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ABSTRACT

The use of Monte-Carlo simulations for modelling a simplified landmine detector
system with a 252Cf- neutron source is presented in this contribution. Different aspects and
variety of external conditions, affecting the localisation and identification of a buried
suspicious object (such as landmine) have been tested. Results of sensitivity calculations
confirm that the landmine detection methods, based on the analysis of the backscattered
neutron radiation can be applicable in higher density formations, with the mass fraction of
present pore-water <15 %.

1 INTRODUCTION

At the turn of the millenium, the indiscriminate use of landmines still persists as tragic
legacy of civil strife around the world. Landmines, particularly Anti-Personal Landmines
(APL), represent a threat of global proportions. Although the exact number is unknown, it
was previously estimated in [1] that as many as 80-110 million landmines are scattered within
at least 70 countries around the world.

The major problem in mine clearing is distinction. Modern APLs are inexpensive, small
(mass <300 g), and made of various substances, thereby making it nearly impossible for the
common metal detector to distinguish from the metallic debris. Landmines can also be made
of plastic, which is not detected by the metal detector: in addition to C, N and O they can also
contain significant proportions of hydrogen. Atom fractions for hydrogen in most well-known
explosives, for example, range between 25-30%. This suggests that nuclear or other methods
for detecting hydrogen non-invasively might be successfully adapted to the detection of
plastic APLs. One of well-known and efficient ways of detecting hydrogen is utilise for the
energy-moderating effect, which it has on fast neutrons. When hydrogen-containing material
is exposed to neutrons of energy greater than about 1 MeV, a fraction of these neutrons will
have their energy reduced on much lower levels (<10 keV) by multiple neutron scattering on
hydrogen nuclei (protons).
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The idea of using neutron backscattering to detect plastic APLs or other hydrogen-rich
objects is not new – see for example Ref. [2]. Recently, the computer simulations have been
extensively used as a prelude for experimental and design work. The aim of the work
presented in this paper was to determine the range and applicability of Monte-Carlo
simulations for modelling of a simplified landmine (LM) detector set-up and sensitivity
studies to various external conditions.

2 MODELING ASPECTS

The Monte-Carlo model of the detector set-up as used in our calculations is
schematically depicted in Figure 1. It can be reasoned that if one cannot produce non-
ambiguous indications for the presence or absence of a landmine in such idealised simulated
geometry, one will not be able to produce useful results experimentally or even on field.

Figure 1 Side view of the MCNP model of the landmine detector system. Dimensions
are not to scale. See Table 1 for formation and air layer dimensions.

Table 1 Dimensions and compositions of the landmine detector
Element Material Dimensions
(shape) (density in g/cm3) Diameter (cm) Height (cm)

Landmine TNT (C7H5N3O6) 7 2
(cylindrical) (1.65)

Detector 3He 4.5 10
(cylindrical) (5.0⋅10-4)
Formation Limestone (CaCO3) square: 150x150 100
(square) (2.71)

Air surroundings Air square: 150x150 50
(square) (1.3⋅10-3)

The 252Cf spontaneous-fission point source, with Maxwell energy distribution (kT=1.42
MeV) was used, generating 106 neutrons in the downward direction. The volume averaged
flux of back-scattered neutrons was detected with the cylindrical detector filled with 3He gas,
located co-axially with the buried object (i.e. TNT mine), 10 cm above the soil ground level,
initially with an efficiency of 100%. The initial depth of the buried object was 5 cm.
Dimensions and compositions of applied materials are outlined in Table 1.

Initially, the block of pure limestone (CaCO3) formation (with bulk density of 2.7
g/cm3) and 50 cm of air on top was adopted. The general purpose Monte Carlo transport code
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MCNP4B with continuous neutron cross-sections from ENDF/B-VI library was used for most
of the simulation work.

2.1 Initial setup and geometry optimisation

Materials used for plastic-explosive production (including landmines) are most
frequently rich in one or more of four basic elements: oxygen (16O), hydrogen (1H), carbon
(12C) and nitrogen (14N). To appreciate the indications obtained from different materials,
simulations were first conducted for single elements. The cavity, containing the anomaly was
filled with each of the aforementioned elements, having the density of water (ρwater=1 g/cm3).
In addition, the cavity was filled with pure limestone and TNT mine. The MCNP calculated
neutron spectra (except for the 252Cf source spectrum, depicted in solid), presented in figure 2,
have been additionally smoothed with adjacent averaging. The statistical bin uncertainties
have remained acceptably low (<10%) over the entire energy range. From the figure one notes
that the spectra for 12C, 14N, 16O and limestone are quite similar but that TNT and 1H yield
quite different neutron spectra both in shape and magnitude.
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Figure 2 Backscattered neutron spectra of explosive basic elements, limestone
formation and TNT landmine (the 252Cf source spectrum, depicted in solid is added for
comparison)

The results were analyzed by examining the difference between a particular detector
response and the corresponding one in the absence of an anomaly (i. e. for limestone only);
called here the net value. As expected, hydrogen gives a significant positive net indication (by
a factor of 7) at the mid-range (<10 keV) and particularly at the lower end (<1 eV) of the
energy spectrum and a slight negative indication at energies above 100 keV. Carbon on the
other hand, gives a slight positive indication below 100 eV, since it is not as an effective
slowing-down element as hydrogen. Due to resonance effects of their cross-section, oxygen
and nitrogen give slightly different responses in energy region between 0.1 and 1 MeV:
negative for oxygen and positive for nitrogen. The most encouraging observation is related to
significant positive response of modelled explosive material, TNT: for energies below 10 keV
explosive anomaly results in three times higher response; with zero response from limestone
for energies below 0.1 eV due to higher absorption. The above indicators demonstrate that
four basic elements of explosives have a noticeable effect on the spectrum of backscattered
neutrons.
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In Monte Carlo simulations, particle tracks may be “flagged” when they leave
designated geometry region thus presenting a measure of contribution (i.e. importance) from
certain parts of geometry to the region of interest (such as a detector). Here, the aim was to
optimise the formation outer dimensions with respect to detector response. Importance was
defined as a ratio between flagged and total calculated neutron flux: radial as a measure for
contribution from radial (plane x-y) direction and axial from vertical (axis z) direction.

For this set of calculations the influence of soil porosity (without the presence of pore
water) on detector response has been examined. The porosity was altered from 0 to 30% in
steps of 10%. The initial bulk density of the formation was appropriately adjusted to account
for porosity effects while the material composition remained unchanged. The simulation
results (for axial importance calculations only) are presented in Figure 3.
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Figure 3 Dependence of the axial importance function for different porosities and
formation depths.

Axially, the soil porosity influences the importance function most significantly in top
formation layers: up to 12% for the change in porosity from 0 to 30%. The relative change in
radial importance due to change in formation density remains within 5% regardless on the soil
porosity. Because the change in porosity only affects the bulk density of the formation and
consequently the absorption properties, the axial and radial importance functions are
positively correlated with porosity. The influence of density change becomes almost
irrelevant with larger distance from the buried object.

The importance functions for backscattered neutrons express a strong anti-correlation
with increasing formation dimensions: regions beyond 30 cm in radius and below 40 cm from
top, contribute to the total neutron flux less than 1.5% and 1%, respectively. The MCNP model
with these dimensions thus represents a radially and axially infinite geometry, with the
estimated systematic error introduced in total neutron flux of less than 5%.

3 CASE STUDIES

3.1 Selected materials in place of a landmine

To demonstrate whether one is able to distinguish between a landmine and an innocuous
object, the landmine was replaced by one of the materials listed in Table 2. The absence of
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any suspect material in the cavity containing the object was simulated by the presence of
either a void or formation (dry limestone, with density of 2.7 g/cm3) itself.

A number of materials rich in hydrogen were considered, since such materials have a
significant slowing-down effect on neutrons. In addition, materials that are likely to be found
in Earth-crust, and may be confused as being landmines, were simulated. All the chosen
materials were rich in one or more of three basic elements in explosives (16O, 12C and 1H) but
none contained nitrogen. Any nitrogen rich material can be suspect for a landmine, only if it
has a high oxygen content, since oxygen is a bonding agent in explosives.

The MCNP simulated geometry (formation, detector and mine dimensions, as well as
source properties) were the same as in the initial setup in Chapter 2.1. Calculated neutron
spectra are presented in Figure 4.

Table 2 Compositions of materials used instead of a landmine (from Table 2 in [3])

Material Mass fraction
H C O Na Mg Al Si K Ca Fe

Water 0.11 0.89
Polyethylene 0.143 0.857

Wood 0.623 0.065 0.312
Granite 0.007 0.001 0.563 0.011 0.001 0.038 0.315 0.024 0.031 0.009

Concrete 0.01 0.001 0.529 0.016 0.002 0.034 0.337 0.013 0.044 0.014
Limestone 0.12 0.48 0.40

Soil 0.01 0.56 0.07 0.36
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Figure 4 MCNP calculated neutron flux for different types of simulated anomaly in
place of a mine.

From the shape of the spectra one may group the responses in three categories: I: wood,
water and polyethylene; II: TNT, soil, granite and concrete; III: limestone and void. The
objects containing water, wood and polyethylene (PE) can easily be distinguished. Wood
moreover, produces for a factor of 2.5 higher thermal (<1 eV) neutron flux than water and PE
in average due to its high hydrogen elemental density (see Table 2). The void anomaly gives a
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negligible net contribution indicating that neutrons from the formation beneath the anomaly
can reach the detector and compensate for the lost neutron scattering. Comparing to soil,
granite rock and concrete give a 50% negative indication below 1 eV, suggesting more
neutron absorption. The TNT explosive gives a positive net response by an order of
magnitude for energies below 10 keV and a slightly negative response above that level.

3.2 Influence of landmine density

The detector sensitivity to changes in density of the TNT landmine has been
investigated for the range of ρ=1.65 g/cm3 to 1.8 g/cm3 in steps of 0.05 g/cm3. The landmine
with dimensions identical to those from Table 1, was located 5 cm below the formation top
surface. Simulation results show that the density change of TNT explosive material does not
influence the detector response in a way to distinguish between different cases. Between both
limit density values (1.65 and 1.8 g/cm3) the change in total neutron flux is less than 1%
which is much smaller than the statistical uncertainty of the Monte-Carlo simulation.

3.3 Influence of landmine depth

The influence of landmine depth (varied from initial 5 cm to 30 cm in steps of 5 cm) on
detector response was studied. Again, the non-porous limestone formation (ρ=2.7 g/cm3) was
applied. The calculated neutron-detector responses are presented in Figure 5.
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Figure 5 Dependence of neutron backscattered spectra on landmine depth.

It is possible to distinguish between the spectra obtained, particularly for energies below
100 keV. On average, a change of landmine depth by 5 cm results in 3% change in total
neutron flux (statistical uncertainty less than 0.2%). In this simplified test case the neutron
backscattering method was therefore sensitive enough on a depth of explosive object, buried
in dry limestone formation.

3.4 Detector spatial resolution

In real demining environments the formation is most frequently a compound of
heterogeneities with substantial variations in composition, water content and dimensions.
Therefore, high spatial resolution is one of the main requirements of each landmine detection
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system. For the next set of calculations, the following changes on the simulated detector
system have been applied. The cylindrical 3He detector has been replaced with the square
array of detectors, with outer dimensions of 50x50 cm2 and height of 10 cm. The volume
averaged neutron flux was tallied in each of 100 lattice elements with a lateral cross section of
5x5 cm2. Again, the centre of detector array was located co-axially with the source/mine. The
detector response distribution was calculated for four formation porosity values: 0, 10, 20 and
30%. In Figure 6, the response is presented (normalised to peak value in the centre of detector
array) for the initial density (porosity 0%).

It can be determined that almost 45% of total backscattered neutrons (integral response
over entire volume of detector matrix) are detected in square region with boundaries of 15x15
cm2 or less than 4 cm from the landmine casing edge. Another 35% of scattered neutrons
emerge from the square region with boundaries of 35x35 cm2 (excluding previously
mentioned area) and approx. 20% of response comes from the remaining edge of detector
system. This reasonably good spatial resolution was obtained only for limestone matrix with
the porosity of 0% and density of 2.7 g/cm3. When porosity in the model was increased, the
spatial resolution has decreased, as more backscattered neutrons contributed to the outer
regions of detector array, due to lower absorption in the soil.

Figure 6 Distribution of the neutron backscattered radiation on 50x50 cm2 detector
array.

3.5 Influence of water content

The AP landmine detection by the neutron-backscattering method may indeed have
been discouraged by the perception that mines concealed in moist environments will be
masked by the hydrogen in the moisture contained in the formation surroundings. It is
expected that the presence of water will influence the scattering properties of neutrons
through the slowing down processes on hydrogen and change of the average atomic number Z
of the media. To quantitatively evaluate the influence of pore-water on the neutron-detector
response, several types of limestone formation saturated with water have been modelled: the
soil with porosity of 5, 10, 15, 20, 30, 40 and 50%. In limestone formations the porosity
usually does not exceed 35%. The simulation results presenting the influence of pore water on
detected neutron spectra for the TNT landmine as a buried object are depicted in Figure 7.
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Figure 7 The influence of pore-water presence on backscattered neutron spectra.
Buried object: landmine (TNT).

Even for a very simplified detector configuration (such as presented here) a strong
dependence of detector response on presence of pore water is confirmed. Even the lowest
water mass concentration (5%) results in significant increase of the count rate for E<100 keV.
With increasing pore-water concentrations this energy threshold shifts towards higher
energies. It can be seen that one is able to distinguish between detector responses only, when
soil porosity and corresponding water content remain below 15%. The increase of water
concentration from 0 to 5% enhances low-energy (<100 keV) flux by a factor of three, from 5
to 10 % by two and from 10 to 15% by one and a half. For values of pore water
concentrations of 20% or higher, the detected backscattered neutron spectra become
independent of water content.

In real demining geometries, where various heterogeneities are often present in the very
near vicinity of the landmine, the estimated limit value (to distinguish a landmine from pure
water) of 15% for water content will quite certainly be much lower.

4 CONCLUSIONS AND FUTURE WORK

The neutron backscattering method for detection/identification of TNT landmines has
been evaluated by several sensitivity analyses using Monte Carlo simulations. The results
confirm that, for a simplified model, the presence of a landmine gives a detectable positive
net response comparing to formation (soil). Moreover, the presence of hydrogen rich
materials (such as wood) can easily be distinguished by this method due to significant positive
response in low-energy regions (<1 eV). The results are reasonably sensitive on landmine
depth variations, but not sensitive to landmine (TNT) density and the distance between
detector and soil. The later result is important and prevents the necessity to equip the detector
with a high precision distance reader. The method proves a very acceptable spatial resolution
when dry formations are inspected: almost 45% of backscattered neutrons reaching the
detector emerge from the region within 4 cm from the landmine boundaries.

The method is applicable in merely homogeneous formations, with the mass fraction of
present pore water up to 15 %. In heterogeneous and water saturated soil matrices one should
apply one of alternative techniques, detecting specifically the presence of nitrogen, rather then
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hydrogen, in a buried object. The presented analysis will be extended with the determination
of landmine radial (x-y plane) displacement influence on detector response. A sensitivity
study will be performed to determine a spatial resolution of a method for near-to-mine-objects
heterogeneities. In addition, the (n,γ) transport simulations will be applied to establish the
potential benefits from gamma radiation, which is expected to be less sensitive for the
presence of hydrogen in the formation.
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