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Abstract
The muon radiography imaging technique for high-atomic-number objects (Z)
and large-volume objects via muon transmission imaging and muon multiple
scattering imaging remains a popular topic in the field of radiation detection
imaging. However, few imaging studies have been reported on low and medium
Z objects at the centimeter scale. This paper presents an imaging system that
consists of three layers of a position-sensitive detector and four plastic scintilla-
tion detectors. It acquires data by coincidence detection technique of cosmic-ray
muon and its secondary particles. A 3D imaging algorithm based on the density
of the coinciding muon trajectory was developed, and 4D imaging that takes
the atomic number dimension into account by considering the secondary par-
ticle ratio information was achieved. The resultant reconstructed 3D images
could distinguish between a series of cubes with 5-mm side lengths and 2-mm
intervals. If the imaging time is more than 20 days, this method can distinguish
intervals with a width of 1 mm. The 4D images can specify target objects with
low, medium, and high Z values.
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Abstract: Muon radiography imaging techniques for high-atomic-number (Z)
and large-volume objects via muon transmission imaging and muon multiple
scattering imaging remain active research areas in radiation detection imag-
ing. However, few imaging studies have focused on low- and medium-Z objects
at the centimeter scale. This paper presents an imaging system consisting of
three layers of position-sensitive detectors and four plastic scintillation detectors
that acquires data through coincidence detection of cosmic-ray muons and their
secondary particles. A 3D imaging algorithm based on the density of coincid-
ing muon trajectories was developed, and 4D imaging that incorporates atomic
number information by analyzing secondary particle ratios was achieved. The
reconstructed 3D images can distinguish between cubes with 5-mm side lengths
and 2-mm intervals. With imaging times exceeding 20 days, this method can
resolve intervals as small as 1 mm. The 4D images can identify target objects
with low, medium, and high Z values.

Keywords: Image reconstruction, Monte Carlo simulation, Non-destructive
detection

1. Introduction
In 1936, cosmic-ray muons were first discovered in an electromagnetic field [?].
Muons are particles produced when high-energy cosmic rays interact with at-
mospheric atoms through cascade showers. With a mass of 105.7 MeV/c2—
207 times that of an electron—and a lifetime of approximately 2.2 microseconds,
muons reach Earth’s surface with average energies of 3–4 GeV (maximum en-
ergies reaching the TeV scale) at a flux of approximately 1 cm−2min−1. Their
angular distribution follows a cos2� dependence, where � is the zenith angle [?].
Cosmic-ray muons lose kinetic energy primarily through Coulomb scattering, a
process described by the Bethe-Bloch formula [?]. Beyond natural cosmic-ray
muon sources, the development of artificial muon sources represents another
important research direction [?].

Cosmic-ray muons possess the unique advantages of high penetration capabil-
ity and non-destructive nature, making them valuable for imaging applications.
Current muon imaging technologies fall into two categories: muon multiple scat-
tering imaging and muon transmission imaging. Muon multiple scattering imag-
ing was first applied in 2003 to detect high-Z objects over short time periods by
analyzing muon scattering angles using the point of closest approach (POCA)
algorithm [?]. This technology has since been primarily used for imaging high-Z
materials. The CRIPT system—a large-area muon detector based on scintillators
and wavelength-shifting fibers—was constructed to detect potential uranium or
plutonium materials in containers [?, ?]. Following the Fukushima nuclear acci-
dent, muon scattering imaging was employed to visualize nuclear debris inside
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reactor cores [?], and the technique has also been applied to material identifica-
tion [?].

Muon transmission imaging reconstructs target objects by analyzing changes
in muon flux after penetration, typically for large-volume structures and nat-
ural formations. In 1970, hidden chambers in pyramids were discovered using
this technique [?]. Subsequent applications include volcano monitoring [?], bulk
cargo ship imaging [?], and lunar shadow observations [?]. In 2017, researchers
published a study imaging a large void in Khufu’s Pyramid [?], and signif-
icant progress was made in China in 2020 when a research team completed
muon transmission imaging of the Changshu Underground Trench [?]. Various
position-sensitive detectors have been designed for different applications. For
large-volume targets like volcanoes and pyramids, scintillation detectors with
large sensitive areas (exceeding 1000 mm × 1000 mm) but relatively coarse
position resolution (worse than 10 mm) are commonly used [?]. For high-Z ma-
terial imaging, gas detectors with superior position resolution (better than 0.5
mm) have been developed, including Micromegas detectors achieving 0.075 mm
resolution [?].

Both muon transmission and multiple scattering imaging reconstruct images
based on changes in muon trajectory or flux after penetrating target objects,
making them most suitable for high-Z and large-volume applications. However,
secondary particles produced by muons also carry information about the tar-
get. If this information can be fully utilized, additional object characteristics
could be observed in a single measurement. The Muon Camera (MUCA) was
designed based on secondary particle information and used for imaging bovine
bones [?], compensating for limitations in imaging low- and medium-Z objects.
Nevertheless, the information carried by secondary particles warrants further
exploration for muon imaging applications.

This work proposes and designs a new imaging system based on muon and
secondary particle detection techniques. The system comprises three layers of
position-sensitive detectors and four fast-timing plastic scintillation detectors
with a total volume of 0.125 m3, combining high position resolution with rapid
response capabilities. Position-sensitive detectors determine incident muon tra-
jectories, while plastic scintillators measure secondary particles. An algorithm
for 3D imaging based on coinciding muon trajectory density was developed, with
atomic number resolution achieved through secondary particle information, en-
abling 4D imaging.

2. Secondary Particle Production and Performance
This section investigates the physical processes, energy spectra, and polar angle
distributions of secondary particles. Secondary particles include gamma rays,
electrons, and a few positrons. Since positron yields are several orders of magni-
tude lower than other particles, only secondary electrons and gamma rays were
considered.
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2.1.1 Detector System Geometry

Simulations were performed using GEANT4.10.6p-03, with the generic model vi-
sualized through the Geant4 OpenGL interface (Figure 1). The detector system
consists of two modules. The muon trajectory detector module comprises three
layers of position-sensitive detectors that obtain precise muon hit positions and
reconstruct trajectories. Each detector measures 400 mm × 400 mm × 10 mm,
with 50 mm spacing between the bottom of the top detector and the top of
the bottom detector. Located at the system’s top, these detectors are micro-
filter gaseous detectors. The secondary particle detector module consists of four
EJ200 scintillation detectors in a box-like configuration surrounding the target
object. Designed for large detection coverage, each scintillator measures 500 mm
× 500 mm × 50 mm. Compared to muon multiple scattering imaging systems,
this new system requires only four additional scintillation detectors, making the
two approaches readily compatible. The central white cube represents a 20 mm
× 20 mm × 20 mm target object. When an incident muon penetrates this cube,
secondary particles may be produced and recorded by the secondary particle de-
tector module. Geant4 simulations were developed to study secondary particle
generation and information extraction.

2.1.2 Primary Particles

The G4VUserPrimaryGeneratorAction class in Geant4 defines primary particles.
Muons (�−) were generated with an energy spectrum following the natural dis-
tribution detailed in M. Tanabashi, P.D. Grp, K. Hagiwara et al. [?] (average
energy 3–4 GeV, maximum reaching TeV scale). To simulate cosmic-ray muon
zenith angles, momentum directions were sampled from a cos2� distribution,
with larger polar angles corresponding to fewer incident muons. Initial muon
positions were selected with fixed z-coordinates above the muon trajectory de-
tector module and x- and y-coordinates uniformly distributed between x_{min}
to x_{max} and y_{min} to y_{max}, respectively.

2.1.3 Physics Lists

Physical processes were defined using the G4VModularPhysics class in Geant4,
incorporating four modules: G4DecayPhysics, G4RadioactiveDecayPhysics,
G4EmStandardPhysics, and G4OpticalPhysics.

2.1.4 EventAction

The EventAction class, based on G4UserEventAction, initializes both detector
modules to zero at each event’s start. When secondary particles pass through
scintillation detectors, the secondary particle detector module value is set to 1
and particle information is recorded.
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2.2 Secondary Particles Produced by Muons

Ionization, bremsstrahlung, and pair production constitute the three principal
interaction mechanisms between muons and target objects. Figure 2 shows
muon energy loss through different interactions for an iron target. Ionization
energy loss remains nearly constant with energy and dominates below 570 GeV.
Bremsstrahlung and pair production energy losses increase rapidly with muon
energy, becoming dominant above 570 GeV. For cosmic-ray muons with aver-
age energies of 3–4 GeV, secondary electrons are primarily ionized 𝛿-electrons
and secondary ionization electrons, while secondary gamma rays are produced
through bremsstrahlung from these electrons.

2.3 Secondary Particle Energy Spectra

Figures 3(a) and 3(b) present secondary electron and gamma energy spectra
from Geant4 simulations. The secondary electron energy spectrum shows mini-
mal variation across materials, with counts first increasing then decreasing with
atomic number Z due to competing ionization and self-absorption effects. Con-
sequently, medium-Z targets produce the highest secondary electron yields. For
secondary gamma rays, 𝛿-electrons from muon ionization continue to ionize the
target and undergo bremsstrahlung, concentrating the gamma spectrum peak
below 1 MeV. As Z increases, the peak shifts to higher energies and counts in-
crease due to greater ionization energy loss and weaker gamma self-absorption.
Secondary particle counts vary significantly in the 0.1–100 MeV energy range,
suggesting this region can potentially distinguish target Z values.

2.4 Polar Angle Distribution of Secondary Particles

Figures 3(c) and 3(d) show secondary particle polar angle distributions. To
capture complete angular information, emission angles upon leaving the target
object were recorded rather than scintillator-recorded data. The horizontal
axis represents the angle between secondary particles and the muon trajectory.
Both secondary electrons and gamma rays are most likely emitted along the
muon trajectory direction. For lead and uranium, secondary electrons show
higher probabilities of backward emission compared to other materials, as high-
Z targets cause greater electron deflection. However, atomic number has limited
effect on the overall polar angle distribution.

3. Imaging Algorithm
3.1 Coinciding Muon Trajectory

In Geant4 simulations, an incident muon trajectory is recorded as a coincid-
ing muon trajectory only when both detector modules respond within a short
time window. Since muons and secondary particles travel near light speed, this
window is approximately 1 ns. The EJ200 scintillator for secondary particle
detection provides fast response (0.9 ns rise time, 2.1 ns decay time) and short
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pulse width (FWHM = 2.5 ns) to distinguish secondary particles from back-
ground noise. As secondary particles are generated when muons ionize target
material, coinciding muon trajectories ideally form straight lines penetrating the
target. In realistic experimental environments with air, these trajectories have
high probability of passing through the target object. For low- and medium-Z ob-
jects where muon trajectory changes are minimal, the incident muon trajectory
is assumed to be a straight line. With sufficient coinciding muon trajectories,
target objects can be reconstructed.

3.2 Imaging Algorithm

Regions where numerous coinciding muon trajectories intersect indicate target
object locations. The reconstruction method proceeds as follows (Figure 4):
First, a series of mathematical planes are defined and intersection coordinates
between all coinciding muon trajectories and these planes are calculated (Figure
4(a)). Second, the highest-density intersection region is selected (Figure 4(b)),
where intersection points are represented as dots—hollow white dots indicate
points outside the object, while solid green dots represent successful reconstruc-
tion events inside the object. Third, selected points are converted to voxel
assignments (Figure 4(c)), enabling 2D and 3D image reconstruction.

When mathematical planes are perpendicular to the Z-axis, intersection coor-
dinate calculation reduces to finding where a 3D line meets a Z-perpendicular
plane. The Z-axis distribution of intersection points differs, with highest density
reflecting the target object’s height. Secondary particle production dominates
within this height interval. For planes above or below the target, intersection
distributions show radial and mesh patterns. By selecting high-density regions
using appropriate thresholds, target material height can be determined. The al-
gorithm can be extended to non-Z-perpendicular planes (Figure 4(d)), allowing
object distribution determination along any plane’s normal vector. Continuously
varying the mathematical plane orientation enables tomographic reconstruction
with improved accuracy.

Calculating intersections for arbitrarily oriented planes is more complex. A
simplified method involves: First, establishing a new coordinate system XYZ
where the Z-axis is perpendicular to the given mathematical plane (Figure 4(e)).
Basis vectors (i, j, k) of the original XYZ system transform to the new system’
s basis vectors (i, j, k) through:

[Equation for basis vector transformation would appear here]

where 𝛼1, 𝛼2, 𝛼3 denote angles between the X-axis and the X, Y, Z axes re-
spectively, while 𝛽1, 𝛽2, 𝛽3, 𝛾1, 𝛾2, 𝛾3 represent corresponding angles for the
Y and Z axes. In this new coordinate system, intersection coordinates can be
calculated using the Z-perpendicular plane method. Second, these coordinates
are transformed back to the original XYZ system (Figure 4(f)) using:

[Equation for coordinate transformation would appear here]
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where x1, y1, z1 are the intersection coordinates for non-Z-perpendicular planes.

4. Three-Dimensional Imaging Results
4.1 3D Imaging Performance

Since ionization loss and self-absorption depend on atomic number Z, imaging
quality varies across materials. Figures 5(a) and 5(b) show 3D and top-view
images of five 20 mm × 20 mm × 20 mm cubes made of H2O, Al, Fe, Pb,
and U. Due to uranium’s substantially larger data yield compared to water,
direct imaging would obscure the water signal, so simulations for each material
were performed under identical conditions and then combined for comparison.
For Pb and U, strong self-absorption in high-Z materials prevents secondary
particles generated within the cube interior from escaping, creating large voids
in the central regions. Consequently, imaging high-Z targets may lose central
object information. Additionally, the straight-line muon trajectory assumption
fails for high-Z materials, introducing larger errors than for other materials. For
Al and H2O, lower ionization losses in low-Z materials produce fewer coinciding
muon trajectories, also creating some voids. However, this data insufficiency can
be remedied by extending imaging time. Iron demonstrates the best imaging
performance among all materials tested. In summary, this method effectively
images low- and medium-Z objects, with optimal performance for medium-Z
materials, but is less suitable for high-Z objects.

4.2 3D Imaging Accuracy

To evaluate imaging accuracy, iron cubes were used as they provide the best
reconstruction quality. Figures 5(c) and 5(d) show 3D and top-view images of
eight iron cubes (20 mm height). In one column, cube intervals progressively de-
crease to 4 mm, 2 mm, and 1 mm. In the other column, cube volumes decrease
simultaneously. Given that experimental position resolution is approximately
0.1 mm, simulations included Gaussian-distributed 0.1 mm position uncertainty
to model realistic conditions. Approximately 9$×10^{6}$ muons were generated
in the muon trajectory detector module, equivalent to 4 days of muon flux. The
reconstruction accurately matches Geant4 modeling for all cubes except the 5-
mm side length cubes with 1-mm intervals, which remain unresolved. Due to the
small volume of 5-mm cubes, height determination via thresholding reconstructs
them approximately 4 mm shorter than larger cubes. With 4 days of imaging
time and 0.1 mm position resolution, this method accurately reconstructs tar-
get object size and position, achieving sufficient resolution to distinguish 5-mm
cubes with 2-mm intervals.

4.3 Influence of Position Resolution on 3D Imaging

Position resolution is a critical parameter for detectors, representing the mini-
mum distinguishable separation between incident particles and directly affect-
ing reconstruction quality. Since most applications achieve resolution no better

chinarxiv.org/items/chinaxiv-202201.00017 Machine Translation

https://chinarxiv.org/items/chinaxiv-202201.00017


than 0.1 mm, poorer resolution scenarios were investigated. Maintaining 4 days
of muon flux, Figures 5(e), 5(f), and 5(g) show reconstructions with 0 mm, 0.2
mm, and 0.4 mm position resolution. As resolution degrades, image edges be-
come increasingly blurred and volumes expand slightly. With perfect (0 µm)
resolution, 2-mm intervals are clearly resolved while 1-mm intervals remain in-
visible. At 0.2 mm resolution, 2-mm intervals become mostly filled and difficult
to distinguish. At 0.4 mm resolution, even 4-mm intervals become barely resolv-
able. Additionally, the second line’s smallest cube (5 mm side length) appears
circular rather than cubic, unlike the three larger cubes ahead of it. Comparing
with the 0.1 mm resolution result (Figure 5(d)), resolution better than 0.1 mm
resolves 2-mm intervals, but at 0.2 mm the minimum distinguishable separation
increases to 4 mm. At 0.4 mm resolution, neither 4-mm intervals nor 5-mm
cubes are distinguishable. Nevertheless, larger cubes (20 mm, 15 mm, 10 mm)
remain correctly reconstructed even with poor position resolution.

4.4 Influence of Imaging Time on 3D Imaging

Imaging time directly affects data statistics. With 0.1 mm position resolution,
Figures 5(h), 5(i), and 5(j) show results for 20 days, 1 day, and 0.25 days of
imaging. With 20 days (approximately 5$×10^{7}$ muons), the minimum re-
solvable interval reaches 1 mm. At 4 days or 1 day, 2-mm and 4-mm intervals
remain distinguishable. However, at 0.25 days, significant reconstruction distor-
tion occurs, making 4-mm intervals and first-line cubes difficult to resolve. In
summary, imaging times of 20 days, 4 days, and 1 day can accurately distin-
guish 5-mm cubes with 1-mm, 2-mm, and 4-mm intervals respectively. Imaging
times of 0.25 days or less challenge centimeter-scale 3D reconstruction.

5. Four-Dimensional Imaging
5.1 Secondary Electron to Gamma Ratio

Figures 3(a) and 3(b) demonstrate that secondary electron and gamma counts
vary with target Z, enabling material discrimination through particle generation
likelihood in the 0.1–100 MeV range (Figure 6(a)). For lead, 100 incident muons
produce approximately 17 secondary electrons and 74 secondary gamma rays.
The ratio between these particle types varies systematically with material. Fig-
ure 6(b) shows the secondary electron-to-gamma ratio decreasing consistently
with increasing Z, allowing material identification based on ratio ranges.

5.2 4D Imaging Results

Four-dimensional imaging adds atomic number resolution to 3D spatial recon-
struction. The process involves: first, reconstructing separate 3D images using
secondary electrons and secondary gamma rays to obtain two 3D matrices; sec-
ond, dividing corresponding voxels between matrices to create a new 3D matrix
whose voxel values represent electron-to-gamma ratios; and third, converting
these ratios to colors to produce 4D images. Figures 7(a) and 7(b) show 4D
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imaging results for 20 days of data with 0.1 mm position resolution. Five 20
mm × 20 mm × 20 mm cubes (H2O, Al, Fe, Pb, U) were imaged simultane-
ously. The top view clearly distinguishes all five materials by their characteris-
tic electron-to-gamma ratios. Color loops surrounding the cubes occur because
surface-generated secondary electrons are less absorbed, creating higher voxel
ratios than interior regions. Since the ratio also varies with volume, a database
encompassing different volume and material ratios would improve target speci-
fication.

5.3 Influence of Imaging Time on 4D Imaging

Figures 7(c), (d), and (e) show 4D imaging results for different durations. With 5
days of imaging, the system distinguishes low-, medium-, and high-Z objects. At
12 hours, medium- and high-Z objects become difficult to differentiate, though
low-Z targets remain clear. At only 3 hours, shape discrimination fails, but
low-Z objects can still be distinguished from medium-Z materials. Thus, low-
and medium-Z objects are easily differentiated, while medium- and high-Z ob-
jects are less distinguishable. Since muon multiple scattering imaging excels
for medium- and high-Z objects, combining both systems would yield superior
overall performance.

6. Conclusion
A muon imaging method based on coincident muon trajectories was investi-
gated, encompassing secondary particle generation physics, 3D imaging, and
4D imaging. Secondary particles are primarily produced through muon ioniza-
tion and 𝛿-electron bremsstrahlung, consisting mainly of electrons and gamma
rays. The secondary electron energy spectrum shows little Z dependence, while
the secondary gamma spectrum peak shifts to higher energies as Z increases.
For 3D imaging with 0.1 mm position resolution, the method achieves reliable
accuracy for 5-mm cubes with 2-mm intervals. With imaging times exceeding
20 days, 1-mm intervals can be resolved. In 4D imaging, low-, medium-, and
high-Z targets can be distinguished, though imaging times under 0.5 days only
differentiate low-Z from medium- or high-Z objects. A comprehensive database
of various volumes and materials would further improve performance.
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