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Abstract: Muography or muon radiography is a non-invasive, emerging imaging technique based on the analysis of the 

absorption or scattering of atmospheric muons. This technique has been used in various applications, such as imaging an 

unreachable object, such as a damaged nuclear reactor or magma in a volcano and searching for hidden cavities in 

pyramids. The applications of muography are becoming broader, and new techniques are being developed. In this work, 

the authors investigated the influence of the magnetic field on a muography image and the trajectories of muons through 

simulations using the PHITS Monte Carlo code. The results showed that the magnetic field can distort the muography 

image by changing the trajectories of the muons due to the influence of the Lorentz force, and this distortion should be 

taken into account in any muography application that involves the magnetic field. 
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1. INTRODUCTION  

 

Muons are elementary particles similar to electrons with 

a mass about 200 times greater. These secondary cosmic 

ray particles are generated as a result of the interaction of 

primary cosmic rays with the upper atmosphere [1]. 

Muons are the most numerous energetic particles to reach 

the sea level, and their flux has been reported to be about 

1 muon per square centimeter per minute. The average 

energy of muons arriving at sea level is about 4 GeV with 

a lifetime of 2.2 µs [2]. This high energy allows them to 

penetrate deeply into any material and they can travel 

several hundred meters through the Earth as a relativistic 

particle. 

 

Cosmic-ray muons represent a free and available source 

at any point on Earth. Their special properties, such as 

deep penetrating power, encourage researchers to 

develop a non-destructive technique to study various 

targets. This method is known as muon tomography 

technique or muography and has been developed for 

different type of applications [3].  

 

In some applications, cosmic muons have been treated in 

the same way as X-rays in ordinary radiography. By 

analyzing the absorbed fraction of muons as they traverse 

a volume, information about the volume can be obtained. 

The first time the depth of the rock layer above an 

underground tunnel in Australia was measured in the 

1950s Eric George by studying the absorption of muons 

[4]. Then, in the 1970s, Alvarez proposed this method to 

study the pyramid for hollow vaults [5]. More recently, 

muography has been successfully used in a variety of 

fields, including inspection of the internal structures of 

volcanoes [6-10], detection of heavy metals in shipping 

containers, inspection of nuclear smuggling [11-13], 

mining [14], geological and archeological studies [15,16], 

investigation of infrastructure degradation [17], and 

monitoring of reactors and nuclear waste [18-21].  

 

In all the above applications, the image of muography 

can be distorted when muons cross a magnetic field 

region, and the effect of a magnetic field on the bending 

angle of muons has not been considered in any previous 

study. In this work, we will use simulations to show that 

this effect is important and can affect the muography 

image.  

 

2. MUOGRAPHY IMAGING TECHNIQUES 

 

Muons, being charged particles, interact with the atoms 

of matter (mainly by ionization) while passing through it. 

Their energy loss or change of direction (scattering angle) 

is proportional to the thickness of matter they traverse. 

Two muography techniques have been developed by 

scientists based on the analysis of the scattering of muons 

or their absorption in matter [22]. 

 

2.1 Muon Scattering Method 

 

This muography technique is based on multiple Coulomb 

scattering of muons as they traverse the volume of the 

region of interest. Muons are deflected and slowed down 

when they interact with a material with a high atomic 

number. By using two sets of position sensitive detectors 

before and after the volume of interest, the deflection 

angles can be measured, and then high-Z objects can be 

distinguished from other materials [23]. This method is 

fast and hazard-free. For example, 20 kg of uranium 

hidden in more than 10 tons of iron can be detected in 

less than a minute by analyzing the scattering angles of 

muons. The scattering angle distribution can be described 

by Moliere theory [24] and is approximately given by a 

Gaussian with zero mean and standard deviation: 

 

휃𝑀𝑆 =
13.6 𝑀𝑒𝑉

𝛽𝑐𝑝
𝑄√

𝑥

𝑋0
(1 + 0.038 ln(

𝑥

𝑋0
))      (1), 

 

where β, 𝑝, 𝑥, 𝑄, 𝑋0 represent the relativistic factor, the 

muon momentum in 𝑀𝑒𝑉 𝑐⁄  , the material thickness, the 

absolute electric charge of the muon and the radiation 

length, respectively. The radiation length is empirically 

given by: 

 

𝑋0 ≈
716.4 𝑔/𝑐𝑚2

𝜌

𝐴

𝑍(𝑍+1) log(
287

√(𝑍)
)
                         (2), 

 

where Z and 𝐴 represent the atomic and mass numbers 

respectively. 

 

2.2 Muon Absorption Method 

 

Muons are subatomic particles that can penetrate deeply 
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into any material because of their high energy. Muons are 

sensitive to changes in the density of the materials they 

penetrate. Thus, their absorption rate depends on this 

density. By measuring the muon flux rate in different 

directions, the density changes of the materials between 

the muon source and the detector can be provided. 

 

The intensity of the cosmic muons can be represented by 

the measured count rate. If we consider 𝑅0 as the count 

rate of muons in a detector before the region of interest 

and R as the count rate after passing through the 

absorbing medium, we obtain: 

 

𝑅 =  𝑅0𝑒
−𝜇𝑥                 (3), 

 

if the count rate and the thickness of the absorber are 

measured, the absorption coefficient can be determined 

from the slope obtained after fitting the linear equation, 

 

ln (𝑅) =  ln (𝑅0) − 𝜇𝑥           (4), 

 

This equation can be used to experimentally determine 

the absorption coefficient. The fitting adapted is the least 

square technique [25]. 

 

3. Muons in Magnetic field  

 

Muons, like other charged particles, feel a Lorentz force 

when they enter a magnetic field region: 

 

�⃗� = 𝑞�⃗� × �⃗⃗�                  (5), 

 

where �⃗�, 𝑞, �⃗�, represent the Lorentz force, the charge of 

particle, the velocity of the particle, respectively, and �⃗⃗� 

is the magnetic flux intensity. 

 

The change in muon tracks depends on the muon energy 

(velocity term) and the magnitude of the magnetic field 

flux. Fig. 1 shows a positive muon traversing a magnetic 

field region. The direction of the muon can be determined 

by the right-hand rule. 

 

 
Fig. 1: Muon trajectory in magnetic field 

 

 

 

4. Monte Carlo Simulations 

 

To investigate the effect of the magnetic field on the 

trajectories of the muons, simulations were performed 

using the PHITS (Particle and Heavy-Ion Transport 

code System) Monte Carlo code [26] in three different 

steps. 

 

In the first step, a magnetic region of vacuum with a size 

of 300 cm ×100 cm ×100 cm and a magnetic flux density 

of 500 mT was defined. A mono energy surface source 

of positive and negative muons was generated, and the 

track of the muons was investigated. Fig. 2 and 3 

represent the changes in the muon tracks due to the 

magnetic field for negative and positive muons, 

respectively. 

 

Then, mono-energy point source muons were defined 

and their changes due to traversing a 1 m thick magnetic 

region were studied. In this step, simulations were 

performed for 3 GeV, 1 GeV, and 500 MeV muons in 

100 mT, 500 mT, and 1 T, respectively, to compare the 

effect of magnetic field strength and muon energy on 

muon tracks. 

 

In the next step, the muons traversed a region of 

dimension 300 cm × 100 cm × 50 cm of iron in two states; 

in the first state, this area is not set to be a magnetic 

material and in the second state, the area defined as 

magnetic material with a magnitude of flux density of 

500 mT. 

 

In the final simulation, the muography image of 10 iron 

plates was obtained in 2 states: by normal muography and 

then by implementing a quadrupole magnetic region in 

front of the detection plane. 

 

5. Results 

 

Fig.s 2 and 3 shows the results for a surface beam with 

negative and positive muons respectively. Fig. 4 

represents the muons’ tracks for both negative and 

positive muons. As we expect from theory, the change in 

muons’ tracks as a result of Lorentz force can be 

observed. 

 

 
Fig. 2: Effect of 500 mT magnetic field on 1 GeV 

negative muons’ tracks 
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Fig. 3: Effect of 500 mT magnetic field on 1 GeV 

positive muons’ tracks 

 

Fig. 4: Effect of a 500 mT magnetic field on the tracks 

of 1 GeV positive and negative muons. 

 

Fig. 5 shows the results of the simulations for a 

monoenergetic point source with different energies when 

passing through different magnetic fields. The change in 

the tracks of the muons is well seen. As expected from 

the theory, a lower energy or a stronger magnetic field 

led to a larger bending angle for the muons. 

Until the previous step, the material of the magnetic 

region was set to vacuum. For the next step, we change 

the thickness of the magnetic field to 50 cm and the 

material to iron. Fig. 6 shows a comparison for two 

conditions, considering the target as normal iron and as a 

magnet with a magnetic flux density of 500 mT. 

 

Finally, Figs. 7 and 8 represent the simulation geometry 

and the muography image of 10 iron plates in normal 

situation and while crossing a quadrupole magnet region. 

The distortion can be seen in the second scenario. 

 

 

 
Fig. 5: Comparison of the effect of the magnetic field and the muon energy on the tracks of the muons. 
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Fig. 6: Comparison of the muon tracks when crossing (a) an iron target and (b) a magnetic field of 500 mT in a region of 

iron. 

 

 
 

 Fig. 7: Simulation used for muography image of 10 iron plates. 

 

 
 

Fig. 8: Muography image of 10 iron plates for (a) normal muography and (b) in the presence of a magnetic field. 

 

6. Discussion 

 

Simulations showed that the magnetic field can change 

the tracks of the muons and the bending angle of the 

muons depends on the muon energy and the flux density 

of the magnetic field. A lower muon energy and a 

stronger magnetic field led to more changes in the muon 

trajectories, and they were bent more. The flux of muons 

in the detection plane region can also change, as we saw 

in the simulation results. 
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In summary, changes in the muon trajectories due to 

Lorentz force caused by magnetic region, can act as a 

noise on muography image. In any muography 

application, this important factor of whether the muons 

have crossed a magnetic region or not should be taken 

into account. Also, in some muography applications, 

such as materials inspection by comparing the average of 

the scattering angles of muons, the change in the muon 

scattering angle can lead to an incorrect result, and 

correction is necessary to eliminate this effect. 
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