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Abstract. This paper explains the use of muon tomography in imaging the dry storage container to detect the high
radioactive material in it. Cosmic ray muon is a natural source in the Earth’s atmosphere and has high penetrating
power and large scattering angle for high Z materials. In this paper, we have designed a dry storage container inside
which UO2 rods have been placed and on increasing the number of these rods muon scattering has been observed.
We have shown that as the muons entered into the container, it generates a scattering pattern and from that pattern,
we can find the existence of any nuclear waste in it accurately without opening it. Some other parameters such as
energy loss, radiation length and scattering angle have also been calculated for 3 GeV–10 GeV muon energy. The
results for 3 GeV energy has been compared with C Jewett et al and further extrapolated to higher energies.
Keywords. Nuclear waste; scintillation detector; muon; dry cask.
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1. Introduction
The highly energetic sub-nuclear particles which can
travel through dense medium without any interaction are
suitable candidates for penetrating imaging techniques.
Researchers use these weakly interacting particles in
muonography, i.e., muon radiography, when normal
probes are of no use. Apart from studying volcanoes and
Egypt’s great pyramids, the muon detectors are being
used to study the spent fuel in nuclear waste, i.e., the
pile of plutonium.
Muon tomography is basically an imaging process
which involves muons from cosmic ray to examine the
cargo containers for nuclear materials. Million of such
containers enter India every year but not even 5% of
them are examined. Such containers and vehicles enter
the country via roads, trains and air without being examined, leading to great risk, because of the presence of
some very harmful and dangerous materials. The aim
of this study is to apply the method to confirm the presence of any harmful radioactive material without getting
affected by it.
In muon tomography, the muon is detected before
and after it travels through a container that is to be
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imaged. With the help of the tracks of muons, a 3D
image is produced for the container, leading us to estimate what is there inside. Muon is a natural source of
radiation from cosmic rays and so it is not dangerous
and no artificial source is to be introduced. Due to its
high energy and large penetrating depth, muon can pass
through shieldings without getting absorbed [1]. Even if
a very heavy shielding is used to absorb large number of
muons, still the lower muon flux will work as an indicator for the presence of highly dense material. Apart from
these factors, muon tomography is less expensive than
other methods as it is not using any man-made sources.
For these reasons, muon tomography is a very attractive
method for cargo inspection, where the volume which
is being imaged has to be put between two detectors.
These detectors detect muon events for an observable
time, say an hour, and determine the scattering angle.
It gives information about the tracks of muons and this
information is then passed on to algorithms to reconstruct it into a 3D image [2].
India is increasing its nuclear power plants by adding
17 more to the existing club. This implies a large environmental compliance for these nuclear plants. The
nuclear waste has physical, chemical and radioactive
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Figure 1. Radiation waste management in India.

characteristics, requiring different approaches to treat
them.
The complexity of nuclear waste is finally defined in
terms of the physical, chemical, biological characteristics and how they vary in time. The spent nuclear fuel
contains a large quantity of fission products, emitting
out radiation in the form of gammas and neutrons. The
fission end products generate thermal heat and electromagnetic radiation. So, the spent nuclear fuel has to
be kept in cool pools for around 5 years. This being
a cumbersome method, the power stations prefer dry
spent fuel storage at the reactors. The demand of these
storage units are increasing and shall be more with the
commissioning of new units [3].
Cosmic ray muons are being used to study density
variation in large, inaccessible objects e.g, volcanoes,
cargos and nuclear molted fuel. The scintillation detectors drift tubes, resistive plate chamber (RPC), solid
state detectors etc. have been suggested for muonography. The muon scattering angles depend on muon
momentum, geometry and radiation length. Thus, by
reconstructing the incoming muon flux and outgoing
muon flux, the muon scattering events can be drawn to
understand the interaction.
This paper initiates the study for imaging spent fuel
dry containers, with different combinations of rows of
fuel assemblies for Narora Nuclear Power Plant, U.P.
disposal units. The focus is on the location of spent fuel
rods inside these containers.
The paper is divided into 5 sections: Section 2 talks
about managing nuclear waste in India, e.g. Narora

Nuclear Power Plant. Section 3 gives the classification of nuclear waste management. Section 4 talks
about Geant4 simulation of the solid waste containers.
Section 5 describes the preliminary studies of muon
interaction with nuclear waste containers. Finally, §6
gives conclusion.

2. Managing nuclear waste in India
Management of radioactive waste in India includes all
types of radioactive wastes generated from the entire
nuclear fuel cycle, for example mining of uranium,
reprocessing of the spent fuel and fuel fabrication
from the reactor operations. Radioactive wastes are also
generated from the use of radionuclides in medicine,
industry and research. Figure 1 shows the radiation
waste management in India. The nuclear waste management is based on 3 concepts: (1) Delay and decay,
(2) dilute and disperse and (3) concentrate and contain.
Effective management of radioactive waste involves
segregation, characterisation, handling, treatment, conditioning and monitoring prior to final disposal. After
this, a proper disposal is needed, so that the health and
safety of human and environment including air, soil and
water supplies are protected.
Figure 1 explains that first the radioactive waste is
treated according to its level (high level waste or low
level waste). After this treatment, it is been categorised
into nuclear material and exempted waste. If nuclear
material is present then it will be recycled. Exempt
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to remove decay heat and after this it has to be sent to
another site to reprocess the fuel.

3. Classification of nuclear waste management in
Narora Atomic Power Station

Figure 2. Gaseous waste management in Narora Nuclear
Power Plant.

wastes have very low radioactivity and so it is not harmful for human. So it can be disposed to the environment.
Low level waste is easy to dispose compared to the high
level waste because it contains low level of radioactive
waste whose half-life is short [4].
Narora Atomic Power Station (NAPS) is one of the
biggest nuclear power station and is around 140 km away
from New Delhi. It has double units with the capacity of
220 MW each. Maintenance and operation of these units
generate low and intermediate level waste of various
composition and activity levels. The spent fuel is stored
in a fuel storage where it has been kept for some time

Nuclear waste in Narora is classified into three categories: gaseous, liquid and solid waste. Radioactive
gases carry absorbed radionuclides in the gaseous waste
which have to be removed before these gases are
released into the atmosphere. Due to this reason, these
gases are to be filtered primarily and high efficiency
particulate filters are designed and installed in nuclear
power plants. This filter collects the potentially active
exhaust air from reactor building, spent fuel handling
and storage area. This exhaust air is diluted with inactive
exhaust air and noble gases, tritium, iodine and active
particulate are filtered and after this filtering, these gases
are released into the atmosphere from a 145 m high stack
so that no human or environment gets affected. Figure 2 shows the gaseous waste management in Narora
Power Plant [5]. Liquid waste is first sampled, monitored
and then pumped for treatment according to the activity
content. The liquid waste is first categorised into four
according to its activity level: Potentially active waste
(e.g. shower and laundry), active non-chemical waste
(e.g. service area floor drains, lab washes, rinses etc.),
tritiated waste (e.g. reactor and D2 O upgrading plant)
and active chemical waste (e.g. laboratory solutions and
decontamination). Figure 3 shows the treatment of these

Figure 3. Liquid waste management in Narora Nuclear Power Plant.

12

Page 4 of 7

Pramana – J. Phys.

(2021) 95:12

Figure 4. Solid waste management in Narora Nuclear Power Plant.

four categories of liquid waste. Basic techniques applied
are chemical co-precipitation, fluctuation and sedimentation. After applying these techniques, a sludge blanket
type classifier is used to separate the precipitated solid
and liquid. From this process very finely suspended
radioactive particles also get filtered and a high decontamination factor of the order of 90–100 is obtained.
After this the waste is discharged through canals.
Solid wastes from nuclear power plants are classified into categories I, II and III on the basis of surface
dose. All these categories are treated as shown in figure 4. Category I type of waste originates from reactors
and it consists of protective clothing, contaminated
metal parts, cleaning materials like cotton, wood and
paper. These are divided into three parts: combustible
waste, non-combustible waste and compactable waste.
Combustible waste is burnt at 850◦ C to 1000◦ C to obtain
high volume reduction factor of the order of 35 to 40 and
after immobilisation, a final volume reduction factor of
18 to 20 is achieved. Non-combustible waste and compactable waste are solidified and the metallic items are
embedded in the cement.
Solid wastes of categories II and III originate from
water purification system and contain filter cartridge and
ion exchange resins. The filter cartridges and metallic
components are incorporated in cement and vermiculite.
The spent resins are put into polymer matrix to get better
isolation from the biosphere. Spent resins contain most
of the activity generated in the form of solid wastes and
hence needs to be managed very carefully. After this all
the waste materials which have activity more than 0.03

mGy/h to 0.5 Gy/h are disposed to reinforced cement
and concrete (RCC) vaults. These vaults are 4 m ×
4 m × 2 m concrete with 0.125 m wall thickness. After
putting the waste into this, the vaults are closed with top
RCC covers and sealed with cement.

4. Geant4 simulation of the solid waste container
In this work, the Geant4 Monte Carlo simulation has
been used to simulate the nuclear fuel cask and path
of muon through it is worked out. Geant4 has been
designed and developed by the high energy physics
community for tracking subatomic particles and their
interactions with matter. Figure 5 shows the dry cask
that has been simulated in Geant4 [6].
Dry cask models consist of vertically oriented thick
shield of 700 mm height with 50 mm inner radius and 60
mm outer radius. This cask is loaded with 25 UO2 fuel
rods. The dry cask has concrete (density = 2.3 g/cm3 )
walls. Fuel assemblies are cylindrical with 21 mm radius
and 700 mm height. Canister structure and top water
proofing are neglected because of their very large size.
Fuel cladding is also neglected as it does not affect the
muons due to the very small thickness. Figure 5 shows
the fully loaded dry casks. For the muon detection with
scattering, two plastic scintillation detectors have been
placed on two opposite sides of the cask. The detectors used in this work are 1 cm thick and can record
muon position (the detector thickness has been set as
1 cm because this thickness is enough for observing
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in it muon goes straight throughout the cask. Radiation length decreases with increase in material density,
and so at higher density, scattering angle will be larger.
It shows that a partially loaded container would give a
smaller scattering angle and a fully loaded cask will give
larger scattering angle.

5. Preliminary studies of muon interactions with
nuclear waste containers

Figure 5. Dry cask simulated in Geant4.

a muon. In a scintillator, muon deposit 2 MeV/cm and
so this is the minimum thickness required) and direction
(muon being a highly penetrating particle can go through
both the detectors without getting deflected from its
path and so one detector is used to note the entering
position and the other is used for pointing its exiting
position. By connecting both the positions with a simple
straight line we can estimate the direction of the muon).
Although the energy resolution of plastic scintillator is
very poor, primary cosmic rays generate secondary cosmic ray particles which move with relativistic speed (ns)
and response time of the plastic scintillator is in ns. For
this reason, plastic scintillators are used in cosmic ray
experiment. In this simulation, only muon has been incident on the detector and other secondaries have been
neglected.
The muon source was initiated at a distance of 2 cm
from the first detector, which records the position of
each muon before interacting with the dry cask. The
muons then pass through the thick concrete wall and
UO2 rods, exit through the other layer of concrete, hitting and interacting with the second plane of detectors.
The final positions are recorded on the second plane of
the detector. Only muons that pass through both detectors will be recorded. This information is then processed
using imaging algorithms. A muon beam is passed from
z direction and scattering patterns have been observed.
Five cases has been considered for this simulation: (1)
when the cask does not have any rods in it, (2) when the
cask has only 8 rods in it, (3) when the cask has 15 rods
in it, (4) when the cask has 20 rods in it and (5) when
the cask is fully loaded, i.e. all 25 rods.
From figure 6, it can be observed that maximum number of muons get scattered when the cask is fully loaded,
i.e. large scattering is seen and when there is no rods

The way muons interact with matter is the main reason for using it for identifying certain materials. Muon
will stop when enough amount of energy is lost. Muons
are also diverted from their path as they pass by the
atomic nuclei, which is called multiple Coulomb scattering. Both these interactions are to be understood in
more detail to show how they are relevant to muon
tomography. They undergo collisions with electrons and
nuclei present in the container, thus lose energy and
scatter from their path. These energy loss mechanisms
can be categorised into electronic interactions, nuclear
collisions and radiation emission. The electronic interactions lose energy successively, with small deflections
in the path. The nuclear collisions lose energy in quantum nature with huge change in the path. Finally, the
electromagnetic interaction energy loss is large for high
particle energy but nuclear interaction energy loss is
large for low particle energies. The other parameter for
energy loss in each collision depends on energy, mass
of the incident particle and the material governed by
Bethe–Bloch equation. Tmax is the maximum energy
loss during a single collision of muon with matter (electron). Cosmic ray muons have great penetrating ability,
i.e. it can easily penetrate large and dense objects. Due to
this reason, muons are used to obtain density profiles of
large, dense objects and to identify the location of highZ objects in a low-Z background. The theory of muon
energy loss, radiation length and multiple scattering is
presented and calculated in this paper.
5.1 Muon interactions with matter
When muon travels through matter it causes a large number of ionisations and excitation of the atoms along its
path. A muon during its travel collides with a large number of nuclei and electrons of that medium resulting in
loss of energy and change in its direction. The collision is a random process, i.e. each muon will not suffer
the same energy loss. For low energy, nuclear collision
energy loss dominates whereas for high energy, electromagnetic energy loss dominates. This loss depends
on the energy, mass of the particle and characteristics of
the material. Muons are very energetic charged particles
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Figure 6. Muon scattering by varying the number of rods inside the cask.
Table 1. Energy loss, radiation length and scattering angle for 3 GeV muons after travelling
through 10 cm of the materials.
Calculated values

Reference values

Material

E loss (MeV/c)

X 0 (cm)

σθ (mrad)

E loss (MeV/c)

X 0 (cm)

Simulation

Concrete
Iron
Lead
Uranium

3.64
13.65
17.98
27.56

10.91
1.52
0.43
0.21

4.17
10.44
18.07
23.75

4.46
14.22
18.55
28.9

11.55
1.76
0.56
0.32

4.06
11.1
20.5
27.9

which slow down mainly due to Coulombic interactions.
The energy loss is calculated by the Bethe–Bloch formula which includes corrections for relativistic particles
and is given by [6]
Z 1
dE
= 4π NA re2 m e c2 z 2
−
dx
A β2


1 2m e c2 β 2 γ 2 Tmax
δ
2
ln
, (1)
×
−β −
2
I2
2
where NA , re , m e , I , β, δ, Tmax , z, Z , A, are Avogadro’s
number, Bohr radius, electron mass, mean excitation

potential of the atom, the ratio of the muon velocity
to the speed of light, correction term for the density
effect, maximum energy loss in a single collision with
an electron, incoming particle charge, atomic and mass
number of the medium, respectively.
One important fact about the muon is that the muons
with energies <2 GeV will not be able to penetrate and
so the minimum energy has been taken as 3 GeV. When
a muon passes through an object which has sufficiently
large thickness, it can lose all its energy and can stop
within the medium.
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Table 2. Energy loss and scattering angle for different
energies of muon in concrete.
Energy (GeV)

Energy loss (MeV/c)

σθ (mrad)

3.65
4.17
4.68
5.01

3.13
2.09
1.56
1.25

4
6
8
10

Radiation length is the average distance required for an
electron to lose 1/e of its energy and measured in cm.
In this work, the radiation length is calculated using
(2)

where α is the fine structure constant and
L rad = ln(184.15Z −1/3 )
L rad = ln(1194Z −2/3 )

Radiation length does not depend upon the energy of
the incident particle and so it remains the same for any
given energy.
6. Conclusion

5.2 Radiation length


1
NA  2
Z (L rad − f (Z )) + Z L rad ,
= 4αre2
X0
A

12

(3)
(4)

and f (Z ) is a finite sum.
5.3 Multiple Coulomb scattering
Multiple scattering of muons through the material is
mainly because of the Coulomb scattering from the
nuclei. The distribution of the scattering angles of muons
passing through a target with charge number Z is approximately Gaussian with a mean of zero and a width given
by


 
x
13.6 MeV x
1 − 0.038 ln
,
(5)
σθ =
βcp
X0
X0
where βcp is the product of speed and momentum of the
muons, x is the material thickness and X 0 is the radiation
length [1].
These three parameters are calculated and compared
with other data for muon of energy 3 GeV. The calculated values and the reference data are shown in table 1.
After validating the data, the values have been calculated for higher energies of muon in concrete as shown
in table 2.

It is not possible to look for all possible scenarios to
identify nuclear waste. Muon tomography seems to
be the best solution for characterising nuclear waste.
We have given an example to measure the amount
of waste by focussing on the Narora Nuclear Power
Plant, as it is one of the biggest stations in India.
This paper describes how the gaseous, liquid and solid
waste are managed in Narora and further simulation
has been done to show the characteristics of muon on
passing through dense and radioactive materials. Analytical results have been given to explain the energy loss
and multiple scattering of muon for different energy.
Radiation length of muon has also been calculated
for different types of materials. From these studies, it
was observed and concluded that muon tomography
is a workable and safe method for examining cargo.
It holds much potential for treating the nuclear material in dry storage container. Monte Carlo simulation
software is a powerful tool to study real-life problems.
The applications of Geant4 in medical physics have
also been studied with emphasis on mixed ion beam
therapy.
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