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Abstract—Cosmic-ray tomography has emerged as a new
imaging method, with applications in a variety of fields, including
safety and security. The concept of this technique is most
commonly based on the measurement of the transmission or
scattering of muons from cosmic-ray air showers within the
volume of interest. However, during the interaction of these
muons and other air shower particles with the examined objects,
secondary particles are produced, which can also be utilized to
gain information about the material properties of target objects.
This work provides improvements to a reconstruction approach
based solely on secondary particles in the context of shipping
container scanning. The focus of the work is the derivation
of correction factors for reconstructed object properties to
allow a consistent comparison of objects anywhere within the
volume. This is required due to position dependent effects on
the reconstructed density and position of objects resulting from
different detector sensitivities to particular secondary particles.

Index Terms—cosmic-ray, tomography, secondary particle,
shipping container

I. INTRODUCTION

In recent years, cosmic-ray tomography (CRT) has emerged
as a new concept in the field of non-destructive imaging,
with applications in a wide range of fields, like analyzing
the interior of volcanoes or pyramids, as well as scanning
shipping containers for contraband in the port [1-8]. When
high-energy cosmic-rays interact with the nuclei of atoms
in earth’s atmosphere, a cascade of energetic particles forms
reaching down to earth’s surface. This cascade is called an air
shower and at sea level consists mainly of muons, photons and
neutrinos, in smaller fractions also protons, neutrons, electrons
and pions [9-12]. Muons from air showers are an ideal and
natural source of radiation, which can be used for imaging
purposes, as they provide a high material penetration depth
due to their high energy.

CRT is mainly based on two methods: Muon Scattering
Tomography (MST) and Muon Radiography (MR). MST uti-
lizes the interaction of muons with the atoms of the examined
material through Coulomb scattering. The scattering angle is
dependent on specific material properties, such as the atomic
number and the density. Hence, measuring the deflection of
the muon trajectory allows for the reconstruction of objects
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and their properties in the volume of interest [13, 14]. MR is
based on the muon absorption rate, which is also proportional
on the density of the material [15, 16].

Air shower particles passing through matter undergo ad-
ditional physical interactions like bremsstrahlung or muon
capture, which result in energy loss and the production of
additional, so-called secondary particles, mainly photons, elec-
trons and neutrons. The kinematics and production rate of
these particles depends on the material properties [17-25].
This creates a complementary source of information relating
to the properties of the examined volume compared with
measurements obtained from MST or MR. The approach of
utilizing the secondary particle information has been validated
in theory and experiment, mainly by measuring the secondary
particles in coincidence with incoming air shower muons [26-
30]. Previous work by the authors showed the feasibility of
a stand-alone technique for the scanning of containers based
on simulation studies, solely relying on the measurement on
secondary particles including optimal and realistic detection
conditions [31, 32].

This work builds upon the methods presented in [32],
with the aim of providing correction maps for the recon-
structed density and position of the examined objects inside
the container. These corrections are needed, as the location
of the target object in the shipping container impacts the
reconstructed attributes of the object, such as its reconstructed
position and the material density. This effect is a consequence
of the reconstruction method introduced in [31, 32]. For each
detector above, below or to the side of the shipping container,
as well as for each type of secondary particle and for different
particle energies, a single measurement is established. By
subsequently combining individual detector measurements and
utilizing their different sensitivities to the secondary particle
origin and type, a successful discrimination between materials
is possible. However, as the distance from the target object to
each detector varies depending on its location within the con-
tainer, the sensitivity of each measurement varies accordingly.
This results in the reconstruction of biased object attributes
based on the original position of the target object, leading to
inconsistent comparison and discrimination between different
objects and materials. Hence, the combination or comparison
of the results from this approach based on secondary particles
with the measurements from MST or MR additionally require
a correction of the reconstructed properties.



II. SIMULATION SETUP

The analysis is carried out using the GEANT4 Monte Carlo
simulation toolkit [33, 34] for all interactions of particles with
matter. The type and kinematics of all air shower particles are
derived from the precomputed parametrized look-up tables in
the Cosmic-ray Shower Library (CRY) [12] at sea level. The
scanning time is set to 30 minutes, which is equivalent to
around 100 million air showers.

A 1 m? cube made out of lead or water is used as the target
object and located in the middle of a simplified container made
out of stainless steel. The center of the container is also set
as the origin of the coordinate system, with the x-axis along
the width, the y-axis along the length and the z-axis along the
height of the container. A set of three 50 mm thick detector
layers spaced by 10 cm is placed above, below, to the left and
to the right of the container, as visualized in Figure 1. The
material of each detection layer is set to a Vinyltoluene based
plastic scintillator to mimic a realistic detection material. The
detectors form an inspection volume of 3.5 m X 7.0 m x 3.5 m.

Fig. 1. Visualization of the detector and container setup. The blue planes
indicate the detector layers, the colored dots represent the reconstructed
density of the generic object located inside the container. The purple line
represents the trajectory of an air shower particle, the pink lines the path of
produced secondary particles.

The particle energy, the particle type, as well as the point,
where the particle hit the scintillator, are directly inferred
from the GEANT4 simulation at each detector layer, hence
no readout from the scintillator material and no particle
identification is emulated. Only particles originating from the
interior of the examined volume and interacting with all three
scintillator layers of one of the four detector sets are utilized.
The final kinematics of each particle are derived with a least
squares based fit over the three points of interaction with the
detection layers. For simplicity, the detection efficiency is set
to 100 % and perfect spatial resolution is assumed. This can
be justified, as [32] shows that the impact of spatial resolution
on the final reconstruction is reasonably small (< 15 %)
and applying a non-perfect detection efficiency is equivalent
to a proportional reduction in scanning time. In reality, the

detection efficiencies vary between the secondary particle
types and over the energy spectrum. However as shown in [32],
the measurement of the particle type with the lowest detection
efficiency has the biggest impact on the results due to the role
of the different measurements in the reconstruction method
discussed in Section III.

III. RECONSTRUCTION METHOD

The reconstruction of the voxelized volume, the so-called
voxel map, containing the container and its content is based on
the back-tracing of each detected secondary particle (photon,
neutron, electron) on a linear path. Starting from the detected
position at the innermost scintillator layer, each voxel crossed
by the particle trajectory gets marked. The number of crossings
per voxel is representative of certain material properties,
primarily the density and atomic number. The final score
value per voxel is referred to as the density score s,oge;. TO
remove the secondary particle background produced from the
container and detector material, the voxel map of an empty
container is measured with 1 billion air shower events and
subtracted from every test scenario.

Twelve voxel maps corresponding to detector specific mea-
surements defined in Table I and denoted M1-M10 are
created. Each voxel map corresponds to a different detector
position (upper detector, sidewise detector, lower detector),
type of secondary particle (photon, neutron, electron) and
particle energy regime. The differentiation by particle en-
ergy allows the discrimination between the production and
absorption of secondary and air shower particles during the
interactions with the objects inside the container resulting in
an improved determination of the material. More details on
the measurement scheme and its foundation can be found
in [31,32].

TABLE I
DEFINITION OF THE MEASUREMENTS DEFINED BY THE PARTICLE TYPE,
THE PARTICLE ENERGY AND THE DETECTOR POSITION. M2.1 AND M2.2,
AS WELL AS M5.1 AND M 5.2 ARE MUTUALLY EXCLUSIVE.

Photons Neutrons  Electrons
Upper detgctorz M1e, M2.1° M3 _
Production
Upper detector: 5
Absorption M2.2 B -
Sidewise de.tector: M4e, M5.1° M6 3
Production
Sidewise detector:
B _ _
Absorption M5.2
Lower detector:
— ¥ —
Production M8
Lower dete.:ctor: M7 M9S M10
Absorption
> 400 keV, 7 <400keV, 7 <3 MeV, ? >3 MeV

For each material, a unique set of the twelve measurements
is combined by summing the density scores voxel by voxel uti-
lizing the different kinematics of secondary particles originat-
ing from different materials embodied in each map. The voxel
maps included in the combination are based on a manually
derived statistical significance of each measurement to avoid



the inclusion of background noise. During the combination,
a manually chosen minimum density score threshold ¢,,;, is
applied for each voxel map with respect to the maximum
density score S, in the particular map, acting as a filter
to further reduce background noise:

The list of measurements and density score thresholds
used to reconstruct the water and lead cube are given in
Tables II and III. For the reconstruction of the water cube,
M1 and M2.1, as well as M4 and M5.1 are merged into
one measurement to enhance its statistical significance for the
combination.

Svoxel > Smax

TABLE II
MEASUREMENTS AND DENSITY SCORE THRESHOLDS USED IN THE
RECONSTRUCTION OF THE WATER CUBE.

Photons
20 % - -

Neutrons Electrons

Upper detector:
Production
Upper detector:
Absorption
Sidewise detector:
Production
Sidewise detector:
Absorption
Lower detector:
Production
Lower detector:
Absorption

30 % - -

30 % 40 % 40 %

TABLE III
MEASUREMENTS AND DENSITY SCORE THRESHOLDS USED IN THE
RECONSTRUCTION OF THE LEAD CUBE.

Photons
15 %=, -*#

Neutrons Electrons

15 % -

Upper detector:
Production
Upper detector:
Absorption
Sidewise detector:
Production
Sidewise detector:
Absorption
Lower detector:
Production
Lower detector:

Absorption 40 %
> 400 keV, P < 400 keV

25 %, P 25 % -

40 % 50 %

In the last step of the reconstruction, a clustering method
is applied to the voxel map to segment the target object
over the background. The voxel with the combined highest
density score is used as the seed for the clustering algorithm.
Afterwards, the method loops over all surrounding voxel and
incorporates them into the cluster in case of a density score
of minimum 80 % of the mean cluster density score.

IV. CORRECTION MAPS

The reconstructed density score and position of the target
object show a dependency on the original location of the
reconstructed object within the container. The variation of the

density score results from the changing detector acceptances
of each measurement as the score is directly proportional to
the number of secondary particles associated with the recon-
structed object. If, for instance, the target object is located
closer to the doors in the front or back of the container (see
Figure 1), the fraction of secondary particles produced towards
the direction without detector coverage increases resulting in a
lower overall density score towards the extreme values in the
direction of the y-axis. This effect is shown in Figures 2, in
which a lead cube is positioned in the back, center and front
of the container.

The variation of the density score is also dependent on the
selection of the detector positions used in the combination
of the measurements. Most of the secondary particles are
produced in the top volume of the target object, hence the
upper detector is the most sensitive detection position and
therefore the dominant measurement in the combination. As
the cube moves closer to the bottom of the container, the
relevance of the lower detector position should increase.
However, in general a lower number of secondary particles
reach the lower detector due to self-shielding effects reducing
the significance of this measurement in the combination. In
addition, the absorption measurement in the lower detector
position is also less relevant than the measurement from the
upper detector position, as it is only sensitive to the shadow
of the entire object and not to secondary particles produced
in a certain volume resulting in a large spatial resolution of
this measurement along the z-axis. Hence, the reconstructed
density score decreases with growing distance to the upper
detector position, as the chance of a secondary particle getting
absorbed in the air or other intermediate material before
reaching the detector increases.

The reconstructed position of the cube gets impacted in a
similar way. As the upper volume of the object produces the
majority of secondary particles, the reconstructed location of
the object center is shifted towards the upward direction of
the z-axis compared with the true location. The further away
the cube is located from the upper detector position, which is
the most relevant measurement, the more significant this shift
appears, as the spatial uncertainty of this measurement along
the z-axis is rising with increasing distance to the detector.
As described before, the measurements in the lower detector
position are not significant enough to counteract this effect.
Hence, the shift of the reconstructed position of the object
compared to the original location increases the closer the cube
is located towards the bottom of the container.

These and other similar systematic effects on the recon-
structed properties due to the position of the object create
the problem of potentially ambiguous results. Especially the
variation in the density score appears to be a critical issue,
as this could lead to a systematic bias in the material classifi-
cation. This presents a potential problem when considering
a combination with results from MST or MR, as well as
the application of machine learning methods for automatic
material segmentation and classification. Hence, correction
maps for the reconstructed density score and object position
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different positions throughout the volume inside the container
starting with the center location. For each axis of the container,
the minimum and maximum position, as well as the midpoints
between the center and the minimum/maximum are selected.
Furthermore, all positions, where at least two directions are at
their minimum/maximum (e.g. the corners in the container),
are also used to measure the adjustments. For the density score
correction, the score value reconstructed at the center position
is set as the true value, the so-called benchmark, as the density
score can not be retrieved directly from simulation. For all
other 32 positions the correction factor is measured as the
ratio of the score at each location over the benchmark. The
corrections for the reconstructed position are based on the po-
sitional shift between the reconstructed and the true simulated
position of the cube, which is set as the benchmark in this case.
With these measurements, a correction map with five bins for
each axis based on the measurement positions is created for
each reconstructed object property. The intermediate bins, for
which no dedicated measurement was performed, are filled
with manually interpolated corrections as the simulation of
all 125 scenarios was not feasible within a reasonable time
frame. For simplicity, the interpolation is based on symmetric
arguments and the assumption of a linear behavior of the
corrections between the measurement positions.

V. RESULTS

The corrections are validated in two closure tests: First, a
self-closure test is performed using all positions, which were
part of the derivation of the correction maps. This is followed
by a validation test based on five arbitrary positions as shown
in Table IV, which are not part of the self-closure test.

TABLE IV
COORDINATES OF THE ARBITRARY SELECTED POSITIONS USED FOR THE
VALIDATION CLOSURE TEST.

X-Coordinate  Y-Coordinate Z-Coordinate

Position 1 0.44 m -0.13 m -0.36 m
Position 2 0.25 m 0.78 m -0.20 m
Position 3 0.06 m -0.49 m -0.15m
Position 4 0.00 m 1.78 m 0.37 m
Position 5 -0.41 m 1.21 m 0.17 m

=15
-2.0
- 4200

- 4000

Fig. 2. Reconstruction of a 1 m® lead cube located at various positions inside
the container: (top) at the back, (middle) at the center, (bottom) at the front.

need to be measured and validated. As the combination of the
measurements is material dependent, two separate correction
maps, one for the lead cube and one for the water cube, are
required. Since this work serves as a proof-of-principle, only
this small subset of two materials is used.

The corrections for both properties are measured at 33

To asses the performance of the closure tests for the density
score, the standard deviation op of the relative differences
between the density score at the closure test positions d; and
the benchmark score dp is used as the closure metric:

1L 4

0D = 4| = — —1)2 2

D N ;( dp ) (2)

Similarly, the standard deviation op of the absolute dif-

ference between the reconstructed object position p; and the

benchmark position pp is established as the closure metric for
the cube position correction map:




The results of the self-closure test are shown in Table V,
with the outcomes of the validation test in Table VI. Overall,
the application of the correction maps shows a significant
improvement of the metrics for both properties and materials,
varying between around 65-90 % for the self-closure and
around 35-80 % for the validation test. The results after the
adjustments from the self-closure, as well as the validation
test are both at a similar level supporting the general idea
and method introduced in this work. The self-closure metrics
before the correction are significantly worse than the ones in
the validation set. This can be explained by the extremeness
of the positions used in the self-closure compared to the set
of random points in the validation test, as the biggest bias is
usually seen at the maximum/minimum positions inside the
container. This is especially the case for the density score,
as the position at the front/back of the container comes with
the biggest correction due to the acceptance loss, which was
already discussed in the previous section (see Figure 2). The
statistical precision of the results for the water cube is lower
than the statistical precision of the results for the lead cube as
it is reconstructed from a lower number of secondary particles
due to the lower density of the material. This can be seen
in the slightly worse performance of the corrected validation
test results, where statistical variations are more prone to be
visible than in the self-closure results due to the selection of
arbitrary points.

TABLE V
RESULTS OF THE SELF-CLOSURE TEST FOR THE LEAD AND WATER CUBE.
LEAD WATER
oD op oD op
Before 155% 0.13m 138% 0.1lm
correction
After 13% 002m 15% 004m
correction
TABLE VI
RESULTS OF THE VALIDATION TEST FOR THE LEAD AND WATER CUBE.
LEAD WATER
oD op oD op
Before 50 01gm 30% 012m
correction
After 50 004m 19% 007m
correction

Both materials shows similar values for the considered
metrics before the correction supporting the hypothesis that the
biases are likely a result of the reconstruction methodology.
However, as the values are slightly higher for the lead cube
compared to the water cube, the composition of the target
object seems to also play a role. This is also shown in
Table VII, which contains a small systematic test on the effect
of the material density on the performance metrics before
corrections are applied. The same analysis was performed with
an aluminium, vanadium and copper cube to bridge the density
difference between water and lead. The utilized measurements
and density score thresholds used in the reconstruction of these

additional materials are given in Tables VIII, IX and X in the
Appendix. The variations op and op were computed over
the cube positions in the center, as well as at the maximum
and minimum of each axis resulting in only 7 measurement
positions to reduce the necessary computation time for this
study. The density variation shows no clear trend against the
material density, but the values for water and Vanadium are
visible outliers compared to the other three measurements.
However, the position variation shows a dependency against
the density of the cube material with a plateau after reaching
the density of Vanadium. This observation can be explained by
the fact that the majority of secondary particles is produced in
the upper volume of the cube resulting in the positional bias.
This effect gets enhanced for materials with higher density, as
the probability for the production of secondary particles is also
rising with the material density. With increasing density the
absorption of secondary particles inside the object becomes
more significant, counteracting the higher production rate and
hence resulting in the plateau seen for the values of op.

TABLE VII
RESULTS OF THE SYSTEMATIC TEST FOR THE WATER, VANADIUM, COPPER
AND LEAD CUBE.

Water  Aluminium  Vanadium  Copper Lead
op 10.6 % 11.5 % 13.5 % 115 % 11.2 %
op 0.09m 0.12 m 0.15 m 0.15m 0.15m

VI. DISCUSSION

Secondary particles have been proven to be a valuable
complementary approach to muon scattering or radiography
methods. While this work showed that the bias due to the
position of the object can not be neglected, it also provided
a proof-of-principle that a correction against this effect is
feasible. With the correction of the density score and the
reconstructed position for simple cube shapes made out of
water or lead, the results from this stand-alone approach are
no longer ambiguous due to the geometric location inside the
container.

However, the correction method explained and presented
in this work needs further generalisation to be applied as a
tool for a complete secondary particle reconstruction approach.
The corrections show a material dependency, which creates the
need for a correction database for a wider range of material
densities. Future studies could include a more generalized
correction procedure based on machine learning methods to
eliminate this problem. Furthermore, the broad binning of
the correction map is prone to under- or over-correct within
a single bin, especially for bins with large corrections and
steeply rising correction factor behavior between adjacent
bins. This can only be improved by defining a finer grid of
measurement points and enhanced interpolation for the bins
in between, potentially based on a fit with a functional form.

Nonetheless, the approach introduced by the authors in
previous publications together with the studies presented in
this work will lay the foundation for a first combination
of stand-alone secondary particle analysis with MST or MR



results. Similar to the work presented in this paper, these
results obtained from the muon measurements will also be
studied for potential evidence of such geometrical biases,
which are expected to be significantly smaller than the results
shown in this work though. This will allow for the first
time to understand the potential performance enhancement of
such a combined approach. Further steps will also include
machine learning based enhancements of the analysis through
the derivation of improved combination procedures, as well as
object detection and classification algorithms.

APPENDIX
TABLE VIII

MEASUREMENTS AND DENSITY SCORE THRESHOLDS USED IN THE
RECONSTRUCTION OF THE ALUMINIUM CUBE.

Photons  Neutrons Electrons

20 % - -

Upper detector:
Production
Upper detector:
Absorption
Sidewise detector:
Production
Sidewise detector:
Absorption
Lower detector:
Production
Lower detector:
Absorption

30 % - -

30 % 40 % 40 %

TABLE IX
MEASUREMENTS AND DENSITY SCORE THRESHOLDS USED IN THE
RECONSTRUCTION OF THE VANADIUM CUBE.

Photons  Neutrons Electrons

25 % - -

Upper detector:
Production
Upper detector:
Absorption
Sidewise detector:
Production
Sidewise detector:
Absorption
Lower detector:
Production
Lower detector:
Absorption

30 % - -

35 % 40 % 45 %

TABLE X
MEASUREMENTS AND DENSITY SCORE THRESHOLDS USED IN THE
RECONSTRUCTION OF THE COPPER CUBE.

Photons  Neutrons Electrons

30 % - -

Upper detector:
Production
Upper detector:
Absorption
Sidewise detector:
Production
Sidewise detector:
Absorption
Lower detector:
Production
Lower detector:
Absorption

30 % - -

35 % 40 % 45 %
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