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For the non-destructive characterization of nuclear waste, muon scattering tomography techniques can
be used to image the contents of a concrete-filled steel drum to verify the presence of nuclear materials.
The purpose of this study was to compare two possible detector schemes in terms of their performance
in localizing nuclear materials. One of the detector schemes consists of two horizontal muon trackers
placed above and below the nuclear waste container. Another detector scheme consists of a horizontal
upper and a lower tracker and two vertical side trackers. It is expected that side trackers may improve
the accuracy of the vertical coordinate determination. For quantitative analysis of detector performance,
we have used ROOT CERN tools to perform automated analysis of muon scattering tomography data
for detection of dense objects of high-Z materials inside concrete-filled waste drums. GEANT4 toolkit
combined with cosmic-ray shower generator was applied to simulate the transport and interactions of
muons. Analyzing the simulated data, it was found that due to the loss of energy by muons during
ionization processes in the concrete matrix, their spectrum becomes softer, the probability of multiple
Coulomb scattering increases, and, accordingly, the muon scattering angles increase. This effect resulted
in a point-of-closest-approach signal from the 5 cm tungsten cube placed at the bottom of a nuclear
waste container stronger than the signal from the cube at the top. The coordinates (x, y, z) of lead and
tungsten cubes were successfully localized in a one-hour measurement time with an accuracy of several
millimeters for both detector geometries, indicating that both schemes are compatible.
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1. Introduction

Muon tomography (MT) is a rapidly devel-
oping new field of science that finds more and
more industrial applications, in particular for non-
destructively assaying nuclear waste packages [1–5].
It is important to determine the contents of sealed
nuclear waste packages before disposal. Therefore
there is currently a growing need for novel tech-
niques that could be used to characterize condi-
tioned nuclear waste for the presence of nuclear ma-
terials to optimize disposal options.

Muon tomography is a technique that uses cosmic
ray muons to scan complex objects. Since muons are
highly penetrating and naturally abundant, they
offer a unique solution for scanning large dense
objects. The most important feature of MT it is
uses natural cosmic rays which are harmless, avoid-
ing utilizing hazardous high-energy gamma rays,
X-rays, or neutrons, which are used by other scan-
ning techniques. Therefore, MT does not require
any artificial radiation source.

Muons are the secondary particles that come from
the extensive atmosphere shower of high-energy cos-
mic rays from space, mainly protons with a flux of
about ≈ 10000/m2/min. The distribution of zenith

angle θ is known to follow a cosine-squared law,
such that I(θ) = I0 cos

2(θ). Muons undergo multi-
ple Coulomb scattering in matter, where scattering
angle distribution is approximately Gaussian [6, 7]
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and the width of the distribution depends on mate-
rial and muon properties as
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where β is the ratio between the velocity of muon
V and the velocity of light c; p is the momentum
of the muon; X0 is the radiation length of the ma-
terial; L is the length of the material traversed. It
should be noted that X0 is a material property and
depends on the density of the material ρ [g/cm2],
the atomic mass A, and the atomic number Z, and
it can be expressed as

X0 =
716.4 g/cm2

ρ

A

Z (Z + 1) ln
(

287√
Z

) . (3)

From (2) and (3), one can see that the width of
scattering angle distribution inversely depends on
the material radiation length, which is dependent

391

http://doi.org/10.12693/APhysPolA.142.391
mailto:anzori.heorhadze@ut.ee


A. Georgadze

Fig. 1. The reconstructed images of nuclear waste
drum (taken from [1]).

Fig. 2. Illustration of the simulation geometry of
two tracking detectors reproduced in GEANT4.

on the atomic number of the material and material
density. For materials with higher atomic numbers
Z (high-Z), muons will scatter with larger scatter-
ing angles. It is therefore possible to characterize
the density profile of a large object by measuring
muon directions before and after passing through
the target object. Besides, scattering angle distri-
bution also inversely depends on muon momentum.
For lower muon momentum, larger scattering an-
gles are produced. Muons, like other charged par-
ticles, lose energy due to ionization as they tra-
verse dense materials. Being minimum ionization
particles, they deposit minimal energy while passing
through matter. The scattering angle between the
exiting muon track and the incoming muon track
can be determined using particle tracking detectors.
When developing a tracking detector for muon to-
mography, it is important to ensure collection of
muon tracks from all directions to obtain high qual-
ity three-dimensional (3D) image of the target ob-
ject. Due to the cosine dependence (cos2(θ)), the
vertical muon flux is several times greater than that
of inclined muons with large zenith angles. The lack
of the inclined muons, depending on the detector
scheme, may result in the smearing effect on the
reconstructed image along the z-axis due to the un-
certainty caused by the low statistics of near hori-
zontal muon tracks, which give information on the
distribution of density and high-Z material in the
target object (see Fig. 1).

In this work, Monte Carlo simulations were used
to compare the performance of two muon tomog-
raphy detector schemes that are being developed
to reduce the smearing effect shown in Fig. 1
and to improve the accuracy of reconstruction of
the z-coordinate of high-Z material objects inside

Fig. 3. Illustration of the simulation geometry of
four tracking detectors reproduced in GEANT4.

Fig. 4. Illustration of lead and tungsten target lo-
cations inside concrete-filled waste drum.

a nuclear waste drum. To quantify the parameters
of two detector schemes, we compared the localiza-
tion accuracy of two 5 cm cubes of lead and tung-
sten inside the waste drum that each of the detec-
tors can achieve. GEANT4 toolkit combined with
cosmic-ray shower generator was applied to simu-
late the transport and interactions of muons. We
have used the ROOT tools to reconstruct the posi-
tions of lead and tungsten cubes. To remove noise
from a concrete matrix, a clustering algorithm was
implemented in the ROOT script.

2. Geometry description and detector layout

The geometry of the muon tomography system
was modeled using the GEANT4 simulation pack-
age [8]. One of the detector schemes consists of two
muon tracking detectors. Each tracking detector
consists of two planes of scintillation detectors with
a size of 1.5×1.5 m2. Tracking detectors are placed
on the top and bottom sides of the nuclear waste
container (1st detector scheme), as shown in Fig. 2.
The distance between the top and bottom trackers
is 80 cm. Another geometry is a closed type scheme,
when muon trackers surround the container from
four sides (2nd detector scheme), as shown in Fig. 3.
The size of the outer detection plane is 1.5×0.9 m2,
and the inner plane is 1.5 × 0.7 m2. The distance
between the horizontal and vertical muon trackers
70 cm.

The x- and y-axes are defined as parallel to the
ground, while the z-axis is defined as parallel to
the normal (see Fig. 4). The distance between the
pair of tracking detectors is 10 cm. The top pair
of tracking detectors measures the incoming muon
track, and the bottom detectors measure the track
of outgoing muon.
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The simulated concrete-filled drum has a 2.5 cm
thick steel wall, an external diameter of 57.4 cm,
and a height of 96 cm, and the inner part filled
with concrete is 88 cm in height and an internal
diameter of 52.4 cm [1]. Inside the waste drum, two
target materials were placed, namely a cube of lead
with a side length of 5 cm (density 11.35 g/cm3) at
the position (−20 cm, 0, 0) and a cube of tungsten
with a side length of 5 cm (density 19.3 g/cm3) at
the position (20 cm, 0, 0) (Fig. 4).

3. Simulation of data samples
and muon reconstruction

Simulated data samples are produced using the
cosmic ray shower library (CRY) [9], which gener-
ates cosmic-ray particle shower distributions with
accurate energy and angular distributions of cos-
mic rays at sea level. The generator is interfaced
with a standard GEANT4 package. The cosmic
ray muons were generated from a planar surface of
a 10 × 10 m2 area placed above the waste drum.
The following formula was used to calculate the
scattering angle between two tracks — θscatt =
arccos(vin · vout). The reconstruction of the muon
scattering processes was done using the point-of-
closest-approach algorithm (PoCA) [10], from which
a spatial tree-dimensional distribution of the scat-
tering centers is derived, with a weight propor-
tional to the scattering angle. The PoCA algo-
rithm searches for the geometrical point of closest
approach between the incoming vin and outcom-
ing vout reconstructed track directions with respect
to the waste drum. Generated data samples for
both detector geometries were produced by prop-
agating 60 million muons at sea level, correspond-
ing to a scanning time of approximately 60 min.
For feather analysis only PoCA entries with scatter-
ing angles higher than 17 mrad (≈ 1◦) were consid-
ered. This threshold was chosen to allow clear iden-
tification of the target objects. We reconstruct the
PoCA points with hit positions in the tracking de-
tector smeared simultaneously in x and y directions
by Gaussian with a resolution σ of 0.1 mm. Such
a resolution corresponds to the detector scheme
based on a multiple layer scintillating plastic fiber
array as position sensitive detector. The prototype
based on such a scheme was constructed [11], and
a spatial resolution of 0.15 mm was reached with
a double layer array of 1 mm diameter scintillating
fibers. Another prototype scintillating-fiber detec-
tor system for characterizing encapsulated nuclear
waste using cosmic-ray muon tomography has been
developed at the University of Glasgow [5].

4. Results and discussion

Upon image reconstruction performed for each
data sample, to increase the signal-to-noise ratio
and significance of the PoCA signal, the total tree-
dimensional PoCA distribution was split into slices

Fig. 5. (a) POCA cloud in 3D view, (b) zy slices
at coordinates x = −20 cm and x = 20 cm, (c) zx
slice, (d) xy slice.

along the x-, y-, and z-axes as shown in Fig. 5). The
thickness of the slices can be varied to localize high-
Z objects of different sizes. To automate the recon-
structed PoCA distributions, the three-dimensional
(3D) PoCA were projected onto two-dimensional
(2D) maps that are easy to analyze using the tools
of the ROOT data analysis package [12]. At 2D
maps, an increase in the average value of the scat-
tering angle and PoCA density is expected within
the small region where a high-Z material is located.
Such an increase can be detected using a 2D peak
finder implemented in the ROOT tool. Once anoma-
lies in PoCA density are detected, 2D maps can be
projected onto one-dimensional (1D) PoCA spec-
tra, which can be processed using the ROOT tool,
which allows finding and fitting peaks in the his-
togram. Found and fitted, the spectrum peaks allow
getting information on peak positions and areas. It
is also possible to fit 2D maps with a 2D Gaussian
function, but we have found that fitting a 1D distri-
bution is faster and easier. As expected, anomalies
in PoCA density were found in two vertical zy slices
around positions x = −20 cm, containing the lead
cube, and x = 20 cm (Fig. 5b), which has the tung-
sten cube, and in vertical zx slice (Fig. 5c) around
position y = 0 cm, and horizontal slice xy (Fig. 5d)
around position z = 0 cm.

In Figs. 6 and 7, we compare qualitatively 2D pro-
jections of reconstructed PoCA images for 1st and
2nd detector schemes. In both figures, bright yel-
low anomalies correspond to the PoCA signals from
lead and tungsten targets. An important feature of
these plots is that lead and targets for both detec-
tor schemes are well localized in the z direction,
and there is no such smearing as in Fig. 1b. This
means that both detector geometries supply enough
side highly inclined tracks. This means that both
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Fig. 6. 2D projections of reconstructed PoCA im-
age for 1st detector scheme.

Fig. 7. 2D projections of reconstructed PoCA im-
age for 2nd detector scheme.

Fig. 8. Reconstructed PoCA images and their 2D and 1D projections after cluster algorithm filtering.

detector geometries provide a sufficient number of
highly inclined tracks to perform full 3D target ob-
ject localization. This is a result of selected detector
geometry, which uses in muon tracker thin plastic
scintillator planes with a small distance of 10 cm
between them. This allows obtaining a wide detec-
tor aperture angle ≈ 120◦, providing a good accep-
tance of the detector to inclined muons. Besides,
one can see that qualitatively 2D maps for both
detector geometries are very similar, which means
that the performance of both detector schemes in
the reconstruction of x-, y-, and z-coordinates are
compatible.

To remove noise from a concrete matrix, we ap-
plied a clustering algorithm. Cluster analysis is
a data analysis technique that allows the selection

of homogeneous regions in the reconstructed PoCA
distribution. The applied algorithm that groups to-
gether neighboring voxels according to the prin-
ciple of signal in a cell, is significant compared
to the background noise threshold T . After apply-
ing the clustering algorithm, almost all the back-
ground from the concrete matrix was removed. Re-
constructed images are shown in Fig. 8. However, as
is clearly seen in Fig. 8b, some background halo re-
mains and cannot be removed using cluster filtering
without affecting the signal.

In the next step, we combined all zy, zx, and xy
slices to limit the areas where high-Z targets are
located. As a result of the intersection of 3D slices,
two cubic regions are cut out from the total 3D
PoCA cloud (see Fig. 9).
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Fig. 9. PoCA image after combining all slices.

Fig. 10. 2D zy projection of selected PoCA region
at position x = −20 cm (see text for details).

Figure 10 shows the two-dimensional zy projec-
tion of the selected cubic region of the PoCA cloud
at position x = −20 cm along with its 1D projec-
tions. In Fig. 10b, the one-dimensional projection on
the y-axis shows a clear distribution in the form of
a peak, which is approximated by a Gaussian func-
tion. The peak centroid position, µ, corresponds to
the lead target y-coordinate with the standard devi-
ation, σ, representing the position uncertainty. The
area of the fitted peak distribution corresponds to
the PoCA signal with a weight proportional to scat-
tering angle θ and characterizes the density and Z
value of the target material. In Fig. 10c, the 1D pro-
jection on the z-axis fitted with the Gaussian func-
tion is shown. The mean of Gaussian corresponds
to the z-coordinate of the lead target.

In Fig. 11, the two-dimensional zy projection of
a selected cubic region of the PoCA cloud at the
position x = 20 cm and its 1D projections are plot-
ted. The mean values of Gaussian fits of 1D projec-
tions on the y- and z-axes correspond to the y- and
z-coordinates of the tungsten target, respectively.

Fig. 11. 2D zy projection of selected PoCA region
at position x = 20 cm.

Fig. 12. 2D zx projection of selected PoCA
regions.

Fig. 13. 2D xy projection of selected PoCA re-
gions.

The area of the fitted peak distribution, correspond-
ing to the PoCA signal weighted with the scattering
angle, characterizes the density and the Z value of
the target material.

Figure 12 shows the two-dimensional zx projec-
tion of a selected cubic region of the PoCA cloud
and its 1D projection on the x-axis. Two distribu-
tions in the form of a peak are localized around
positions x = −20 cm and x = 20 cm and are
well fitted with the Gaussian function. This pro-
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Fig. 14. Distributions of accumulated peak areas
for lead (blue line) and tungsten (red line) plotted
for 1s detector scheme (a) and 2nd one (b) repre-
senting discrimination efficiency.

TABLE I

Reconstructed coordinates of lead and tungsten
targets.

x [mm] y [mm] z [mm]
Lead

1st scheme −199± 5 −0.2± 4.2 −9.8± 4.1

2nd scheme −199± 3 0.13± 2.1 −2.7± 2.2

Tungsten
1st scheme 199± 3 0.2± 3.6 −10.3± 3.8

2nd scheme 200± 2 0.1± 1.9 −2.9± 2.3

jection corresponds to a side view of the cylindrical
drum surface. Figure 13 plots the two-dimensional
xy projection of selected cubic region and its 1D
projection on the x-axis. Two distributions in the
form of a peak are localized, as expected, around
positions x = −20 cm and x = 20 cm and well
fitted with the Gaussian function. This projection
correspond to a the top view of the cylindrical drum
surface.

Such a data analysis procedure was performed for
all data samples for both detector schemes. By ana-
lyzing all the simulated data samples in the follow-
ing way, the mean values of the Gaussian fits and
their area were saved for further analysis. By plot-
ting the accumulated data of Gaussian mean values
on a histogram, we obtain the distribution of re-
constructed positions of lead and tungsten targets
for all data samples. The obtained distributions of
centroid positions for each coordinate axis for both
detector geometries were fitted with the Gaussian
function (Figs. 14 and 15). The peak centroid posi-
tion, µ, corresponds to the location coordinates of
lead and tungsten targets, with the standard devi-
ation, σ, representing the position uncertainty. Re-
constructed coordinate values µ±σ for both detec-
tor geometries are summarized in Table I.

Ability to characterize materials of detected tar-
gets was evaluated. As one can see in Figs. 12
and 13, the PoCA signal at location −20 cm corre-
sponding to the lead target is weaker the than signal
at position 20 cm, which belongs to tungsten. Accu-
mulated peak areas calculated for all data samples

Fig. 15. Gaussian mean values of positions of lead
and tungsten targets of all data samples for 1st de-
tector scheme.

are plotted in Fig. 16. For both detector schemes,
peak area distributions are almost fully separated,
but a longer measurement time is needed for more
reliable material discrimination.

As was mentioned before, some background halo
remains and cannot be removed using cluster fil-
tering Fig. 8b. In our opinion, this effect can be
explained by the increased probability of multiple
Coulomb scattering of muons due to the softening
of the muon spectrum during the passage of muons
through the concrete matrix of the drum. As a re-
sult, the number of reconstructed PoCA points and
their scattering angles increases to the bottom of
the waste drum. As follows from (2), the distri-
bution of scattering angles of muons is inversely
proportional to their momentum. For a smaller
muon momentum, large scattering angles are cre-
ated. Muons, like other charged particles, lose en-
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Fig. 16. Gaussian mean values of positions of lead
and tungsten targets of all data samples for 2nd
detector scheme.

ergy due to ionization as they pass through dense
materials. Being particles with minimal ionization,
they deposit roughly dE/dx ≈ 2 MeV/g/cm2 when
passing through matter. To test this assumption, we
simulated a waste drum filled only with a concrete
matrix for 10 h of measurement and selected two
20 cm cube-shaped areas from the 3D PoCA cloud,
one near the top of the drum and the other at the
bottom (see Fig. 17). The distributions of scattering
angles for the upper (blue line) and lower (red line)
selected areas are plotted in Fig. 18. The distribu-
tions of muon energies for the upper (blue line) and
lower (red line) selected areas scaled to the same
number of events is plotted in Fig. 19. One can see
an excess of low energy muons in the range 0–1 GeV.
The presented data confirm the hypothesis of an in-
crease in the angle of scattering to the bottom of the
drum.

Fig. 17. Illustration of selection of PoCA cube-
shaped areas at top and bottom of waste drum.

Fig. 18. Scattering angles obtained from simu-
lated data for top (blue line) and bottom (red line)
PoCA areas.

Fig. 19. Muon energies for top (blue line) and bot-
tom (red line) PoCA areas.

To further investigate the impact of this effect on
the reconstruction of high-Z objects, we have sim-
ulated two 5 cm tungsten cubes, one of which was
placed on the top of the nuclear waste drum and
the other on the bottom (see Fig. 20a). Figure 20b
and c shows a PoCA reconstruction of two tung-
sten cubes and its projections. As can be clearly
seen on the histogram in Fig. 20d, the PoCA signal
of the tungsten cube in the upper position inside
the drum (z = 200 cm) is much weaker than the
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Fig. 20. (a) Illustration of positioning of two tung-
sten cubes, (b) 3D PoCA reconstruction of two
tungsten cubes, (c) 2D projection, (d) 1D projec-
tion of PoCA signal are drawn.

signal of the other tungsten cube in the lower po-
sition (z = −200 cm). This effect requires further
detailed study by creating data samples with tar-
gets of different sizes and from different materials
in different places inside the drum. This effect must
be taken into account for the correct classification of
high-Z materials depending on their position within
the concrete matrix.

5. Conclusions

The results of evaluating the performance of
two detector schemes developed for muon tomog-
raphy of conditioned nuclear waste are presented.
To quantitatively study the detector parameters,
we apply a simple approach based on PoCA image
reconstruction and the ROOT data analysis pack-
age to analyze the simulated data. This method
allows us to create a container image, remove the
background from the concrete matrix, and localize
a high-Z object inside the waste drum. One can see
from the results shown in Table I that the localized
lead and tungsten targets (x, y, z) coordinates are
in excellent agreement with the known values with
an accuracy better than of 1 cm for both detector
geometries, except z-coordinate. We consider that
this effect is the result of asymmetry of the muon
flux. Muons mostly come from above and rarely in
a horizontal direction, but correct localization along
the z-axis is possible with an angular coverage of 4π
steradians. In addition, it was found that the prob-
ability of multiple Coulomb scattering of muons in
concrete increases towards the bottom of the drum,
so after cluster filtering, there is still a background
under the peak distribution, causing a downward
shift in the center of gravity of distribution and,
accordingly, the mean value of the Gaussian fit.

The results of Monte Carlo simulations and image
reconstruction allow us to conclude that the closed-
type detector scheme with four trackers does not
over-perform the scheme with two muon trackers on
top and bottom of the waste drum. We explain this
compatibility by the fact that the detector scheme
with two trackers provides a wide aperture that al-
lows to reconstruct enough highly inclined muon
tracks to allow good accuracy for the reconstruc-
tion of the z-coordinate. Therefore we can sum-
marize that both detector schemes have compati-
ble performance for high-Z materials detection and
localization.
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