, S. (2019). 
Monitoring, forecasting collapse events, and mapping 

pyroclastic deposits at Sinabung volcano with satellite 

imagery. Journal of Volcanology and Geothermal 

Research, 382:149-163. 

https://doi.org/10.1016/j.jvolgeores.2018.05.012 

Pamadi, M. and Sari, Y.A. (2022). Challenges of developing a 
logistics hub case study: Batu Ampar port. Tata Loka, 

24(3):249-256. https://doi.org/10.37253/jcep.v2i2.6286 

 
 

 

 
 

https://doi.org/10.37253/jcep.v2i2.6286


  

030242-18 The Prospect of Muographic Detection Using Plastic Scintillator in Indonesia-A Review 

Park, C., Kyu, M., Kang, I., Lee, S., Chung, H., and Hyun, Y. 
(2022). Design and characterization of a muon 

tomography system for spent nuclear fuel monitoring. 

Nuclear Engineering and Technology, 54(2):601-607. 
https://doi.org/10.1016/j.net.2021.08.029 

Patrignani, C., Agashe, K., Aielli, G., Amsler, C., Antonelli, M., 

Asner, D.M., Barnett, R.M., Basaglia, T., Bauer, C.W., 
Bergren, E.A., Beringer, J., Bernardi, G., Bernhard, J.K., 

Bichsel, H., Biebel, O., Blucher, E., Blusk, S., 

Brooijmans, G., Buchmuller, O., and Schaffner, P. (2016). 
Review of particle physics. Chinese Physics C, 40(10). 

https://doi.org/10.1088/1674-1137/40/10/100001 

Poulson, D., Durham, J.M., Guardincerri, E., Morris, C.L., 
Bacon, J.D., Morley, D., and Hecht, A.A. (2017). Cosmic 

ray muon computed tomography of spent nuclear fuel in 

dry storage cask. Nuclear Instruments and Methods in 
Physics Research Section A: Accelerators, Spectrometers, 

Detectors and Associated Equipment, 842(October 2016), 

48-53. https://doi.org/10.1016/j.nima.2016.10.040 

Pramumijoyo, S., Rifa’i, A., Siswosukarto, S., Suryaningsih, H., 

Rarianingsih, N. L. N., Munandar, A., and Hardani, K. 

(2009). Membangun kembali Prambanan (I. Adrisijanti & 
A. Putranto, Eds., 1st ed.). Balai Pelestarian Cagar Budaya 

Daerah Istimewa Yogyakarta. 

Presiden Republik Indonesia. (2016). Undang-Undang Nomor 
16 Tahun 2016 tentang Pengesahan Paris Agreement to 

the United Nations Framework Convention on Climate 

Change (Persetujuan Paris Atas Konvensi Kerangka Kerja 
Perserikatan Bangsa-Bangsa mengenai Perubahan Ikl). 

Kementerian Sekretariat Negara Republik Indonesia. 

https://jdih.setneg.go.id/Produk 
Presiden Republik Indonesia. (2020). Lampiran Peraturan 

Presiden Republik Indonesia Nomor 18 Tahun 2020 

tentang Rencana Pembangunan Jangka Menengah 
Nasional (RPJMN), 2020-2024. 

https://www.bappenas.go.id/id/data-dan...dan.../rpjmn-

2015-2019/ 
Primulyana, S., Kern, C., Lerner, A.H., Saing, U.B., Kunrat, S. 

L., Alfianti, H., and Marlia, M. (2019). Gas and ash 
emissions associated with the 2010-present activity of 

Sinabung volcano, Indonesia. Journal of Volcanology and 

Geothermal Research, 382:184-196. 
https://doi.org/10.1016/j.jvolgeores.2017.11.018 

Procureur, S. (2018). Muon imaging: Principles, technologies 

and applications. Nuclear Instruments and Methods in 
Physics Research Section A: Accelerators, Spectrometers, 

Detectors and Associated Equipment, 878(2017):169-

179. https://doi.org/10.1016/j.nima.2017.08.004 
Procureur, S. and Attié, D. (2019). Development of high-

definition muon telescopes and muography of the Great 

Pyramid. Comptes Rendus Physique, 20(6):521-528. 
https://doi.org/10.1016/j.crhy.2019.09.003 

Rahon, J. and Danagoulian, A. (2020). Hydrogenous content 

identification in heterogeneous cargoes via multiple 
monoenergetic neutron radiography. Nuclear Instruments 

and Methods in Physics Research Section A: 

Accelerators, Spectrometers, Detectors and Associated 
Equipment, 949(2019):162860. 

https://doi.org/10.1016/j.nima.2019.162860 

Ratiko, R., Wisnubroto, D.S., Nasruddin, N., and Mahlia, T.M.I. 

(2020). Current and future strategies for spent nuclear fuel 

management in Indonesia. Energy Strategy Reviews, 

32:100575. https://doi.org/10.1016/j.esr.2020.100575 
Riveli, N. (2018). Pendeteksian sinar kosmik menggunakan 

sensor CMOS pada perangkat webcam komersil. Jurnal 

Ilmu dan Inovasi Fisika, 2(1):57-64. 
https://doi.org/10.24198/jiif.v2i1.12373 

Rosas-Carbajal, M., Jourde, K., Marteau, J., Deroussi, S., 

Komorowski, J.C., and Gibert, D. (2017). Three-
dimensional density structure of La Soufrière de 

Guadeloupe lava dome from simultaneous muon 

radiographies and gravity data. Geophysical Research 
Letters, 44:6,743-6,751. 

https://doi.org/10.1002/2017GL074285 

Runkle, R.C., Bernstein, A., and Vanier, P.E. (2010). Securing 
special nuclear material: Recent advances in neutron 

detection and their role in nonproliferation. Journal of 

Applied Physics, 108(11). 
https://doi.org/10.1063/1.3503495 

Saracino, G., Amato, L., Ambrosino, F., Antonucci, G., Bonechi, 

L., Cimmino, L., D’Alessandro, R., D’Errico, M., 
Masone, V., Mininno, E., Varriale, A., and others. (2017). 

Imaging of underground cavities with cosmic-ray muons 

from observations at Mt. Echia (Naples). Scientific 
Reports, 7(1):1-12. https://doi.org/10.1038/s41598-017-

01277-3 

Saracino, G., Amato, L., Ambrosino, F., Antonucci, G., Bonechi, 
L., Cimmino, L., D’Alessandro, R., D’Errico, M., 

Masone, V., Mininno, E., Varriale, A., and others. (2019). 

Applications of muon absorption radiography to the fields 

of archaeology and civil engineering. Scientific Reports, 

377:1-12. https://doi.org/10.1038/s41598-017-01277-3 

Saracino, G., Ambrosino, F., Bonechi, L., Bross, A., Cimmino, 
L., Ciaranfi, R., Fiorentino, S., Mininno, E., and D’Errico, 

M. (2017). The MURAVES muon telescope: Technology 

and expected performances. Annals of Geophysics, 60(1). 
https://doi.org/10.4401/ag-7378 

Tanaka, H.K.M., Nakano, T., Takahashi, S., Yoshida, J., and 

Niwa, K. (2007). Development of an emulsion imaging 
system for cosmic-ray muon radiography to explore the 

internal structure of a volcano, Mt. Asama. Nuclear 

Instruments and Methods in Physics Research Section A: 
Accelerators, Spectrometers, Detectors and Associated 

Equipment, 575(3):489-497. 

https://doi.org/10.1016/j.nima.2007.02.104 
Tanaka, H.K.M., Kusagaya, T., and Shinohara, H. (2014). 

Radiographic visualization of magma dynamics in an 

erupting volcano. Nature Communications, 5:3381. 
https://doi.org/10.1038/ncomms4381 

Tanaka, H.K.M., Sumiya, K., and Olah, L. (2020). Muography 
as a new tool to study the historic earthquakes recorded in 

ancient burial mounds. Geoscientific Instrumentation, 

Methods and Data Systems, 9(2):357-364. 
https://doi.org/10.5194/gi-9-357-2020 

Tanaka, H.K.M., Uchida, T., Tanaka, M., Shinohara, H., and 

Taira, H. (2009). Cosmic‐ray muon imaging of magma in 
a conduit degassing process of Satsuma Iwojima. 

Geophysical Research Letters, 36, 

L01304.https://doi.org/10.1029/2008GL036451 
Tanaka, H.K.M., Uchida, T., Tanaka, M., Shinohara, H., and 

Taira, H. (2010). Development of a portable assembly-

type cosmic-ray muon module for measuring the density 
structure of a column of magma. Earth, Planets and Space, 

62:119-129. https://doi.org/10.5047/eps.2009.06.003 

Tanaka, H.K.M., Aichi, M., Bozza, C., Coniglione, R., Gluyas, 
J., Hayasi, N., and Varga, D. (2021). First results of 

undersea muography with the Tokyo Bay Seafloor Hyper-

Kilometric Submarine Deep Detector. Scientific Reports, 
11:1-13. https://doi.org/10.1038/s41598-021-98559-8 

Tioukov, V., Alexandrov, A., Bozza, C., Consiglio, L., 

D’Ambrosio, N., De Lellis, G., and Tanaka, H.K.M. 

(2019). First muography of Stromboli volcano. Scientific 

Reports, 9:1-11. https://doi.org/10.1038/s41598-019-

43131-8 
Tridon, D.B., Schweizer, T., Goebel, F., Mirzoyan, R., and 

Teshima, M. (2010). The MAGIC-II gamma-ray 

stereoscopic telescope system. Nuclear Instruments and 
Methods in Physics Research, Section A: Accelerators, 

Spectrometers, Detectors and Associated Equipment, 

623(1):437-439. 
https://doi.org/10.1016/j.nima.2010.03.028 

 



 

 

030242-19 Suranaree J. Sci. Technol. Vol. 31 No. 6; November - December 2024 

Varga, D., Kiss, G., Hamar, G., and Bencedi, G. (2013). Close 
cathode chamber: Low material budget MWPC. Nuclear 

Instruments and Methods in Physics Research, Section A: 

Accelerators, Spectrometers, Detectors and Associated 
Equipment, 698:11-18. 

https://doi.org/10.1016/j.nima.2012.09.025 

Weekes, T.C., Badran, H., Biller, S.D., Bond, I., Bradbury, S., 
Buckley, J., and Wakely, S.P. (2002). VERITAS: The 

Very Energetic Radiation Imaging Telescope Array 

System. Astro, 17:221-243. 
https://doi.org/10.1016/S0927-6505(01)00152-9 

Yamashina, Y., Yamashina, T., Taira, H., and Tanaka, H.K.M. 

(2010). Development of a cost-effective plastic 
scintillator for cosmic-ray muon radiography of a volcano. 

Earth, Planets and Space, 62(2):173-177. 

https://doi.org/10.5047/eps.2009.03.003 
Yang, H., Luo, G., Yu, T., Zhao, S., Hu, B., and Huang, Z. 

(2022). MuGrid: A scintillator detector towards cosmic 

muon absorption imaging. Nuclear Instruments and 

Methods in Physics Research, Section A: Accelerators, 

Spectrometers, Detectors and Associated Equipment, 

1042:167402. 
https://doi.org/10.1016/j.nima.2022.167402 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

Yoshimoto, M., Nakano, T., Komatani, R., and Kawahara, H. 
(2017). Hyper-track selector nuclear emulsion readout 

system aimed at scanning an area of one thousand square 

meters. Progress of Theoretical and Experimental Physics, 
2017(10):1-20. https://doi.org/10.1093/ptep/ptx131 

Zhang, Z.X., Enqvist, T., Holma, M., and Kuusiniemi, P. (2020). 

Muography and its potential applications to mining and 
rock engineering. Rock Mechanics and Rock Engineering, 

53(11):4,893-4,907. https://doi.org/10.1007/s00603-020-

02199-9 

 

https://doi.org/10.1016/j.nima.2022.167402

