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Background: A nondestructive test is commonly used to inspect the surface defects and inter-
nal structure of an object without any physical damage. X-rays generated from an electron ac-
celerator or a tube are one of the methods used for nondestructive testing. The high penetration 
of X-rays through materials with low atomic numbers makes it difficult to discriminate between 
these materials using X-ray imaging. The interaction characteristics of neutrons with materials 
can supplement the limitations of X-ray imaging in material discrimination.

Materials and Methods: The radiation image acquisition process for air-cargo security inspec-
tion equipment using X-rays and neutrons was simulated using a GEometry ANd Tracking 
(Geant4) simulation toolkit. Radiation images of phantoms composed of 13 materials were ob-
tained, and the R-value, representing the attenuation ratio of neutrons and gamma rays in a 
material, was calculated from these images.

Results and Discussion: The R-values were calculated from the simulated X-ray and neutron 
images for each phantom and compared with those obtained in the experiments. The R-values 
obtained from the experiments were higher than those obtained from the simulations. The dif-
ference can be due to the following two causes. The first reason is that there are various facilities 
or equipment in the experimental environment that scatter neutrons, unlike the simulation. 
The other is the difference in the neutron signal processing. In the simulation, the neutron sig-
nal is the sum of the number of neutrons entering the detector. However, in the experiment, 
the neutron signal was obtained by superimposing the intensities of the neutron signals. Neu-
tron detectors also detect gamma rays, and the neutron signal cannot be clearly distinguished in 
the process of separating the two types of radiation. Despite these differences, the two results 
showed similar trends and the viability of using simulation-based radiation images, particularly 
in the field of security screening. With further research, the simulation-based radiation images 
can replace ones from experiments and be used in the related fields.

Conclusion: The Korea Atomic Energy Research Institute has developed air-cargo security in-
spection equipment using neutrons and X-rays. Using this equipment, radiation images and R-
values for various materials were obtained. The equipment was reconstructed, and the R-values 
were obtained for 13 materials using the Geant4 simulation toolkit. The R-values calculated by 
experiment and simulation show similar trends. Therefore, we confirmed the feasibility of us-
ing the simulation-based radiation image.

Keywords: Neutron, X-Ray, Material Discrimination, Air-Cargo, Security Inspection, Monte 
Carlo Simulation
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Introduction

In recent decades, a considerable effort has been put into systems related to baggage 

or cargo inspection to correspond to the increasing demand for cargo and passengers 

yearly. In particular, since the September 11, 2001 attack, a significant amount of bud-
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get and manpower has been invested in reinforcing the avia-

tion security system to ensure the safety and security of pas-

sengers and crew from terrorism and the aviation security 

screening process has become more comprehensive and 

stringent [1].

Radiation-based security screening, such as inspection 

equipment using two-dimensional X-ray radiography [2], 

three-dimensional computed tomography [3], neutrons [4], 

and artificial intelligence (AI) [5], has the advantage of being 

able to inspect baggage or cargo without opening them. X-

rays are commonly used in many fields, such as aerospace, 

automotive, medicine, and construction, to detect defects, 

including cracks, voids, and inclusions, that are invisible to 

the naked eye [6, 7]. Especially, X-rays are the general source 

used to inspect objects for security purposes in places where 

safety and security are required, such as airports. However, 

security screening methods based on X-rays have the limita-

tion of generating gray-scale images that only contain the 

shape of the object. Thus, it is difficult to distinguish objects 

in images based on their appearance and contrast, especially 

for objects made with low atomic number materials. Subse-

quently, a security screening method capable of distinguish-

ing between organic and inorganic materials using dual-en-

ergy X-ray systems has been studied and applied to aviation 

security systems in many countries [8, 9]. The system using 

dual-energy X-rays also has limitations in accurately dis-

criminating dangerous materials, such as explosives, chemi-

cal agents, nuclear materials and devices, and drugs.

Recently, as various criminal methods have been intelli-

gently developed, the difficulty in security screening has in-

creased. For this reason, accurate identification of hazardous 

materials that pose a threat to safety is essential and required 

in the field of security screening. Neutrons can help to distin-

guish objects with low atomic numbers, which is a limitation 

of X-rays, and many related studies have been conducted 

since the September 11, 2001 attack [10–12]. X-rays and neu-

trons show different characteristics in their interactions with 

matter, and this difference enables the discrimination of mat-

ter [13]. Because X-rays are electromagnetic waves that inter-

act with the atomic electrons of matter, the interaction de-

pends on the atomic number of the matter and the energy of 

the X-rays. In general, the penetrating power of X-rays on to 

materials is inversely proportional to the atomic number of 

elements that compose them. By contrast, neutrons have a 

neutral charge and are subatomic particles that interact with 

the atomic nuclei of the matter. Compared to X-rays, neu-

trons easily penetrate materials, such as heavy metals, and 

are easily scattered or absorbed by elements, such as hydrogen. 

Therefore, by using both X-rays and neutrons for security 

screening, it is possible to accurately discriminate materials.

The Korea Atomic Energy Research Institute (KAERI) de-

veloped security inspection equipment for air-cargo contain-

ers using X-ray and neutron sources to detect objects includ-

ing explosives, chemical agents, nuclear materials, and drugs. 

Because the equipment uses X-rays and neutrons, it is possi-

ble to obtain the shape of the object inside the air-cargo as 

well as information on the materials that constitute the ob-

ject.

In this study, we report the results of material discrimina-

tion for 13 materials through Monte Carlo method-based 

simulation and compare the results with experimental results. 

The security inspection equipment was reconstructed in the 

simulation in order to obtain radiation images. We used the 

R-value, which is the ratio of the attenuation coefficient of 

neutrons and gamma rays, to discriminate materials and was 

calculated from the radiation images. We aim to support the 

use of simulation-based radiation images by comparing the 

R-values of the experiments and simulations.

Materials and Methods

1. Air-Cargo Security Inspection Equipment
The air-cargo security inspection equipment developed 

by KAERI is composed of X-ray and neutron radiation sourc-

es, detector systems, a moving system, and an integrated 

control system. The X-rays and neutrons generated from 

each radiation source were detected by different detectors. 

The air-cargo was scanned while being moved by the mov-

ing system. The integrated control system remotely controlled 

radiation sources, moving system, signal acquisition, and 

other devices.

1) X-ray image system

X-rays are produced by isotopes or by accelerating elec-

trons in devices such as tubes and radiofrequency (RF) ac-

celerators. To examine inside an air-cargo, X-ray energy in 

the order of MeV is required, and an RF linear accelerator 

(RF linac) is employed. Electrons are generated in a triode-

type direct current electron gun and accelerated to an energy 

of 6 MeV using a side-coupled RF linac. Accelerated elec-

trons collide with a tungsten target of 2 mm thick to generate 

bremsstrahlung X-rays [14]. It can have any energy ranging 
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from zero to the maximum kinetic energy of electrons. A cy-

lindrical collimator made of lead covers the target for shield-

ing. There was a 10 mm-thick slit inside the collimator. 

Therefore, X-rays can be considered as a vertical fan beam 

separated by an angle of 23.4° and can enter the detector af-

ter passing through the air-cargo.

The detector module for X-rays consisted of CdWO4 scin-

tillators, Si-PIN photodiodes, and a control board (LCS 4.6; 

Detection Technology). It was composed of 2× 32 channels 

vertically in one detector module, and a total of 30 detector 

modules were installed in the ‘L’ shaped frame. Therefore, 

there are 2× 32 image pixels per X-ray detector module.

2) Neutron image system 

A deuterium-tritium generator that emits anisotropic and 

mono-energetic neutrons with an energy of 14.1 MeV was 

used as a neutron source (Genie 35; Sodern). As shown in 

Fig. 1, the generator consists of a replenisher, an ion source, 

an accelerating region, and a target. Deuterium gas was in-

side the replenisher, and the gas was ionized by heating in 

the ion source. The ionized gas was extracted and accelerat-

ed by the high voltage in the acceleration region, and collid-

ed with the target containing tritium. This process resulted in 

a nuclear fusion reaction that produced alpha particles and 

neutrons, and fast neutrons with an energy of 14.1 MeV were 

emitted somewhat anisotropically from the target. To mod-

erate and shield fast neutrons, a collimator of high-density 

polyethylene (HDPE) surrounded the neutron source. As with 

X-rays, the neutron collimator had a slit with 40 mm thick, 

through which neutrons are emitted.

The neutron detector module developed by the KAERI con-

sists of plastic scintillators, a silicon photomultiplier (SiPM), 

and an analog-to-digital converter board. The module detects 

both neutrons and gamma rays, and the gamma rays must 

be removed as noise to obtain high-quality neutron images. 

A pulse shape discrimination (PSD) technique was applied 

to separate the neutron and gamma-ray signals [15]. A total 

of 23 detector modules composed of 2× 8 channels vertically 

in one detector module were installed in the ‘L’ shaped frame 

(Fig. 2). Therefore, a neutron image of 2×184 pixels was ac-

quired. The entire image was obtained while the air-cargo 

was moved by the moving system.

2. Simulations
GEometry ANd Tracking (Geant4; https://geant4.org/), a 

radiation transport simulation toolkit based on the Monte 

Carlo method, was used to describe experiments that acquired 

radiation images through the interaction between radiation 

and matter [16].

1) Geometry

Radiation images can be obtained by detecting the incident 

radiation on the detectors after the radiation emitted from 

the radiation sources interacts with the materials. To describe 

this process as a simulation, the radiation source, collimator, 

air-cargo, phantom for material discrimination, and radia-

tion detector were reflected in the geometry.

X-rays can be produced when an electron beam accelerat-

ed by a linac up to 6 MeV energy collides with a 2 mm thick 

tungsten target. Therefore, a general particle source (GPS) 

was set to generate an electron beam in the Z-direction with 

a radius of 2 mm, the energy of 6 MeV, and the standard de-

viation of energy of 500 keV. After the electron beam travelled 

through a 10 mm long cylindrical vacuum with a radius of 20 

Fig. 1. Schematic of the deuterium-tritium generator consisting of 
replenisher, ion source, accelerating region, and target.
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Fig. 2. Layout of the air-cargo security inspection system. 
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mm, it collided with the tungsten target with a radius of 20 

mm and a thickness of 2 mm. Subsequently, bremsstrahlung 

X-rays were produced. A lead collimator in the shape of a 

cylinder with a radius of 350 mm and a length of 300 mm 

was placed at the tip of the target for shielding. There was a 

10 mm thick slit in the collimator that allowed the X-rays to 

have a vertical fan beam shape.

As aforementioned, the neutrons generated from the neu-

tron generator have a slightly anisotropic angular distribu-

tion. In the simulation, neutrons with an energy of 14.1 MeV 

were generated isotropically from a point source on the target 

of the neutron generator using GPS, as the anisotropic angu-

lar distribution of neutrons emitted from the neutron gener-

ator is considered to have a negligible effect [17]. The HDPE 

collimator of a cuboid structure with a size of 1,800 mm ×  

2,170 mm× 2,400 mm (width× depth× height) has a cuboid 

space of 1,100 mm× 200 mm× 200 mm in which the neutron 

generator is located, and a slit with a thickness of 40 mm.

An air-cargo container with a size of 1,500 mm× 1,500 mm×  

1,450 mm was located on the moving system and was ap-

proximately 1.1 m from the ground. A phantom for material 

discrimination was placed inside a container made of alu-

minium alloy (Al6061), with an outer wall thickness of 2 mm. 

We prepared phantoms of various materials in solid, liquid, 

and powdered form, and the powdered material was con-

tained in a 5 mm thick acrylic (polymethyl methacrylate) 

box. The phantoms were 200 mm× 250 mm (width× height) 

in size. The materials belonging to metals, organic, and inor-

ganic materials were selected. In addition, the materials were 

chosen to be evenly distributed in R-value, from low to high. 

The material information of the phantoms used to acquire 

the radiation images in the simulations is shown in Table 1 

[18, 19]. The bone, ammonium acetate, and acetamide were 

in powder form, while the rest were in solid form.

A sensitive detector with a total size of 2,560 mm× 2,560 mm 

(width× depth) and 256 horizontally and vertically arranged 

scintillators with a size of 10 mm× 10 mm× 10 mm (width×  

depth × height) to detect radiation was placed behind the 

container. The detector material was composed of CdWO4 

for X-rays and plastic (EJ-276G; Eljen Technology) for neu-

trons [20].

As shown in Fig. 3, the radiation source, air-cargo, phan-

tom, and detector were located in the Z-direction, and each 

distance from the radiation source was the same as that in 

the experimental condition. Thus, the world volume was filled 

with air.

2) Physics model

The physics models that should be considered in the pro-

cess of radiation image acquisition using X-rays and neutrons 

Table 1. Information about Materials

Material

Atomic fraction (%)
Chemical 
formula

Length 
(mm)

Density 
(g/cm3)

w/wo 
Acryl boxHydrogen 

(H)
Carbon 

(C)
Nitrogen 

(N)
Oxygen 

(O)
Fluorine 

(F)
Chlorine 

(Cl)

Lead - - - - - - Pb 40 11.35 X
Iron - - - - - - Fe 60 7.87 X
Tungsten - - - - - - W 17 19.30 X
Titanium - - - - - - Ti 80 4.54 X
Aluminium - - - - - - Al 150 2.70 X
Bone (G4_BONE_COMPACT_ICRU -  

Geant4 material database)
- - - - - - - 220 1.85 O

Teflon - 33.0 - - 67.0 - C2F4 150 2.20 X
Rubber (Neoprene)   5.7 54.3 - - - 40.0 C4H5Cl 170 1.23 X
Graphite - 99.9 - - - - C 150 1.70 X
Paper 47.2 29.2 - 23.6 - - C6H10O5 210 1.20 X
Ammonium acetate 58.0 17.2   8.0 16.8 - - C2H7NO2 200 1.17 O
Polyethylene 66.4 33.6 - - - - C2H4 150 0.93 X
Acetamide 55.2 22.8 10.8 11.2 - - C2H5NO 150 1.16 O
Acryl [18] (polymethyl methacrylate)   8.5 59.3 - 32.2 - - C5H8O2 5 1.18 -
HDPE (high-density polyethylene) 66.4 33.6 - - - - C2H4 - 0.96 -
Aluminium alloy (Al6061) [19] - - - - - - - 2 2.70 -
X-ray scintillator (CdWO4) - - - - - - - - 7.90 -
Neutron scintillator (plastic scintillator) 51.8 48.2 - - - - C2H4 - 1.096 -

w/wo, with/without.
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primarily involve the interactions of electrons with targets, 

photons with materials, and neutrons with materials.

First, the accelerated electrons from the linac collide with a 

target and bremsstrahlung X-rays are emitted. In this process, 

photons are emitted with energy as that of the energy loss of 

electrons owing to bremsstrahlung in the Coulomb field of 

the nucleus.

Second, the X-rays emitted by the X-ray generator interact 

with the collimator, air-cargo, phantom, and other equipment. 

X-rays, which are photons, are absorbed or scattered by in-

teraction with matter, and the photoelectric effect, Rayleigh 

scattering (coherent scattering), Compton scattering (inco-

herent scattering), and pair production can occur. Consider-

ing the energy of photons emitted by electrons with a peak 

energy of 6 MeV, these photons interact with the bound elec-

trons in the nucleus. Thus, the photons have a low probabili-

ty of pair production and a high probability of photoelectric 

effect and Compton scattering.

Finally, because neutrons are electrically neutral, they in-

teract with the nuclei of matter, and it depends on the energy 

of neutrons and the cross-section of the nuclide. Neutrons are 

scattered by the nuclei of matter and pass through the matter 

or slow down until they reach thermal energy ( ≤ 0.025 eV). 

In inelastic scattering, some of the neutron energy excites the 

nuclei, which then return to a stable state by emitting one or 

more gamma rays. When neutrons are sufficiently decelerat-

ed, they are captured by the nucleus, while protons, alpha 

particles, or gamma rays are emitted. Neutrons are highly 

sensitive to matter composed of light atoms, such as hydro-

gen, carbon, and oxygen, and have a high probability of in-

teraction. The HDPE collimator, composed of hydrogen and 

carbon, produces many gamma rays during the process of 

scattering or capturing very fast neutrons with an energy of 

14.1 MeV.

The physics model therefore includes the EmStandard_

option4 and QGSP_BIC, which cover the reactions of charged 

particles, hadrons, and photons. Cutmore et al. [21] reported 

material discrimination results obtained using neutrons and 

cobalt-60 gamma rays. To confirm that the physic model was 

properly set, we reconstructed the results of the material dis-

crimination for [21], and confirmed that the physics model 

was applied for radiation image acquisition.

3) Radiation image

In consideration of the resolution of the radiation image 

and the simulation running time, a total 107 particles were 

generated with the electron and neutron GPS, respectively. 

The initial number of particles was an unimportant parame-

ter because material discrimination was performed using 

the relative contrast in gray-scale images. Radiation interacts 

with an air-cargo, phantom, etc., and only the transmitted 

radiation enters the detector with material information. When 

an event occurs in which radiation enters the detector from 

the world volume, the radiation is counted for each pixel, and 

an image of the phantom is obtained. The radiation images 

were also acquired in an environment without a phantom 

Fig. 3. Geometry setup for the (A) X-ray and (B) neutron system. HDPE, high-density polyethylene.
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in order to calculate the ratio of signals with and without the 

phantom.

Fig. 4 shows images of X-ray and neutrons for a polyethyl-

ene phantom obtained by the simulation. In the image, the 

center black square object is the phantom inside the air-cargo 

container. The X-rays were completely shielded by the colli-

mator, and only an image passing through the slit space was 

obtained. However, the neutrons were scattered by the colli-

mator, as well as the slit was relatively wider than that of the 

X-rays, thus, an image of the entire phantom was obtained.

In the experiment, because the image was acquired while 

the phantom was moved by the moving system, a clear over-

all image was obtained. In this study, the movement of the 

phantom in the simulations was not considered because the 

intensity (number) of the incident radiation with material 

information on the detector was used for material discrimi-

nation. Only the image information in the center of the two 

columns was used for material discrimination, as in the ex-

periment. We plan to conduct a simulation that considers 

the movement of the phantom in future research.

Results and Discussion

A parameter R, defined as the ratio of the attenuation coef-

ficients of gamma rays and neutrons to a material, provides a 

criterion for distinguishing different classes of materials. The 

attenuation coefficients of mono-energetic neutrons and 

gamma rays are expressed as follows:

(1)

where Ig and In are the measured radiation intensities 

through the matter, Ig,0 and In,0 are the measured radiation in-

tensities without matter, and ρ and x are the density and 

thickness of the matter. Therefore, the parameter R is ex-

pressed as follow [21].

Fig. 5. Comparison of R-value for 13 phantoms. Blue color repre-
sents the result obtained by experiments and orange one repre-
sents the result obtained by simulations.
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(2)

Based on the radiation images obtained by experiments 

and simulations, the R-values for the 13 phantoms are shown 

in Fig. 5. In the graph of Fig. 5, the blue and orange colors show 

the R-values calculated from the radiation images obtained 

by experiments and simulations, respectively. For the 13 ma-

terials shown in Table 1, the R-values obtained in the experi-

ments were greater than those obtained in the simulations. 

However, the trend of the R-value change for the 13 materials 

was similar. The difference of results is suspected to be due 

to the scattering of neutrons by the surrounding facilities and 

the neutron signal processing. The simulation is composed 

of only the neutron generator, the collimator, the phantom, 

the air-cargo container, and detectors, unlike the experiment. 

However, in the experiments, there are many facilities or 

equipment, and it is considered that this causes a lot of neu-

tron scattering. In particular, the collimator for neutron gen-

erator is only made of HDPE, which is not capable of effec-

tively shielding neutrons and acts as a large gamma ray source. 

As can be seen in Fig. 4, neutrons were detected throughout 

the image of the neutron, unlike the X-ray image. The other 

reason is the neutron signal processing. In the simulation, 

the intensity of the neutron signal is sum of the number of 

neutrons entering the detector. However, in the experiments, 

the neutron signal is obtained by detecting and superimpos-

ing the intensity of visible light caused by the reaction of 

neutrons and scintillators with the SiPM. Neutron detectors 

also detect gamma rays, and use a PSD technique to distin-

guish the two types of radiation. When the neutron detector 

detects a significant amount of gamma rays, it is difficult to 

distinguish the two types of radiation by threshold in the PSD 

scatter plot, so the neutron signal cannot be clearly separat-

ed. By improving the resolution of neutron images and ob-

taining R-values that match the experiment through more 

sophisticated simulations, the radiation images acquired by 

simulation can be used as training data for AI.

Conclusion

The KAERI has developed air-cargo security inspection 

equipment using X-rays and neutrons. The equipment ac-

quires X-ray and neutron images of various objects, and also 

obtains information on materials constituting objects by dif-

ferences in the characteristics of these radiations interacting 

with materials. We reconstructed the screening inspection 

equipment and calculated R-values from the radiation imag-

es for 13 materials using Geant4, a simulation toolkit based 

on the Monte Carlo method. We compared it with the R-value 

obtained in the experiment, and the results for material dis-

crimination showed a similar tendency. Therefore, we con-

firmed the feasibility of using the radiation images acquired 

by simulation. The difference in the results can be suspected 

to be due to the following two causes. The first reason is that 

there are various facilities or equipment in the experimental 

environment that scatter neutrons, unlike in the simulation. 

The other is the difference in neutron signal processing. In 

the simulation, the neutron signal is the sum of the number 

of neutrons entering the detector. However, in the experiment, 

the neutron signal is obtained by superimposing the intensi-

ties of the neutron signals. Neutron detectors also detect gam-

ma rays, and the neutron signal cannot be discriminated pre-

cisely in the process of separating the two types of radiation.

In the future, we plan to redesign the neutron collimator 

to reduce the significant amount of neutron scattering and 

gamma ray emission. We also plan to acquire radiation im-

ages by building a more realistic experimental environment 

in the simulation. By further research to improve the resolu-

tion of neutron image and overcome the difference between 

the experimental and simulation results, we can support the 

use of radiation images acquired by simulation, which can 

be used in a variety of fields. For example, neutron images 

can be used as training data of AI for material discrimination. 

However, the acquisition of a single neutron image using our 

security inspection equipment takes at least a few minutes, 

which means that considerable time and effort is required to 

train AI on the neutron image data. AI research using radia-

tion image is being actively conducted in many fields, such 

as medicine, industry, and security. By using simulation-

based radiation images, it is expected that it will be possible 

to easily obtain the training data of AI and achieve efficient 

research and development in the related fields.
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