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A B S T R A C T   

The feasibility study of the landmine identification system (LIS) based on the angular distribution of thermal 
neutrons for buried landmines was undertaken in this work. The operation of the system was based on both 
artificial neural networks (ANN) and least-squares methods in which the input data were prepared by the 
MCNP6.1 Monte Carlo code before feeding into MATLAB and dedicated programs, respectively. Having achieved 
the promising ANN and least-squares results (with a relative error of less than 15%), the study confirmed that the 
proposed system is sensitive to the depth of the landmine as well as to the soil moisture, therefore it could be used 
for landmine identification.   

1. Introduction 

Unidentified buried landmines are among the major unresolved 
problems in the countries with a post-war history. According to various 
expert estimations, it is known that more than 80 million landmines, 
shells, and other explosive devices of various types are still buried in 
different countries worldwide [Tbarki et al., 2021]. This number is 
constantly changing due to local military conflicts and it is a serious 
problem for the state security agencies of these countries. 

There are several classic methods such as using trained animals or 
metal detectors for landmine identification. However, locating land-
mines using these methods is a costly, dangerous, and time-consuming 
task. In addition, some techniques such as those using metal detectors 
are effective identification methods only for explosive devices contain-
ing major metallic parts and unsuitable for plastic explosives. 

New advanced methods for detecting explosive devices, such as 
electromagnetic detection, [Stanley et al., 2002], biological [Habib, 
2007], and nuclear methods [Kiraly et al. 2001; Bagdasaryan et al., 
2015; Metwally, 2015; Han et al., 2019; Han et al., 2021; Bishnoi et al., 
2019; Pino et al., 2021; Xue et al., 2020] are currently being developed 
and implemented. 

The detection of explosives using nuclear methods has been widely 
studied recently. Neutron methods can be used based on the fact that 
landmine explosives (TNT (C7H5N3O6), RDX (C3H6N6O6), and hexogen 

(O8N8C4H8)) are composed of elements with low and medium atomic 
mass, and different from the compositions of soil (dry soil: O (51.4%), 
Na (0.614%), Mg (1.31%), Al (6.87%), Si (27.06%), K (1.43%), Ca 
(5.11%), Ti (0.46%), Mn (0.072%), Fe (5.64%), and modified compo-
sitions according to various moistures) and most common organic ma-
terials, which allow them to be identified. 

Among different nuclear methods, those based on neutrons can 
effectively detect explosives, even if they are buried under a relatively 
thick layer of soil due to the high penetrating power of neutrons. The 
well-known, conventional neutron methods with wide practical appli-
cations use two different approaches: (1) neutron activation of target 
elements [Takahashi et al., 2011; Bagdasaryan et al., 2015; Yoshikawa 
et al., 2009; Elsheikh, 2018; McFee et al., 2013; Takahashi et al., 2010] 
and/or (2) neutron scattering [ElAgib et al., 2009; Kiraly et al., 2001; 
Drosg and Brooks, 2005; Masoudi and Ghashami, 2014; Metwally, 2015; 
Elsheikh et al., 2012; Xue et al., 2020]. 

The prompt gamma-ray neutron activation analysis (PGNAA) 
including the neutron-induced gamma-rays from (n, γ) and (n, n’γ) re-
actions in hydrogen (2.2 MeV), oxygen, carbon, and nitrogen (6, 4.4 and 
10.8 MeV) are used for the explosive detection. In most cases, the acti-
vation systems are not portable and are usually installed at customs 
terminals. 

In the second approach, the neutron scattering/backscattering used 
for the explosive detection [ElAgib et al., 2009; Elsheikh et al., 2012; 
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Datema et al., 2001] consists of the registration of thermal neutrons 
backscattered from the soil. This method is widely used because the 
probability of the backscattered neutrons from hydrogen (depending on 
the explosive type, the atomic fraction of hydrogen is about 30%) is one 
order of magnitude higher than the probability of 10.8 MeV gamma-ray 
production from nitrogen. However, this approach is most suitable for 
identifying buried landmines in relatively dry soils, as well as for the 
landmines and casings containing a sufficient amount of hydrogen, 
otherwise, the identification fails by increasing the soil moisture. 
However, some landmine identification efforts with tagged neutrons 
[Han et al., 2019; Valkovic et al., 2013; Valkovic et al., 2010] have 
yielded satisfactory results even in dense medium with strong interfer-
ence substances. 

Having undertaken successful studies on the angular distribution of 
thermal neutrons surrounding a soil sample to estimate the soil moisture 
[Ghaemifard et al., 2020; Bedenko et al., 2021], it has been decided to 
use a similar scenario for landmine identification. 

Different conditions for the depth of the landmines as well as the soil 
moisture have been considered. To this purpose, the response of a single 
thermal neutron detector located at different angles around the buried 
landmine region and exposed to an easily-available 241Am-Be neutron 
source has been simulated using the MCNP6.1 code [Goorley et al., 
2012] which is reported in Section 2.1. The detector responses for 
different conditions form a data matrix that is used further as input data 
for both the artificial neural networks (ANN) computations with MAT-
LAB and least-squares analyses explained in Section 2.2. The landmine 
identification system (LIS) results as well as the identification thresholds 
are presented in Section 3. Section 4 presents a few suggestions for 
future works. 

2. Materials and methods 

2.1. Conceptual design of angular distribution of thermal neutrons system 

As explained, a new landmine identification approach has been 
proposed based on the angular distribution of thermal neutrons regis-
tered by a detector array. Both the ANN and the least-squares analyses 
have been used to determine the depth of the landmine after its presence 
is confirmed. The proposed LIS requires a Monte Carlo-generated data 
library for the so-called known landmine depth and X-position. How-
ever, it should be noted that since soil moisture can disturb the perfor-
mance of the system, different soil moistures have been considered for 
the simulations. The landmine size is also an important factor in the 
process, but to avoid the complexities, it has been decided to fix the size 
at this present stage. 

The anti-personal landmines are generally composed of explosive 
material (i.e., TNT or C6H2(NO2)3CH3) made of hydrogen, carbon, ox-
ygen, and nitrogen with 1.65 g/cm3 density, whilst hydrogen, carbon, 
and oxygen are the main constituents of the enclosure (Lucite in this 
study with the chemical formula of C5O2H8 and density of 1.19 g/cm3) 
[McConn et al., 2011]. The cylindrical-shaped landmine in this work has 
a radius and a height of 3.5 cm and 2.2 cm, respectively, surrounded by a 
6-mm thick layer of Lucite. 

The neutron source is an important component of all explosive- 
detection systems based on neutron interactions. Isotopic (α-n) sources 
such as Am-Be type [Ghal-Eh et al., 2019], as well as neutron generators 
(D-D (En = 2.45 MeV) and D-T (En = 14.1 MeV)) are the conventional 
neutron sources in such systems. 

In this work, an assembly consisting of five AmO2-Be capsules of 
Amersham X. 14 (code AMN.25) with the compositions summarized in 
Table 1, representing a stable neutron flux (with a total intensity of 

1.143 × 108 n/s) [Bedenko et al., 2020]) for a very long time with the 
least contamination of gamma-rays, has been used [Amersham/Searle, 
1976]. 

Note should be taken that the activity of one capsule of Amersham 
X.14 (code AMN.25) is 370 GBq (10 Ci), according to its experimentally 
measured intensity [Marsh et al., 1995], is 2.126 × 107 n/s in 4π ge-
ometry. The MAximum Dose Equivalent (MADE) in the ICRU sphere, 
calculated using conversion factors from [ICRP, 1982], is 372 pSv ×
cm2. The calculated unmoderated neutron yield used in this simulation 
and the conversion factors from spectrum to effective equivalent dose, 
respectively, are 2.285 × 107 n/s and 1.615 μSv × h− 1/(n/(s. cm2)) 
[Bedenko et al., 2021], respectively. 

The capsule shell material is stainless steel (SUS316L) with the 
following compositions (wt. %): C - 0.08; Si - 1.0; Mn - 2; P - 0.045; S - 
0.03; Ni - 10; Cr - 17.00; Mo - 2.5; the rest is Fe. 

Fig. 1 also shows the configuration of a cylindrical collimator to 
generate a narrow beam of neutrons with the required neutron spectrum 
for the effective detection of explosives. The collimator material is high- 
density borated polyethylene of the following composition (wt. %): H - 
12.7; B - 4.69; C - 72.3; O - 10.3. Having considered the fine-powder 
structure of the active part of the capsule, the calculated neutron spec-
trum of the Amersham X.14 capsule and its geometric model for the 
MCNP6.1 code are taken from [Bedenko et al., 2021] (Fig. 2). The 
neutron source density calculation was performed in the Nedis-2m 
program code [Vlaskin, 2006; Vlaskin and Khomyakov, 2021] taking 
into account the anisotropy of neutron emission (α, n)-reactions for 
specific levels of residual nuclei (evaluated and implemented into the 
program library by the developers based on available experimental 
data), and using data from [Murata et al., 2006] three-body reaction 
channel 9Be(α,n)34He [Murata et al., 2006]. Taking into account the 
anisotropy of neutron emission, the (α,n)-reaction in Be will make it 
possible to obtain more accurate values of the dose coefficient of the 
leakage neutron spectrum, which can be used to determine the dose rate. 
This will allow optimizing the size and weight of the biological protec-
tion shield against neutron radiation. 

A distinctive feature of the proposed approach is the use of a thermal 
neutron detector of commercially available cylindrical proportional BF3 
counter (LND20137 [LND, 2022]) (See Table 2). Three detectors in 
different positions (position num. 1, 10, and 19 as shown in Fig. 3) have 
been moved in such a way to cover 26 different angles. Since considering 
either one movable detector in 26 positions or, 26 fixed detectors in each 
position is inefficient, three detectors have been selected to scan all 26 
positions. This detectors array allows obtaining detailed information on 
the angular distribution of thermal neutrons scattered off and leaving 
the surface of landmine-containing soil. The (n, α) reaction rate in 10B 
nuclei of the BF3 counter is considered as the simulation response of the 
detector. 

Table 1 
Compositions of the active part of a homogenized Amersham X.14 capsule.  

Nuclide Isotopic 
abundance [%] 

Nuclide mass 
fraction [%] 

Nuclide density 
[(b⋅cm)− 1] 

Mass [g] 

9Be 1.00E+00 9.26E-01 1.13E-01 4.60E+01 
16O 9.98E-01 8.70E-03 4.81E-05 4.33E-01 
17O 3.80E-04 3.52E-06 1.83E-08 1.75E-04 
18O 2.05E-03 2.01E-05 9.88E-08 1.00E-03 
241Am 9.46E-01 6.22E-02 2.28E-05 3.09E+00 
242Am 3.60E-02 2.37E-03 8.67E-07 1.18E-01 
243Am 1.79E-02 1.19E-03 4.32E-07 5.90E-02  
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2.2. Least-squares analysis 

Least-squares analysis refers to a method in which a set of given input 
data with specific labels are compared with a so-called unknown one 
(with an unknown label) by summation over squared difference values 
to determine which input data is the nearest one to the unknown data, 
and therefore, the most appropriate label of the unknown data is 
obtained. 

In this study, using the Monte Carlo MCNP6.1 code, the responses of 
the thermal neutron detector located at 26 different locations above the 
landmine-containing soil are calculated to be taken as input data. 
Having considered five different landmine depths (0, 5, 10, 15, and 20 
cm, which are the labels in least-squares analysis) as the reference li-
brary data, the 26 × 5 response matrix has been generated. The soil 
containing an unknown-depth (i.e., the unknown label) landmine when 
irradiated by neutrons results in 26 detector responses (Xi, i = 1, …, 26). 
The X values are compared with all columns of the response matrix using 
the least-squares formula of Eq. (1). 

χ2
j =

∑26

i=1

(
Xi − Y(j)i

)2

(

j = 1, …,  5

)

(1)  

where, Y(j)i is the response of the i-th detector when the landmine is 
located at the j-th depth. The χ2

j are calculated for all landmine depths (i. 
e., j values), and the two lowest χ2

j values, corresponding to j< and j>, are 
identified. One may conclude that the unknown spectrum (X) is related 
to the known spectra (Y), following the linear superposition of Eq. (2):  

X=PY(j<)+QY(j>)                                                                           (2) 

where coefficients P and Q determine the contributions of the two most 
similar spectra to the unknown spectrum ranging from 0 to 1. The un-
known depth is therefore calculated as:  

Landmine depth=P × Depth (j<)+Q × Depth(j>)                                 (3)  

2.3. ANN 

ANN is designed to behave like interconnected neuron cells in the 
brain without being programmed according to task-specific rules. A 
neural network is a group of neurons with special connections from one 
point to another point of the network which have identical functions, 

Fig. 1. Neutron source assembly and proposed collimator. (a) Upper and (b) Sectional views.  

Fig. 2. Amersham X.14 AmO2-Be neutron source used in the simulation. (a) 3D model, (b) Neutron spectrum in the internal volume of the capsule.  
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but in various sizes and shapes depending on their positions in the neural 
system. 

In the present study, to estimate the landmine depth, the datasets 
generated by MCNP6.1 have been used as inputs of the ANN toolbox of 
MATLAB, called nntool [MATLAB, 2019]. Basically, to train the network 
and achieve a reasonably small relative error, a large data library is 
required. Herein, similar to the least-squares method, the calculated 
responses of the thermal neutron detectors in 26 angles for five different 
landmine depths (i.e., from 0 to 20 cm) in the form of 26 × 5 response 
matrix are used for the network training. The ANN performance can be 
monitored by comparing the ANN response and true values from control 
data which were randomly chosen. In nntool, having chosen the Feed-
forward Backprop ANN type, the ANN details have been summarized in 
Table 3 and illustrated in Fig. 4. 

3. Results and discussion 

In order to justify the presence of the landmine, the proposed LIS has 
been moved over the suspected region along the X-axis and the corre-
sponding detector responses are simulated with the MCNP6.1 code. 
Different soil moisture percentages (i.e., 0, 5, 10, 15, and 20%) have 
been considered to check the sensitivity of the LIS. 

First, to determine the soil moisture threshold to achieve acceptable 
accuracy, the X coordinate of the landmine, the soil moisture, and the 
landmine depth are varied. Different statistical descriptive parameters 

Table 3 
ANN specifications used in MATLAB’s nntool.  

ANN specifications Value 

Number of input/output data 26, 1 
Hidden layer, Number of neurons Tansig, 20 
Output layer, Number of neurons Purelin, 1 
Training function TRAINGDX 
Adaption-learning function TRAINLM 
Performance function MSE  

Fig. 4. A double-layer neural network design for estimating unknown land-
mine depth. 

Fig. 5. The minima of detector responses when the LIS is displaced over the 
surface (from X = − 24 cm to X = 24 cm) where the landmine is located at X =
0 cm. The landmine depth and soil moistures are 0 cm and 0%, respectively. 

Fig. 6. Variation of landmine depth from 0 up to 20 cm (The landmine is 
buried in dry soil and at X = 0 cm). The landmine location is obtained by 
calculating the peak position of the minimum response. As the landmine depth 
increases, the peak in the histogram tends to disappear, and therefore the 
identification of landmine location becomes difficult. 

Table 4 
Operational landmine depths and soil moisture percentages of the proposed LIS. 
Passed and failed are corresponding to the performance errors of less and greater 
than 4 cm in locating the landmine.    

Soil Moisture (%) 

0 5 10 15 20 

Landmine depth (cm) 0 Passed Passed Passed Passed Passed 
5 Passed Passed Failed Failed Failed 
10 Passed Failed Failed Failed Failed 
15 Passed Failed Failed Failed Failed 
20 Failed Failed Failed Failed Failed  

Table 2 
Main characteristics of the LND20137 proportional counter 
[LND, 2022].  

General specifications Value 

Maximum length [mm] 123.8 
Maximum diameter [mm] 16 
Effective length [mm] 50.8 
Effective diameter [mm] 15.49 
Gas pressure [atm.] 0.53 
Enrichment for isotope 10B [%] 96  

Fig. 3. Simulation setup: (1) Soil, (2) Neutron source, (3) Collimator, and (4) 
Different detector locations. 
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have been studied such as the mean, standard deviation, maximum, and 
minimum of the 26 detector responses. It has been realized that the best 
parameter for the identification of the landmine location in this study is 
the minimum response of thermal neutron detectors that can be placed 
at 26 different angles. As seen in Fig. 5, the fitted Gaussian function to 
the histograms of the minimum responses shows that the LIS can 
determine the landmine location with about 2 cm error when the soil 
moisture and landmine depth are 0% and 0 cm, respectively. 

As the landmine depth increases, the accuracy of the LIS deteriorates. 
This can be seen in Fig. 6, where the landmine depth is varied from 0 up 
to 20 cm. It should be noted that, as far as the literature survey confirms, 
the maximum landmine depth is about 15 cm. The soil moisture also has 
a disturbing effect on the LIS performance. As summarized in Table 4, 
the LIS may be used only in some landmine depths and soil moistures. 
The rejection criterion is that the system is unable to locate the landmine 
with less than 4 cm accuracy. 

Having discussed the details of ANN and least-squares methods in 
landmine depth determination, both the library (i.e., 0, 5, 10, 15, and 20 
cm depths) and unknown responses (i.e., 7, 12, 17 cm depths) to 
different landmine depths have been simulated with the MCNP6.1 (See 
Fig. 7). The number of neutrons used in each simulated response is 2E9 
which keeps the uncertainties well below 5%. As can be seen in Fig. 7, 
the detector responses for different landmine depths are well separated 
which is an important feature for both ANN and least-squares methods. 
Besides, the relatively large responses of the detectors at positions 21 
and higher may be attributed to the large probability of near-to-forward 
neutron scatterings. Table 5 summarizes the ANN and least-squares re-
sults, where it can be seen that the landmine depth can be recognized 
with an appropriate working precision. The relative errors in these two 
methods are less than 15% which enables the proposed system to guess 
the initial depth of the existing landmine before the procedure for 
finding and removing the landmine is followed. 

Moreover, the contribution of gamma-rays in the detector counts can 
be ignored since the low-amplitude region of the BF3 spectrum which is 
corresponding to the electronic noise and gamma-rays can be easily 
discriminated by an appropriate lower-level discrimination setting of 
the data acquisition electronics. 

4. Conclusions 

A LIS based on the angular distribution of thermal neutrons has been 
proposed in this study. The system includes thermal neutron detectors 
and a collimated AmO2-Be neutron source which aims, with the help of 
ANN and least-squares methods, to identify the presence of the 
commonly-used landmines and their depths in the soil. However, similar 
to other neutron-based devices, the proposed LIS exhibits its best per-
formance in dry-soil fields. 

Although the present LIS requires the registration of the detector 
counts at 26 different angles, it is anticipated that the use of a precision 
rotating arm may reduce the number of thermal neutron detectors to 
only three. 

In addition, the proposed LIS is portable and can be adapted to 
medium-duty civil and military vehicles. Unlike D-D and D-T neutron 
generators, the proposed installation generates a stable neutron flux for 
a long time and does not require highly qualified personnel for auton-
omous operation under special conditions. 

The system itself, with the necessary equipment, electronics, and 
biological protection shielding, can be built into the front side of an 
armored truck (see Fig. 8), the second escort armored car is used to 
transport Am-Be capsules in standard shipping containers from the 
manufacturer as a biological protection unit when the LIS is not under 
operation. The modified truck will increase the mobility of the system 
under study and will speed up the time for preliminary assessment of the 
terrain. 

The proposed LIS system consists of five highly active AmO2-Be 
capsules with a total activity of 1.85 × 103 GBq and intensity In = 2.126 
× 107 × 5 = 1.063 × 108 n/s [Marsh et al., 1995]. It is obvious that a 
simple radiation shield such as a boron-containing polyethylene block 
surrounding this assembly to minimize the neutron flux, as well as the 
ambient absorbed dose to the maximum permissible values, will have 
very large dimensions which is inefficient. Therefore, the development 
of a small-sized multi-layered protective shield against gamma-rays and 
neutrons to effectively slow down the fast as well as to absorb scattered 
thermal neutrons and gamma-rays is being investigated for future works 
in parallel with the possible modification of the vehicle for the instal-
lation studied in this study. 

As already mentioned in Section 2, soil moisture and landmine depth 
were the two variables studied in the present work. However, a similar 
scenario may apply to the landmine size which is being investigated by 
authors. 

Fig. 7. The responses of 26 thermal neutron detectors when the landmine is 
buried in different depths of dry soil. 

Table 5 
The landmine depth estimation by ANN and least-squares methods.   

Unknown Mine Depth [cm] 

True Values 7 12 17 

Estimated 
Values 

Least Squares Method [% 
Rel. Err.] 

8.035 
(14.79) 

12.460 
(3.83) 

17.830 
(4.88) 

Artificial Neural 
Networks Method [%Rel. 
Err.] 

6.464 
(7.66) 

13.471 
(12.26) 

16.196 
(4.73) 

Note should be taken that since the neutron source strength used in this study is 
1.143 × 108 n/s, one may expect that every 40 cm × 40 cm of the field is swept in 
35 s, which is equivalent to about 4 min for each square meter. However, the 
sweeping time can be reduced by increasing the neutron yield. 

Fig. 8. Conceptual schematic view of the LIS installed on a military vehicle.  
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