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Abstract The detection technology of concealed bulk

explosives is related to social security and national defense

construction and has important research significance. In

this paper, an element analysis method of concealed

explosives based on thermal neutron analysis is proposed.

This method could provide better reconstruction precision

for hydrogen, carbon, and nitrogen ratios, making it pos-

sible to discriminate explosives from other compounds

with the same elements but different proportions, as well as

to identify the types of concealed bulk explosives. In this

paper, the basic principles and mathematical model of this

method are first introduced, and the calculation formula of

the element number ratio (the ratio between the nucleus

numbers of two different elements) of the concealed

explosive is deduced. Second, a numerical simulation

platform of this method was established based on the

Monte Carlo JMCT code. By calibrating the absorption

efficiencies of the explosive device to c rays, the element

number ratios of a concealed explosive model under the

irradiation of thermal neutrons were reconstructed from the

neutron capture prompt c-ray spectrum. The reconstruction

values were in good agreement with the actual values,

which shows that this method has a high reconstruction

precision of the element number ratio for concealed

explosives. Lastly, it was demonstrated using the simula-

tion study that this method can discriminate explosives,

drugs, and common materials, with the capability of

determining the existence of concealed bulk explosives and

identifying explosive types.

Keywords Concealed bulk explosive � Explosive type

identification � TNA � Element number ratio

1 Introduction

Concealed bulk explosives refer to the bulk explosives

in the shielding environment that generally include

explosives smuggled in containers, hidden in luggage, and

in weapons. The detection technology of concealed bulk

explosives is related to social security and national defense

construction and has important research significance. At

present, the detection techniques of concealed bulk

explosives mainly include X/c-ray imaging [1], the nuclear

quadrupole resonance technique [2, 3], the terahertz tech-

nique [4], and neutron analysis techniques [5–11]. Neutron

analysis techniques are used to detect and discriminate

various materials based on the interactions between neu-

trons and materials. Compared to other explosive detection

techniques, neutron analysis techniques have advantages of

strong penetration and accurate recognition and are more

suitable for detecting concealed bulk explosives.

As one of the neutron analysis techniques, thermal

neutron analysis (TNA) can be used to detect the concealed

bulk explosives by irradiating the inspected materials with

thermal neutrons and detecting the emitted characteristic c-
rays of nuclides [5, 10–18]. The theory of TNA was first
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proposed in the 1980s [5], and many subsequent studies

have been carried out. Nowadays, TNA is successfully

applied in the detection and determination of hidden

explosives in luggage and buried landmines, and some

commercial detection devices have been developed

[11–14].

Current research on the concealed bulk explosive

detection based on TNA shows that the existence deter-

mination and type identification of explosives are difficult

issues. The existence determination of explosives refers to

the discrimination of explosives from other materials in the

inspection. The identification of explosive types can

improve the determination accuracy of whether a con-

cealed explosive exists and decrease the error rate. How-

ever, due to the absorption of the explosive and shield of

the characteristic c-rays of the explosive nuclides, the

direct reconstruction of the element number ratios (namely

the ratio between the nucleus numbers of two different

elements) of the explosive based on the detector counts of

the characteristic c-rays significantly deviates from the

actual values and cannot be used to discriminate the

explosive from the common materials. As a result, two

methods were put forward to try to solve this issue. The

first is to calculate the absorption efficiencies of the

explosive and shield of the c-rays based on a numerical

simulation and apply the calculated absorption efficiencies

in the data analysis to the explosive inspection [15]. This

method requires prior knowledge of the components and

shape of the explosives and shields, and its reconstruction

accuracy of the element number ratios of the explosives is

not very reliable. The second method is based on the neural

networks learning and template comparison of neutron

capture prompt c-ray spectra [11, 16–18]. This method can

be used to discriminate explosives from other materials, but

it requires large amounts of sample data and has difficulties

in identifying the types of explosives accurately.

In this paper, an element analysis method of concealed

explosives based on TNA is proposed. This method has the

ability to accurately analyze the element number ratios of

explosives by calibrating the absorption efficiencies of the

explosive and shield of the c-rays, with potential applica-

tions for the determination of the existence of explosives

and identification of explosive types. This paper is orga-

nized as follows: Sect. 1 contains the introduction; Sect. 2

presents the basic principles of the element analysis

method of concealed explosives based on TNA and

establishes the mathematical model of this method; Sect. 3

presents the numerical simulation study of this method;

Sect. 4 contains an analysis of the simulation results and

discusses the feasibility of this method; and Sect. 5 pro-

vides the conclusion.

2 Basic principles

TNA is a neutron analysis technique with the following

principle: the inspected material is irradiated by thermal

neutron beams, and the (n,c) reactions between the thermal

neutrons and material nuclides produce characteristic c-
rays; by detecting and analyzing the characteristic c-rays
emitted from the material, the detection and identification

of the inspected material can be realized.

When TNA is used to detect concealed explosives, the

incident thermal neutrons have (n,c) reactions with the 1H,
12C, 14N, and 16O in the explosives, and the characteristic

c-rays of 1H, 12C, 14N, and 16O are produced, as shown in

Table 1. By analyzing the relationship between the number

of characteristic c-rays emitted from the explosive device

(including the explosive and shield) and number of

explosive nuclei, the element number ratio of the concealed

explosive, such as the hydrogen–nitrogen ([H]/[N]), car-

bon–nitrogen ([C]/[N]), and oxygen–nitrogen ([O]/[N])

ratios, can be deduced.

Assuming that A is a nuclide of the concealed explosive,

the characteristic c-ray of the A(n,c) reaction would be

emitted from the explosive device with a certain proba-

bility after being produced. For the nuclide A, the number

of characteristic c-rays emitted from the explosive device

with energy Ec per unit time ½KAðEcÞ� can be expressed as:

KAðEcÞ ¼
Z

V

nAðr~Þ � fAðEcÞ � P r~;Ec
� �

� dV; ð1Þ

where Pð r!;EcÞ is the average probability that the charac-

teristic c-rays with energy Ec that are produced at position

r
!

are emitted from the explosive device; and fAðEcÞ is the
branching ratio of the characteristic c-ray with energy Ec.

nAðr~Þ is the spatial density of the (n,c) reactions between

the nuclide A and neutrons per unit time at position r
!

given by:

Table 1 Characteristic c-rays of (n, c) reactions of 1H, 12C, 14N, and
16O

Nuclide Energy of c-ray (MeV) Branch ratio (%)

1H 2.22 100
12C 4.95 68
14N 1.88 18.78

3.68 14.53

4.51 16.72

5.27 29.88

6.32 18.24

10.83 14.33
16O 1.09 85.4
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nAð r
!Þ ¼

Z
NA � rAðEnÞ � / r

!
;En

� �
� dEn; ð2Þ

where NA is the nucleus density of the nuclide A; En is the

neutron energy; rAðEnÞ is the microscopic cross section of

the (n,c) reaction between the neutron with energy En and

nuclide A; and /ðr~;EnÞ is the neutron flux density at

position r
!
.

In the calculation of nAð r
!Þ using Eq. (2), it was found

that as the microscopic cross sections of the (n,c) reactions
of 1H, 12C, 14N, and 16O are in the pure 1/v regime (v is the

neutron velocity) in the energy range of 0–1 eV, the values

of
r1HðEnÞ
r14NðEnÞ,

r12CðEnÞ
r14NðEnÞ, and

r16OðEnÞ
r14NðEnÞ are approximately constant

for the neutrons with energies below 1 eV. According to

the ENDF/B-VI database [19], the values are * 4.43,

4.53 9 10-2, and 2.54 9 10-3 for
r1HðEnÞ
r14NðEnÞ

h i
T
,

r12CðEnÞ
r14NðEnÞ

h i
T
,

and
r16OðEnÞ
r14NðEnÞ

h i
T
, respectively, and their relative standard

deviations are much less than 1% (see Fig. 1). Since the

energies of almost all of the neutrons inside the explosive

under irradiation of thermal neutrons are less than 1 eV, the

equations for nAð r
!Þ of 1H, 12C, and 16O can be simplified.

For example, the equation for nAð r
!Þ of 1H can be rewritten

as:

n1Hð r
!Þ � N1H

N14N

� r1HðEnÞ
r14NðEnÞ

� �
T

� n14Nð r
!Þ: ð3Þ

Furthermore, the equation for the number ratio between

the characteristic c-rays of 1H and 14N emitted from the

explosive device
K1HðEc1Þ
K14N

ðEc2Þ

� �
can be written as:

K1HðEc1Þ
K14NðEc2Þ

� N1H

N14N

� r1HðEnÞ
r14NðEnÞ

� �
T

� f1HðEc1Þ
f14NðEc2Þ

�

R
V

n14Nð r
!Þ � Pð r!;Ec1Þ � dV

R
V

n14Nð r
!Þ � Pð r!;Ec2Þ � dV

; ð4Þ

where Ec1 and Ec2 are the energies of the characteristic c-
rays of 1H and 14N, respectively.

Since the abundances of 1H, 12C, 14N, and 16O are

constant in the explosive (they are 99.99, 98.93, 99.63, and

99.76%, respectively), the element number ratios of H, C,

N, and O can be deduced according to the ratios of the

numbers of 1H, 12C, 14N, and 16O. In this paper, it was

assumed that 1H, 12C, 14N, and 16O occupy all of the nuclei

of H, C, N, and O, so that the abundances of 1H, 12C, 14N,

and 16O were all assumed 100% in the simulation. There-

fore, the equation for the element number ratio between H

and N of the concealed explosive ([H]/[N]) is given by:

½H�=½N� ¼ N1H

N14N

� A1H

A14N

�
K1H

ðEc1Þ
K14N

ðEc2Þ �
A1H

A14N

r1HðEnÞ
r14NðEnÞ

h i
T
� f1HðEc1Þ
f14NðEc2Þ �

R
V

n14Nð r
!Þ�Pð r!;Ec1Þ�dVR

V

n14Nð r
!Þ�Pð r!;Ec2Þ�dV

; ð5Þ

where A1H and A14N are the abundances of 1H and 14N,

respectively. The equations for [C]/[N] and [O]/[N] can be

also obtained in a similar way.

In Eq. (5),
R
V

n14Nð r
!Þ � Pð r!;EcÞ � dV is the absorption

efficiency for the explosive device of c-rays. Assuming that

the radial profiles of the c emissions from the different

nuclei are the same, which is justified by the identical

energy dependence of the (n,c) cross sections for the dif-

ferent nuclei as shown in Fig. 1, the absorption efficiency

only depends on the energy of the c-ray. The absorption

Fig. 1 (Color online)

Microscopic cross sections of

the (n,c) reactions of 1H, 12C,
14N, and 16O
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efficiency FðEcÞ can be expressed by the following equa-

tion using Eq. (1):

FðEcÞ ¼
Z

V

n14Nð r
!Þ � Pð r!;EcÞ � dV ¼ K14NðEcÞ

f14NðEcÞ
: ð6Þ

Therefore, by measuring the strengths of the various

characteristic c-rays of 14N outgoing from the explosive

device and calculating the ratios between the strengths and

branch ratios, the absorption efficiencies can be calibrated.

Then, the absorption efficiencies for the characteristic c-
rays of other nuclides can be deduced by performing an

energy interpolation calculation:

FðEc0Þ ¼ FðEc1Þ þ ½FðEc1Þ � FðEc2Þ� �
Ec0 � Ec1

Ec1 � Ec2
; ð7Þ

where Ec0 is the energy of the required characteristic c ray;

and Ec1 and Ec2 are the energies of the characteristic c-rays
of 14N closest to Ec0.

3 Numerical simulation study

In order to verify the feasibility of the element analysis

method of concealed explosives based on TNA, a numer-

ical simulation study based on a numerical simulation

platform was carried out.

The numerical simulation platform consists of three

parts: physical models, a transport program based on the

JMCT software, and a data processing program. The

physical models include a concealed explosive, shield,

thermal neutron source, and c-ray detector, as shown in

Fig. 2. The concealed explosive is ball-shaped with a

radius of 10 cm and RDX composition (formula C3H6N6O6

and mass of * 7.6 kg). The shield is a spherical Al shell

surrounding the concealed explosive with a thickness of

1 cm and an outer radius of 15 cm. The thermal neutron

source is a point source with an intensity of 108 s-1, placed

20 cm away from the center of the concealed explosive,

and the thermal neutrons are emitted isotropically with

energies 0.025 eV. The c-ray detector is an HPGe detector

with a size U65 mm 9 60 mm, placed 20 cm away from

the center of the concealed explosive.

The physical models were imported into the transport

program based on JMCT software. The JMCT software is a

Monte Carlo particle transport simulation software devel-

oped by the Beijing Institute of Applied Physics and

Computational Mathematics and Software Center for High

Performance Numerical Simulation, China Academy of

Engineering Physics. It can precisely simulate neutron,

photon, and neutron–photon coupled transport and has the

abilities of 3D visualization modeling and high-speed

parallel computation [20, 21]. Nowadays, the JMCT soft-

ware is applied to simulation studies of physical designs of

reactors, radiation detection techniques, and arms control

verification techniques. In the transport program, the neu-

tron transport in the explosive device (including the con-

cealed explosive and Al shield), and the production and

emission of the characteristic c-rays of the explosive

nuclides were simulated with high precision.

Lastly, the data processing program based on C?? was

used to analyze the spectrum of the c-rays emitted from the

explosive device, calibrate the absorption efficiencies of

the explosive device to c-rays, and reconstruct the element

number ratios of the concealed explosive.

4 Discussion

Using the numerical simulation, the spectrum of the c-
rays emitted from the explosive device (the irradiation time

of the thermal neutrons was 1 s) was achieved and is

shown in Fig. 3. It is important to note that the detector’s

response to the c-rays was not taken into account, and is

discussed in the last paragraph of Sect. 4. In Fig. 3, the

counts of the c-rays emitted from the explosive device are

calculated by Tally 1 of the JMCT software, which is used

to count the numbers of the particles (neutron or photon)

passing through the surfaces. The peaks of the character-

istic c-rays of the (n,c) reactions of 1H, 12C, and 14N are

marked in Fig. 3 (the energy bin of each channel is 1 keV),

and the peak counts of the characteristic c-rays of 12C were

the lowest. It should be noted that the peak of the char-

acteristic c-rays of 16O is not observed in Fig. 3. This is

because the microscopic cross section of the (n,c) reaction
of 16O is too small and far smaller than those of 1H, 12C,

and 14N. Therefore, there were a few characteristic c-rays
of the 16O(n,c) reactions emitted from the explosive device,

and they were swallowed by the background. As a result,

the detection of 16O will not be discussed further in thisFig. 2 Physical models in the numerical simulation study
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paper, and we will focus on the detection of 1H, 12C, and
14N, including the calculation of the element number ratios,

such as [H]/[N] and [C]/[N].

By counting the peak counts of the series of character-

istic c-rays of 14N emitted from the explosive device (see

Table 1) and calculating the ratios between the peak counts

and branching ratios of the characteristic c-rays, the

absorption efficiencies of the explosive device to c-rays
can be calibrated, as shown in Fig. 4. The data in Fig. 4 are

normalized to 10.83 MeV c-rays. It is noted that in

counting the peak counts of the characteristic c-rays of the
explosive nuclides, the interference of the background

should be removed to obtain accurate counts.

By counting the peak counts of the characteristic c-rays
of 1H, 12C, and 14N (see Table 1) emitted from the

explosive device, and combining the equations in Sect. 2,

the element number ratios of the concealed explosive,

including [H]/[N] and [C]/[N], can be calculated and are

given in Table 2. In Table 2 the errors of the reconstructed

values of [H]/[N] and [C]/[N] are less than 5%. Therefore,

the element analysis method of concealed explosives based

on TNA had a high reconstruction precision for the element

number ratios of the concealed explosive. It should be

noted that if the absorption efficiencies of the explosive

device to c-rays are not calibrated (namely the absorption

efficiencies all equals 1), the errors of the reconstructed

[H]/[N] and [C]/[N] would deteriorate to 25.8 and 7.0%,

respectively. Besides, compared with the reconstructed

accuracy of [H]/[N] of the explosives in Ref. [15] (the

errors range from 5 to 23%), where the absorption effi-

ciencies from the numerical simulation are used with the

experimental data, the reconstruction accuracy in this paper

is clearly higher.

Furthermore, the element number ratios of some typical

materials (including explosives, drugs, and common

materials) in the shielding environment were reconstructed

on the numerical simulation platform, and the details are

provided in Table 3 [22]. The shield is the same as for the

shield model in Sect. 3, and the shapes and volumes of the

concealed materials are the same as those of the explosive

model in Sect. 3. The reconstructed element number ratios

of these materials are plotted in a scatter diagram in Fig. 5.

In Table 3 and Fig. 5, the element number ratios of the

Fig. 3 Energy spectrum of c-rays emitted from the explosive device

Fig. 4 Absorption efficiency of the explosive device to c rays

Table 2 Reconstruction results of the element number ratios of the

concealed explosive

Element number ratio Actual value Reconstruction result

[H]/[N] 1 1.02

[C]/[N] 0.5 0.521
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materials are different and the reconstruction results of the

element number ratios are accurate; therefore, these

materials were easily distinguished based on the recon-

structed element number ratios (including [H]/[N] and [C]/

[N]). Generally, due to the particularity of the chemical

structures of explosives, the element number ratios of

explosives are mainly different from those of common

materials. Therefore, explosives can be effectively dis-

criminated from common materials by comparing their

element number ratios. Besides, the element number ratios

of different explosives are always varied and can be used to

represent the explosive types. As a result, although the

element analysis method of concealed explosives based on

TNA cannot discriminate materials with the same [H]/

[N] and [C]/[N], it can be still be applied to determine the

existence of explosives and identify explosive types due to

its high reconstruction accuracy of the element number

ratios of concealed materials.

However, the c detector used in the element analysis

method of concealed explosives based on TNA should have

two qualifications: a high energy resolution and proper

detection efficiency. For example, by considering the

model parameters in Sect. 3 (including the thermal neutron

source, concealed explosive, and shield), in order to dis-

criminate the full-energy peaks of the characteristic c-rays
of 1H, 12C, and 14N, the energy resolution (FWHM) of the

c detector should be greater than 1%; meanwhile, in order

to achieve the detection of the characteristic c-rays of 12C

in 1 h (the count uncertainty of the full-energy peak is less

than 5%), the detection efficiency (absolute efficiency) of

the c detector to the full-energy peak of the characteristic

c-rays with energies of 4.95 MeV emitted from the

explosive device should be greater than 1.4 9 10-4. After

the calculation of the model parameters in Sect. 3, an

HPGe detector (ORTEC company) with size U65 mm 9

60 mm and placed 20 cm away from the center of the

concealed explosive (with a 90� angle between the neutron

Table 3 Reconstruction results of the element number ratios of various materials

Material Molecular formula [H]/[N] [C]/[N]

Actual value Reconstruction Actual value Reconstruction

Explosive RDX C3H6N6O6 1 1.02 0.5 0.521

TNT C7H5N3O6 1.67 1.67 2.33 2.46

Nitroglycerin C3H5N3O9 1.67 1.69 1 1.01

Ammonium nitrate NH4NO3 2 1.99 0 0.00

Drug Morphine C17H19NO3 19 19.0 17 17.4

Cocaine C17H21NO4 21 20.8 17 17.2

Heroin C21H23NO5 23 22.7 21 21.3

Common material Polyurethane CHNO2 1 1.01 1 1.02

Nylon-6 C6H13NO 13 12.7 6 6.43

Urea CH4N2O 2 2.02 0.5 0.504

Fig. 5 (Color online)

Reconstruction results of the

element number ratios of

various materials (scatter

diagram)
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source and c detector relative to the center of the concealed
explosive, as shown in Fig. 2) fulfilled the two qualifica-

tions above.

5 Conclusion

In this paper, an element analysis method of concealed

explosives based on TNA was proposed. This method can

be used to determine the existence of concealed bulk

explosives and identify explosive types. First, this paper

introduced the principles of this method and established a

mathematical model that allows for the calculation of the

element number ratio of the concealed explosive. Second, a

numerical simulation platform of this method was estab-

lished on the basis of the JMCT software and was used to

simulate the neutron transport in the explosive device

model (including the explosive and shield models) and the

production and emission of the characteristic c-rays of the
explosive nuclides. Then, the element number ratios of the

explosive model were reconstructed through the calibration

of the absorption efficiencies of the explosive device to c
rays, and the reconstruction results were in good agreement

with the actual values demonstrating the high reconstruc-

tion precision of this method. Lastly, through the simula-

tion study, the method was used to discriminate explosives,

drugs, and common materials, demonstrating that it has the

abilities to determine the existence of concealed bulk

explosives and identifying explosive types, suitable for use

in airport security and customs inspections. It should be

noted that the main focus of this paper was on the detection

of concealed explosives of several kilograms. For the

concealed explosives of only several hundred grams, the

element analysis method of concealed explosives based on

TNA is also suitable and is able to reconstruct the element

number ratios of the explosives accurately, but the mea-

surement time to achieve the equivalent counts of the

characteristic c-rays of explosive nuclides will increase.
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