
ARTICLE IN PRESS

Applied Radiation and Isotopes 67 (2009) 39–45
Contents lists available at ScienceDirect
Applied Radiation and Isotopes
0969-80

doi:10.1

� Corr

E-m
journal homepage: www.elsevier.com/locate/apradiso
Monte-Carlo simulations of elastically backscattered neutrons from hidden
explosives using three different neutron sources
I. ElAgib a,�, N. Elsheikh b, H. AlSewaidan a, F. Habbani c

a College of Science, King Saud University, P.O. Box 2455, Saudi Arabia
b College of Applied & Industrial Science, University of Juba, Khartoum, P.O. Box 321, Sudan
c Faculty of Science, Physics Department, University of Khartoum, Khartoum, P.O. Box 321, Sudan
a r t i c l e i n f o

Article history:

Received 16 June 2008

Received in revised form

13 July 2008

Accepted 15 July 2008

Keywords:

Landmines identification

Neutron backscattering

Monte-Carlo simulation
43/$ - see front matter & 2008 Elsevier Ltd. A

016/j.apradiso.2008.07.016

esponding author. Fax: +966 14676379.

ail address: elagib@ksu.edu.sa (I. ElAgib).
a b s t r a c t

Calculations of elastically backscattered (EBS) neutrons from hidden explosives buried in soil were

performed using Monte-Carlo N-particle transport code MCNP5. Three different neutron sources were

used in the study. The study re-examines the performance of the neutron backscattering methods in

providing identification of hidden explosives through their chemical composition. The EBS neutron

energy spectra of fast and slow neutrons of the major constituent elements in soil and an explosive

material in form of TNT have shown definite structures that can be used for the identification of a buried

landmine.

& 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Civilian de-mining has become an urgent need in many former
conflict areas around the world. The most common explosives
used in landmines are TNT (C7H5N3O6) and RDX (C3H6N6O6). As
their composition indicates, they are composed of four basic
elements: hydrogen, carbon, nitrogen and oxygen. Although many
organic materials buried in soil are also composed of the same
elements, use can be made of the fact that explosives have
concentrations that are different than in soil and in most common
organic materials. One way for the detection and identification of
explosives is the use of neutrons. Several investigations were
carried out on the advantages and limitations of neutron-based
techniques used for the detection and identification of anti-
personnel landmines (e.g. Csikai and ElAgib, 1999; ElAgib and
Csikai, 1999; Datema et al., 2000; Hussein and Waller, 2000;
Kiraly et al., 2001; Brooks et al., 2004). The incident neutrons will
interact with the nuclei of the major chemical elements in the
mine (H, C, N and O), emitting elastically backscattered fast and
thermal neutrons spectra which can act as fingerprints of these
chemical elements. The EBS neutrons can be detected by a
suitable detector capable of differentiating the EBS neutrons
according to their energy and their flux. The concentration of
hydrogen, carbon, nitrogen or oxygen can be evaluated by
calculating the EBS net relative yield of the neutrons and
ll rights reserved.
observing the different patterns of their energy spectra (Hussein,
et al., 2005). One other detection approach based on neutron
backscattering is to simply detect the hydrogen content in soil by
measurement of thermal backscattered neutrons from hidden
explosives. The change in hydrogen concentration in soil can be
made by calculating the intensity of low-energy neutrons
reflected back from soil (Hussein and Waller, 2000). The chemical
elements of interest for the detection of explosives require
neutron sources of different energies in order to be observed.
Hydrogen is best observed through nuclear reactions initiated
50 cm

Fig. 1. Geometry used in the MCNP simulations.
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from very-low-energy neutrons. Other elements such as C, N, and
O require neutron energies of several MeV to be observed. To
satisfy this, the required neutron source should produce high-
energy neutrons for the detection of elements such as C, N, and O,
and low-energy neutrons for elements such as H (Vourvopoulos
and Sullivan, 2006). Such a task can be accomplished with the use
of a spontaneous fission source such as Cf-252 as well as (a, n)
sources such as Pu–Be and Am–Be. These three isotopic neutron
sources were used in the present study. The present work was
done by considering a simple sample–source–detector geometry,
Table 1
Composition of soil and TNT explosive as modeled in MCNP simulation (Hussein

et al., 2005; Maucec and Rigollet, 2004)

Material/mass density

(g cm�3)

Elemental mass fraction/mass density (g cm�3)

H C N O Si Al

Soil 0.0146 0.5520 0.3607 0.0731

1.12 0.016 0.618 0.404 0.082

TNT (C7H5N3O6) 0.0217 0.370 0.1853 0.4229

1.65 0.0358 0.610 0.306 0.689

Fig. 2. The EBS neutron energy spectra from H
simulating the EBS (fast and thermal) neutrons from the
constituent elements of the explosive material and studying the
variation in the net flux with the source energy spectrum. Such
geometry was chosen in order to tally the EBS fast and thermal
neutrons spectra at different angles. Moreover, it was considered
simulating a practical situation.
2. MCNP modeling

Monte-Carlo simulation of a landmine localization device
using the neutron backscattering method was reported by Datema
et al. (2002). The general-purpose Monte-Carlo N-particle (MCNP)
code, as described by the X-5 Monte Carlo Team (2003), was used
in the present study. The code accounts for all neutron reactions
given in a particular cross-section evaluation (such as ENDF/B-VI).
The evaluated data are processed into a format appropriate for
MCNP with the help of codes such as NJOY (MacFarlane et al.,
1982). Continuous nuclear cross-section data based on the ENDF/
B-VI were used in the present computations. The net EBS neutron
spectra were computed for the major elements of a landmine
when buried in soil. Calculations were performed using a fixed
point source with enough histories to have the statistical error
less than 2% in all energy bins.
for Cf-252, Pu–Be and Am–Be neutrons.
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Fig. 3. The EBS neutron energy spectra from C for Cf-252, Pu–Be and Am–Be neutrons.
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The sample–source–detector geometry used in the present
study is shown in Fig. 1. The assumed model consists of soil of
dimensions 50 cm�50 cm�50 cm, with the sample as an
explosive material in the form of TNT of dimensions 10 cm�10
cm�10 cm, situated 5 cm deep in soil. Three different point
neutron isotopic sources were used in the study: Cf-252, Pu–Be,
and Am–Be. The sources were located vertically above the soil at
y ¼ 10 cm and y ¼ 20 cm along the y-axis. Measured and normal-
ized neutron spectra of Cf-252, Pu–Be, and Am–Be that were
employed in the calculations were taken from Griffith et al.
(1990). For each source position along the y-axis, a detector was
located at 10 different points along the x-axis, on both sides of
each source (i.e. at x ¼710, 715, 720, 725, 730 cm) in order to
tally the EBS neutrons from the major constituent elements of the
hidden explosive. The net EBS neutrons spectra were calculated by
subtracting the background spectrum (soil) from the signal (soil
and sample). The composition of soil and TNT explosive as
modeled in the MCNP simulations is shown in Table 1, with the
data taken from Maucec and Rigollet (2004) and Hussein et al.
(2005). Mass densities (in g cm�3) of H (0.02), C (2.23), N (0.81),
O (1.14) and Si (2.33), that were used in the MCNP simulations,
were taken from the same sources.

In the MCNP modeling two processes are allowed, inelastic and
elastic treatments. For the inelastic treatment, the distribution of
secondary energies is represented by a set of equally probable
final energies for each member of a grid of initial energies from an
upper limit of typically 4 eV down to 10�5 eV, along with a set
of angular data for each initial and final energy, which was
not considered in the present calculation. In the present simula-
tion elastic scattering treatment was chosen with probability
sel/(sel+sin).
3. Results and discussion

The net EBS neutron energy spectra from H, C, N and O, using
Cf-252, Pu–Be and Am–Be neutron point sources located at
10 cm along the y-axis and a point detector located at 710 cm
beside the source along the x-axis, are shown in Figs. 2–5,
respectively.

Fig. 2 represents the net EBS neutron energy spectra from H for
Cf-252, Pu–Be and Am–Be neutron sources. In case of Cf-252, a
few peaks of thermal elastically backscattered (TEBS) neutrons are
observed in the thermal neutron energies from an upper limit
0.063 MeV and a lower limit 0.013 MeV, while for Pu–Be and
Am–Be positive indications are observed in the thermal neutron
energy range with upper limit 0.794 MeV. Relatively higher
peaks of TEBS neutrons are observed in case of Pu–Be when
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Fig. 4. The EBS neutron energy spectra from N for Cf-252, Pu–Be and Am–Be neutrons.
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compared with Cf-252 and Am–Be neutron sources. The negative
indications observed are from the soil, because fast elastically
backscattered (FEBS) neutrons are higher from the constituent
elements of soil. This behavior can be attributed to the moderat-
ing power of hydrogen in slowing down fast neutrons to thermal
regions.

The net EBS neutron energy spectra from C for Cf-252,
Pu–Be and Am–Be neutron sources are shown in Fig. 3. In case
of Cf-252, more relatively high peaks of TEBS neutrons are
observed at the low neutron energies with upper limit
0.794 MeV, when compared with H, while for Pu–Be and
Am–Be, a few and relatively small peaks are observed at the
slow neutron energy range 0.013–0.794 MeV. Relatively higher
peaks of FEBS neutrons are observed at the energies 2.0, 2.51
and 3.16 MeV. In addition, relatively smaller peaks of FEBS
neutrons are observed at the energies 3.98, 5.01 and 6.31 MeV
for both Pu–Be and Am–Be neutron sources. This is reason-
able, since C is less effective as a moderator compared to
hydrogen.
The net EBS neutron energy spectra from N for Cf-252, Pu–Be
and Am–Be neutrons are shown in Fig. 4. In case of Cf-252,
intensive peaks of TEBS neutrons are observed at the low neutron
energy range 0.013–0.794 MeV. Relatively high peaks of FEBS
neutrons are also observed at energies 1.26, 2.0, 2.51, 3.16 and
3.98 MeV. More additional peaks are observed at energies 5.01,
6.31 and 7.94 MeV for both Pu–Be and Am–Be sources. Lower
peaks are observed in case of nitrogen when compared with
carbon.

Fig. 5 shows the net EBS neutron energy spectra from O
for Cf-252, Pu–Be and Am–Be neutrons. A high peak of
TEBS neutrons is observed at 0.794 MeV in the case of the
three sources. Intensive peaks of TEBS neutrons are observed in
case of Cf-252 when compared with Pu–Be and Am–Be neutron
sources. Relatively high peaks of FEBS neutrons are observed
at energies 2.51 and 3.16 MeV in case of Pu–Be and Am–Be
when compared with Cf-252. More peaks of FEBS are observed at
the energies 3.98, 5.01 and 6.31 MeV of Pu–Be and Am–Be
neutrons.
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Fig. 5. The EBS neutron energy spectra from O for Cf-252, Pu–Be and Am–Be neutrons.
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Fig. 6 represents the net EBS neutron energy spectra from
landmine for Cf-252, Pu–Be, and Am–Be neutrons. In case of
Cf-252, relatively high peaks of TEBS neutrons are observed at
energies 0.316, 0.501 and 0.794 MeV. In addition, relatively higher
peaks of FEBS neutrons are observed at 3.16 MeV. More additional
peaks of FEBS neutrons are observed at energies 2.51, 5.01 and
6.3 MeV for the three sources, and more peaks are observed at
7.94 and 10 MeV in case of Cf-252 neutron source.

Peak ratios of the net EBS relative neutrons yield from
landmine to the net EBS relative neutrons yield from soil were
obtained at selected neutron energies. The variation of the peak
ratios with neutron energy at y ¼ 10 cm and y ¼ 20 cm showed a
similar pattern, with greater values obtained at y ¼ 20 cm. Peak
ratios at the lower neutron energies such as 0.079 and 0.316 MeV
can be used for landmine identification with the TEBS neutrons-
based method, while peak ratios at the higher neutron energies
such as 1.0, 2.5, 3.16, 5.0 and 6.3 MeV can be used for landmine
identification with the FEBS neutrons-based method.

The ratios of the net EBS spectral neutrons yield from landmine
to the net EBS spectral neutrons yield from soil obtained at
different detector positions (x ¼710, 715, 720, 6725, 730 cm),
at two source positions (y ¼ 10 cm, y ¼ 20 cm) and for the Cf-252,
Pu–Be and Am–Be neutron sources are shown in Fig. 7. It can be
seen that the ratio of the EBS spectral neutrons yield is sensitive to
the source and detector positions, and decreases as the source and
detector positions are increased.

It is clear from the above results that the EBS neutrons spectra
are spread throughout the slow and fast neutron energy regions.
Effective detection of such neutron yields can be achieved by
employing a detector capable of detecting both slow and fast
neutrons.
4. Conclusion

In the present work, the Monte-Carlo simulations of EBS
neutrons of Cf-252, Pu–Be and Am–Be neutron sources from the
major constituent elements of landmine and soil were studied.
The EBS neutron energy spectra of fast and thermal neutrons of
the major constituent elements in soil and landmine have shown
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Fig. 6. The EBS neutron energy spectra from landmine for Cf-252, Pu–Be and Am–Be neutrons.

Fig. 7. EBS spectral neutrons relative yield of landmine to EBS spectral neutrons

relative yield of soil ratio at different detector and source positions for Cf-252,

Pu–Be and Am–Be neutron sources.
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definite structures. It is found that it is possible to observe the EBS
neutrons from hidden explosives, at different detector positions
up to 30 cm away from the source, with source positions from 10
to 20 cm above the soil.
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