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Abstract 

Cosmic muons, the most abundant charged particles at the sea level, have played an important role in particle detector 

experiments. The flux and directional distribution of muons are sensitive to the flux and composition of the primary cosmic 

rays entering the atmosphere. In this article, we start with a brief overview of the properties of cosmic muons and discuss the 

interesting information that we can infer about the cosmic-ray spectra, high energy interactions and about the atmosphere. 

State-of-the-art detection techniques, which have widened the application of cosmic muons to various imaging methods, are 

mentioned. We also discuss the scope of the muon-sensitive experiments like the ICAL and mini-ICAL at INO to learn more 

about cosmic muons. 

 

 

Cosmic Rays  

Cosmic rays are high energetic particles, which are 

constantly entering into the Earth’s atmosphere. Apart from 

the lower energy particles which are produced in the Solar 

System, there is also a significant number of higher-energy 

particles which originates outside the Solar System, either in 

the Milky Way or even in faraway galaxies as well as the 

intergalactic space. The hints of the presence of ‘something 

mysterious’ in the atmosphere were lingering for a very long 

time. The sudden and quick discharge of the electroscopes 

designed by Coulomb and his fellows was a prominent hint of 

cosmic rays, which was unsolved over a few centuries. 

In 1912, Victor Hess systematically measured the radiation at 

altitudes of up to 5.3 km in a balloon and found that the 

average ionization present in the atmosphere increases with 

altitude. This had led to the discovery of cosmic rays. Right 

from their discovery, the cosmic rays have been playing a very 

important role in the rise of the modern physics and particle 

physics. The discovery of many particles like positron, muon, 

pion, etc. took place in cosmic ray experiments. 

Cosmic Muons 

Circa 1936: Physicists Carl Anderson and Seth Neddermeyer 

were busy studying cosmic radiation at Caltech. They noticed 

the track of some particles, when passed through a magnetic 

field, had shown a different curvature from electrons or any 

other known particles [1]. They appeared negatively charged 

but with a curvature less bent than the electrons but more 

sharply than the protons. The difference in the curvature was 

attributed to a difference of mass of this apparently new 

particle from the known ones, a mass greater than an electron 

but smaller than that of a proton. The existence of this particle 

“Muon” was later confirmed by E.C. Stevenson and J.C. Street 

in 1937 through experiments with a cloud chamber detector. 

Muons are elementary particles, from the lepton family of the 

fundamental particles. They are similar to electrons with a 

unitary negative electric charge and a spin of 1/2. However, 

they are about 200 times heavier than an electron. Each muon, 

after an average lifetime of 2.2 µs, decays and emits a 

positron/electron. A significant amount of muons are present 

in the atmosphere and they are an essential component of the 

cosmic ray showers. 

When a high energy primary particle originating from any 

source beyond our atmosphere enters and collides with a 

nucleus of the upper atmosphere, a large number of secondary 

particles are produced. They would later interact/decay, in 

turn, producing a huge shower of particles termed as Cosmic 

Air Showers. The short lived pions (positive or negative) 

among those secondary particles decay into muons. These 

cosmic muons are among the most interesting components in 

an Extensive Air Shower and are being widely probed through 

many prominent large-scale detectors. 

At sea level, muons are the most abundant energetic charged 

particles. Charged particles propagating through matter 

continuously interact with the electrons and nuclei of the 

surrounding atoms, and thus, cannot avoid losing energy by 
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ionization. Interestingly a muon interacts very little with 

matter except the ionization process. Due to this, they can 

travel large distances and mostly reach the ground. 

 

Figure 1: A cosmic air shower showing the production of 

muons in the atmosphere. (Picture Credit: CERN) 

The charged particles lose energy proportional to the amount 

of matter they pass through, i.e., to the density (g/cm3) times 

the path length (cm). Muons lose energy at a fairly constant 

rate of about 2 MeV per g/cm2. The vertical depth of the 

atmosphere is about 1000 g/cm2, which means a muon would 

lose about 2 GeV of energy to ionization before reaching the 

ground. 

At higher altitudes, the density of the atmosphere is so less that 

even at about 15 km it is only 175 g/cm2 deep. This is typically 

the altitude at which most of the atmospheric muons are 

generated. The average flux of the muons at sea level is about 

one per cm2 per minute, which comprises of about 50% of the 

total natural radiation background. Some of the muons can 

even be detected at depths beyond 500 m, at different 

underground experiments. In fact, these are the only charged 

particles reaching there apart from background radiation from 

the surroundings. 

Why are Cosmic Muons Interesting? 

Cosmic rays, in general, are the messengers from the broader 

universe, decoding of which actually provides us important 

information about the sources and the medium through which 

they travel. The secondary cosmic rays in an Extensive Air 

Shower are useful to unravel many interesting facts: mainly 

about the primary cosmic ray and also about the interactions 

in the atmosphere. There are a large number of experiments of 

different sizes, both ground-based and space-based, which are 

already active in studying different component particles of the 

Air Showers. If we focus on the cosmic muons, a precise 

estimation of their energy and direction spectra contributes to 

the following: 

• Reconstruction of the Extensive Air Shower and 

Identification of the Primary Cosmic Particle 

Various experiments now focus on simultaneous 

detection of different secondary particles in a shower 

event. This information is being combined to reconstruct 

the shower event and identify the primary particle, its 

energy and direction. These would, in turn, throw more 

light on locating the source of the primary particle and 

also on the production and propagation mechanisms of 

those particles. The information on the cosmic muons is 

significant in such studies. 

• High Energy Interactions and Energy Loss Mechanisms 

in the Atmosphere 

Cosmic ray sources are natural accelerators which 

provide us a huge number of high energy particles. There 

is a large fraction of cosmic rays at ultra-high energies, 

which is beyond the reach of current human-made 

accelerator setups. They provide us an excellent chance 

to study the details of the high energy interactions as well 

as the energy loss mechanisms through the atmosphere. 

As many of the cosmic muons reach the ground level, 

they are great candidates for such studies. 

• Probing Atmospheric Effects 

The muon flux and energy are affected by the 

contemporary atmospheric conditions. For example, the 

cosmic muon flux intensity corresponds directly with the 

atmospheric temperature at different pressures, altitudes 

and zenith angles. Similarly, the mean muon flux 

intensity has been observed to decrease during and near 

thunderstorms. It is also found that lightning affects the 

mean muon flux intensity during these thunderstorms. A 

simple setup to measure the cosmic muon flux reveals 

many details of such effects. 

• Exploring Earth’s Magnetosphere 

Muons, being charged particles, are good candidates to 

explore any magnetic field. The cosmic muon flux 

measurement can also map the Earth’s magnetosphere, 

which extends over a radius of about a million kilometers 

and shields us from the continuous flow of high energetic 

solar and galactic radiation. 

Applications of Cosmic Muons 

Let us now explore two interesting uses of cosmic muons 

which have gained popularity in the past a few decades, 

particularly with the advancement of the state-of-the-art 

detection technologies.  

Muon Radiography 

This technique uses information on the absorption of cosmic 

ray muons in a material and measures the thickness. In this 

method, the number of muons that pass through the target 

volume are tracked to determine the density of the inaccessible 

internal structure and to locate empty spaces. It is similar         

to X-ray imaging but it can survey much larger objects. Since 
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muons are less likely to interact, stop and decay in low density 

matter than a high-density matter, a larger number of muons 

will pass through the low-density regions of target objects in 

comparison to the higher density regions. 

•  Study of interior of pyramids 

Muon radiography was first used by Luis Alvarez in 1971 to 

investigate the pyramid of Chephren, in Giza, Egypt [2]. The 

experiment used spark chamber detectors and found no 

evidence of any void. Recently, the ScanPyramids mission 

found a big void in the Great Pyramid (Khufu’s Pyramid), 

above the Grand Gallery [3]. Inside the pyramid, Nuclear 

Emulsion films (Nagoya University) and scintillator 

hodoscopes (KEK) were employed to observe the void, which 

was reconfirmed with gaseous detectors outside the pyramid 

(CEA) [3]. 

 

Figure 2: A schematic of the muon radiography technique 

used to scan a pyramid [4]. 

• Study of volcanoes  

Using muon radiography, an image of the internal structures 

of the upper levels of volcanoes (the edifice) can be obtained 

with about tens of meters resolution [5]. Although such an 

image cannot help to predict the time of an eruption, when 

combined with other observations it may help to foresee how 

the eruption could develop. This technique serves as a very 

powerful tool for the study of geological structures. 

 

Figure 3: The principle of using muon radiography to probe 

volcanoes [6]. 

Muon Scattering Tomography  

An extension of the muon radiographic methods, the muon 

scattering tomography, was proposed for the first time in 

2003. This technique uses cosmic ray muons to reconstruct 3D 

models of the densities of any obstructed objects or volumes. 

It is based on the multiple Coulomb scattering of muons, a 

process in which muons are deflected and are slowed down 

when they interact with a high-Z material, i.e., a high atomic 

number. In this process, particles are mainly scattered due to 

the Coulomb force. When negatively charged muons pass 

through some volume, they interact with the negatively 

charged electrons present in that material and get deflected. 

Using tracking detectors around the volume, the deflections 

can be measured and be used to localize high-Z objects. 

 

Figure 4: A schematic view of the muon scattering 

tomography technique [7]. 

India-based Neutrino Observatory  

India has a rich history of conducting experiments using 

cosmic muons [8]. The Kolar Gold Field (KGF) hosted a 

series of such experiments on underground observation of 

muons and their interactions. Simultaneously, atmospheric 

neutrino related experiments were also performed at KGF, 

which had led to the first discovery of atmospheric neutrinos. 

Reviving that legacy, the underground India-based Neutrino 

Observatory (INO) to host neutrino experiments was proposed 

to be built in the Bodi West Hills, in Theni district of Tamil 

Nadu. The prime aim of INO is to study the neutrino 

oscillations with atmospheric neutrinos. The INO 

collaboration plans to build a huge magnetized iron 

calorimeter (ICAL) detector. ICAL will be sensitive to the 

energy, direction and the electric charge of the final state 

leptons (mostly muons) produced in charged–current (CC) 

interactions of the neutrinos with the target material. 

Large Resistive Plate Chambers (RPC) are chosen as the 

active detector elements of ICAL. The RPCs are gaseous 

parallel plate detectors, made of highly resistive glass 

electrodes, to track charged particles. The main features of the 

RPCs are excellent detection efficiency, good spatial as well 

as position resolutions, wide area coverage and low 

production cost. 

As the RPC detector stacks are primarily designed for the 

detection of muon tracks, they have wide potential not only    

in detecting the atmospheric neutrino interactions, but also          

in detecting the abundant cosmic muons. The initial 

characterization  of  the  RPC  detectors  was  performed  with 
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cosmic muons only. These detectors are well suited to 

determine the flux and angular distribution of the cosmic 

muons. They are also promising in the field of imaging with 

cosmic muons. 

 

Figure 5: The ICAL detector to be located at Theni 

A prototype of the ICAL detector, mini-ICAL, has been 

already built at IICHEP, Madurai [9] This detector is 

magnetized and has eleven layers of detector elements   

(Figure 6). As mini-ICAL is situated on the surface only, it is 

well sensitive to cosmic muons and is a great platform to 

perform cosmic muon related studies. 

 

Figure 6: An image of the mini-ICAL detector at Madurai. 

The blue slabs are the iron target and the RPC detectors are 

put between them. The coils through it magnetizes the 

detectors. Situated at ground level, this stack is sensitive to 

cosmic muons and various studies are underway [9]. 

In Figure 7, real tracks of cosmic muons passing through the 

mini-ICAL detector is shown, where the bending of the tracks 

due to the magnetic field can be clearly viewed. In a set of 

experiments, cosmic muons are used here to assess the 

performance of the RPC detectors and the magnetic field 

effects. On the other hand, the detector facility has also been 

used to measure the cosmic muon flux and other associated 

parameters. In the coming days, mini-ICAL is expected to 

continue on being a great setup for more cosmic muon related 

studies.   

We briefly mention here, some of the cosmic muon related 

study done with these RPC stacks. 

• Muon Flux Measurement: As part of INO’s R&D program, 

a prototype detector stack comprising 12 layers of RPCs of 

1 m × 1 m in area was built at Tata Institute of Fundamental 

Research (TIFR). This prototype was used to study the 

detector parameters using cosmic ray muons. A study of 

muon flux measurement at sea level and lower latitude was 

performed in [10]. 

• Angular Distribution of Cosmic Muons: The angular 

distribution of cosmic ray muons was studied using the           

2 m × 2 m RPC stack (mini-ICAL) at IICHEP, Madurai. The 

results of this study will be used to obtain a better map of the 

cosmic muon spectra at Theni [11]. 

• Atmospheric Muon Charge Ratio Analysis at the INO-ICAL 

Detector: Since ICAL is capable of identifying the charge of 

the muon/antimuon, its potential for the measurement of the 

muon charge ratio is explored in a simulation-based study. 

The simulated muon charge ratio is in agreement with the 

existing experimental observations; its measure can be 

extended by INO-ICAL up to 10.50 TeV and up to 60° [12]. 

• Azimuthal Dependence of Cosmic Muon Flux: The azimuthal 

dependence of cosmic muon flux at different zenith angles 

has been studied with the mini-ICAL stack. The east-west 

asymmetry of the atmospheric muons is well studied by 

many experiments at different locations on earth. Compared 

to them, the prototype RPC stack was commissioned in a 

unique location, as it is very near to the geomagnetic equator 

[13]. 

 

Figure 7: Tracks of cosmic muons at mini-ICAL detector. The 

bending due to magnetic field is visible [14]. 

Currently the GRAPES-3 [15] at Ooty, equipped with the 

largest running muon detector in the world, offers ample 

potential to further study of cosmic muons. Interestingly, it 

recently detected a crack in the Earth’s magnetosphere due to 

a  giant  cloud  of  solar corona. GRAPES-3 also continuously 
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records and probes the effect of thunderstorms on the muon 

flux. This facility is currently equipped with the largest 

operating muon detector in the world. 

Summary 

The cosmic muons have proved to be a very interesting source 

for particle detection and cosmic ray studies. In this article, a 

brief overview of the cosmic muons is given. The cosmic 

muons are abundant in nature and are widely used for the 

characterization of particle detectors over many decades. In 

India, the RPC detectors in the INO-ICAL experiment and the 

muon telescope of the GRAPES-3 setup are well suited for 

cosmic muon study and some examples of the same are 

illustrated. Apart from the study of the flux and directional 

spectrum of cosmic muons, imaging experiments are also very 

promising in this field. 
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Dr. Hemant Adarkar, former TIFR 

graduate student at KGF in 1980s, recalls:  

She was known as “Chaudhuri Amma” 

among the technical staff at KGF. She was a 

natural team player and despite being the 

principal investigator, she could laugh at 

herself.  She was the only woman who worked 

in an underground experiment. Her name 

kept popping up when I was specifically told 

not to recruit any woman as there were no 

toilets (leave alone separate toilets) in the 

mines.  Young graduate students of INO training 

programme, carrying on the legacy of Bibha 

Chowdhuri. Heartening to see so many women 

in the group  


