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Abstract This paper studies the possibility of using the scattering of cosmic muons to identify threatening

high-Z materials. Various scenarios of threat material detection are simulated with the Geant4 toolkit. PoCA

(Point of Closest Approach) algorithm reconstructing muon track gives 3D radiography images of the target

material. Z-discrimination capability, effects of the placement of high-Z materials, shielding materials inside

the cargo, and spatial resolution of position sensitive detector for muon radiography are carefully studied. Our

results show that a detector position resolution of 50 µm is good enough for shielded materials detection.
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1 Introduction

Multi-energy tomography can simultaneously de-

termine the density and the effective atomic number

of each volume element. But CAT-scanning (Com-

puterized Axial Tomography) of large volumes is very

challenging (the largest CAT systems have only a one

meter aperture). The energy of the X-rays must be

increased significantly for penetrating an adequate

depth and the total flux of photons delivered to the

container also has to be increased significantly in or-

der to keep the scan duration in a reasonable time.

These specialized CAT-scanners would require both

a massive shielding to protect the operator and enor-

mous power sources.

One claims the pulsed fast neutron analysis to be

material specific, not dependent on operator skill, and

hard to make mistake. Most of these claims are based

on laboratory detection of conventional high explo-

sives or drugs among low density materials such as

textiles. While fast neutrons can penetrate tile and

excite shielded nuclear materials to emit a character-

istic gamma ray, there are some questions concerning

whether the detected gammas will retain their energy

“fingerprint” due to absorption and scattering. Just

as in the case of passive detection, a determined ter-

rorist can fill a void with material to absorb and/or

scatter all of the gamma rays, effectively disabling all

of the current inspection technologies.

The MU-Vision MU-detector is designed to de-

tect and locate dense materials and voids in X-ray

impervious, homogenous cargos by taking advantage

of natural cosmic-ray-produced muons with a mean

energy of 3–4 GeV at sea level. When the muons

pass through an object, their trajectory is affected by

coulomb scattering from the atoms in the material.

Conceptually, to identify a nuclear weapon hidden in

a cargo container, one could measure the incoming

and outgoing directions of the muons. The denser ma-

terials and those with higher Z causing more deflec-

tion in the trajectories make cosmic muons a promis-

ing technique and an attractive ideal [1] for high-Z

material detection such as uranium.

In this paper, muons “generated” by the Geant4

toolkit with the distribution of energies and angles

corresponding to cosmic ray muons at sea level propa-

gate through a test volume to understand the discrim-

ination of the low-Z materials, medium-Z materials,
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high-Z materials via a simple example. Especially,

this work focused on the study of the effects of spatial

resolution of a position sensitive detector for muon ra-

diography without specifying the detector itself. Re-

construction of different scenarios of threat material

and the different reconstruction methods need differ-

ent spatial resolution of detector.

2 Monte Carlo simulations

The geometry of the muon radiography experi-

mental apparatus simulated here is shown in Fig. 1.

The apparatus consists of four horizontal position-

sensitive detectors. The muons pass through the top

two detectors, providing the incoming angle and po-

sition, then they pass through the object volume and

are scattered. The bottom two detectors measure the

positions and angles of the scattered particles. Each

detector measures the particle position in x and y lo-

cations. Further, the scattering points and the scat-

tering angles θ are calculated.

The Geant4 toolkit simulates the interaction when

the muons pass through the material. The simulated

cosmic muon flux is generated in front of the top de-

tectors with randomized starting positions and inci-

dent angles. The energy spectrum of the muons is

based on cosmic ray muons at sea level [2–4]. The

incident angular distribution is generated as cos2 θ,

where θ is the plane angle from vertical [6]. The muon

flux reaching the surface of the Earth is about 10000

per minute per square meter [5], Geant4 simulated

the passage of about 100000 muons through the ob-

jects in this paper.

Fig. 1. The conceptual sketch of the simulated

experimental setup. The size of the detectors

is 2 m× 2 m×1 mm.

In this paper, we just used a plane replace the de-

tector in order to investigate how well this technique

works for detecting nuclear materials. The spatial

resolution of the detectors is simulated in Geant4 by

smearing the position coordinates at the detector in

the x and y directions with a Gaussian shape ran-

dom number generator, with a standard deviation of

50, 100, 200 µm.

3 Image reconstruction algorithm

Muon radiography needs to use the informa-

tion from multiple Coulomb scattering. High energy

muons passing through a material are deflected by

nuclei and electrons of the material. As a result of

multiple scattering, the muon passes through the ma-

terial on a stochastic path. The muon emerges from

material with an aggregate scattered angle θ [5].

The PoCA (Point of Closest Approach ) method is

the muon radiography algorithm. [5, 6] In the PoCA

reconstruction algorithm the incoming and the outgo-

ing tracks of the muon are regarded as straight lines

and the scattering is assumed to take place only once

on a single point. The single scattering point is con-

sidered as the closest point to the incoming and the

outgoing tracks of the muon, which is the so-called

the “PoCA point”. We can get muon radiography by

plotting the reconstructed PoCA points.

To improve the quality of the muon radiography

over the plotting of raw PoCA points§we used voxels

to get the reconstruction image [7]. In this method,

the detector volume with 2 m in length, 2 m in width

and 1 m in height, as shown in Fig.1, is divided into

4000000 smaller voxels (1 cm×1 cm ×1 cm). We took

the sum of scattering angles of the PoCA points in a

voxle and divided it by the number of PoCA points in

that voxel to calculate the mean scattering angle for

all voxels. The mean scattering angle is proportional

to the z value of the material [5]. To get the recon-

struction image, we plot the center point of each voxel

and find that the pixel of the image is incremented in

the case weighted with the mean scattering angle.

4 Simulation results and discussion

When muons pass through material, we use the

PoCA method to get the PoCA points, and then re-

construct the image by plotting this raw PoCA points

or using voxels. The dependence of muon radiogra-

phy on different position resolutions of the detector

is studied. The reconstruction is performed by the

analysis tool of Matlab.

4.1 Results for a simple target scenario

We choose a test scene containing four 5 cm×

5 cm×5 cm blocks, made from U, Pb, Fe and Al

placed at different positions. The abscissa of U, Pb,
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Fe and Al is 10 cm, −30 cm, 30 cm and −10 cm, re-

spectively. Fig. 2 shows the image reconstruction of

the PoCA points with different position resolutions

of 0 µm, 50 µm, 100 µm and 200 µm. The image

gets worse as the with decreasing detector resolution.

With 50 µm and 100 µm resolution the targets are vis-

ible, whereas with 200 µm resolution the shapes can-

not be clearly recognized anymore. The correspond-

ing created 2D histogram is histograms are shown in

Fig. 3.

Fig. 2. Reconstruction image of the four blocks 5 cm×5 cm×5 cm, made of U, Pb, Fe, Al, and with detector

resolutions are of 0 µm (a), 50 µm (b), 100 µm (c) and 200 µm (d), respectively.

Fig. 3. The 2D histogram of all abscissa of every PoCA points, and with the detector resolutions are of 0 µm

(a), 50 µm (b), 100 µm (c) and 200 µm (d), respectively.
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Fig. 4. The pixels of the reconstruction image

are incremented, in the case weighted with the

scattering angle θ. Detector resolutions are 0

µm (a), 50 µm (b), 100 µm (c) and 200 µm

(d), respectively.

U and Pb are high Z materials, Fe is a medium

Z material, and Al is a low Z material. We can not

get sufficient information from the image shown in

Fig. 2 to discriminate the material Z between the Z

values of the various materials because they have the

same pixels. From the 2D histogram shown in Fig. 3,

we might be able to discriminate between the mate-

rials through the counts of the PoCA points because

the high-Z material has more materials have a higher

counts of PoCA points than low-Z materials.

Then we used voxels instead of plotting of the raw

PoCA points to get a reconstruction image of the test

scene. The image is shown in Fig. 4. Through this

image the materials with different atomic numbers

can be discriminated. The image gets worse as the

detector resolution worsens, but with 50 µm, 100 µm

and 200 µm resolution the targets are visible. The

shape of Al looks very vague with 200 µm resolution.

4.2 Results for the shielded targets scenario

In a realistic scenario, dense high-Z materials, for

instance the spent nuclear fuel are located either in

cargo containers or in shipping containers. The con-

tainers and shielding materials are usually iron. So

we have made the simulation work according to the

Fig. 5. (a) The geometry of the shielded tar-

get scenario. (b) Reconstruction image with

the detector resolutions of 0 µm. (c) Recon-

struction image with the detector resolutions

of 50 µm.
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Fig. 6. (a) The geometry of the shielded target

scenario. (b) Reconstruction result with the

detector resolutions of 0 µm. (c) Reconstruc-

tion result with the detector resolution of 50

µm.

realistic scenario. In this section we provide the re-

construction image with detector resolution of 50 µm

which is the best resolution for our resulting images.

The geometry of the shielded target scenario is

shown in Fig. 5(a). The test sense arrangement con-

tains three blocks, which are namely two U cores and

one Fe block. The two U cores have the same size

of 5 cm× 5 cm×10 cm, but one of them is shielded

on each of its six sides by the lower Z material Fe

with 1 cm in thickness. The size of the Fe block is

7 cm×7 cm×12 cm.

We used voxels in order to get the reconstruction

results for the entire volume in a 2D top view. The

reconstruction results shown in Fig. 5(b, c) demon-

strate that the uranium cores can be distinguished

from both shielding materials Fe with a detector res-

olution 50 µm. The U core is shown in dark, and

shielded the low Z shielding material Fe is shown light

in grey tone.

Another shielded target scenario is shown in

Fig. 6(a). The geometry is that a big size (92 cm×

92 cm×92 cm) Fe container with a 1 cm thick wall

as the shielding material, and in the container we

put three different Z materials U, Pb and Al with

the same size of 6 cm×6 cm×6 cm. The purpose of

simulating this shielded targets scenario, we target

scenario was to investigate how to detect the dense

high-Z materials which are located either in cargo

containers or in shipping containers.

The reconstruction results are shown in Fig. 6(b,c)

and clearly give reproduce the outline of the geome-

try shown in Fig. 6(a). In this image the Al core is

not very good visible but the high-Z materials U and

Pb are shown clearly, and we can distinguish them

because the pixel of U is darker than that of Pb.

5 Conclusions

The results of the simulation presented in this pa-

per indicate that it is indeed possible to distinguish

materials with different Z using cosmic muon rays

and that a high position resolution detector is neces-

sary for the discrimination of high Z materials from

the medium and low Z materials shielded by iron.

To distinguish targets with no shielding material, a

100 µm detector resolution is enough. In all other

cases a better detection resolution or better recon-

struction method is needed.
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