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ABSTRACT: Explosives concealed in small quatitites (~100 g), buried in landmines, or
in baggage, can be detected by characteristic gamma rays produced by neutron
activation. However, the detection response can be reduced by attenuation of the signal
in the background medium. This paper carries out a Monte Carlo simulation, using
MCNPS, to estimate the gamma signal spectrum and intesity degradation at a sodium
iodide (Nal) detector from a small sample of trinitrotoluene (TNT) explosive buried in
limestone. It is found that the transmission across 25 c¢cm of limestone is ~6% of the
2.2233 MeV hydrogen signal and ~20% of the nitrogen signal. An empirical formula,
obtained from MCNP re-runs, is used to estimate the signal strength from TNT, buried at
5-25 cm in limestone, for a californium source (*>Cf) emitting 2.31 x 10" n/s. It is found
that for TNT, mass in the range 0.1-3 kg, the signatures are in the range of 20-2000 s™
from nitrogen and 24-2400 s™ from hydrogen. These estimates can be used to determine
the scanning time for an explosives detection system.

ABSTRAK: Bahan letupan tersembunyi pada kuantiti sedikit (~100 g), yang ditanam di
kawasan periuk api atau dalam beg, boleh dikesan melalui sinar gama yang dihasilkan
melalui pengaktifan neutron. Walau bagaimanapun, tindak balas yang dikesan dapat
dikurangkan melalui pelemahan pada signal medium latar belakang. Kertas ini
mengguna pakai simulasi Monte Carlo, melalui MCNPS5, bagi menganggarkan spektrum
signal gama dan pengurangan keamatan pada pengesan Sodium lodida (Nal) daripada
sedikit sampel bahan letupan trinitrotoluene (TNT) yang tertanam di lapangan periuk api.
Didapati penghantaran sejauh 25 cm pada batu kapur adalah ~6% pada signal hidrogen
2.2233 MeV dan ~20% pada signal nitrogen. Hasil formula empirik yang dijalankan
semula keatas MCNP dan digunakan untuk menganggar kekuatan signal TNT,
mendapati 5-25 c¢m telah tertanam dalam batu kapur, dengan punca kalifornium (***Cf)
pada pengeluaran 2.31 x 107 n/s. Berat TNT pada skala 0.1-3 kg, adalah sebanyak 20-
2000 s daripada nitrogen dan 24-2400 s daripada hidrogen. Anggaran ini boleh
dipakai untuk memperolehi masa imbasan pada sistem pengesan bahan letupan.

KEYWORDS: explosive detection, landmine detector, thermal neutron activation; Monte
Carlo simulation; gamma signature

1. INTRODUCTION

With an estimated 110 million anti-personnel mines in about 70 countries [1,2], over
26,000 people are maimed or killed every year. It is thus both important and urgent to
carry out studies which can lead to useful, efficient, field-portable systems. Chemical
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explosives, such as TNT and RDX, contain hydrogen (H), carbon (C), oxygen (O), and
nitrogen (N) which can be identified along with their relative atomic compositions
enabling identification using nuclear techniques such as Fast Neutron Activation (FNA)
and Thermal Neutron Activation (TNA) [3]. Such techniques have been under
consideration since the 1960s [4-7] and explosives detection systems (EDS) have been
investigated and designed for detection of explosives concealed in vehicles [8], airport
baggage [9], air cargo [10], land and sea containers [11, 12], as well as landmines [13-17].

Landmine detection systems [18-28] are based on activation by sources such as 2>>Cf
and use measurements of the 2.2233 MeV and 10.829 MeV gamma rays emitted from the
H(n,y) and N(n,y) reactions respectively. Some systems determine the C/O atom fraction
with the 6.13 MeV gamma-ray emitted in the 50 (n, n'y)reaction. Typical capabilities
include the identification of amounts as small as ~400 g of explosive in 10 minutes [22].
Monte Carlo simulation with MCNP [29] and experiments have been carried out [30-34]
to optimize the performance of the neutron back-scattering technique (NBS) for a
landmine system. Typically, a californium ***Cf source emitting ~10° neutrons/s is needed
for hand-held detection systems and ~10 neutrons/s for robotic detection systems. Studies
have also been carried out on the effects of source, moderator, and shielding [35-42].
Another use of results from simulation has been in template-matching algorithms [43, 44]
for efficient and fast matching of photon signatures from an interrogated volume.

This work extends the previous works in this area which have been used to simulate
neutron and gamma transport in landmine detection systems to estimate the signature
quality for potential application in matching algorithms. A Monte Carlo simulation with
MCNPS5 [29] was carried out to determine the energy spectrum degradation and the
reduction in intensity of gamma rays emitted from H(n,y) and N(n,y) reactions in soil
consisting of limestone. From these estimates, and using proposed empirical formulae [45]
the strength of the gamma-rays reaching the detectors was estimated. Such information
can be used to estimate the scanning time for field-portable landmine detection systems.

2. METHODOLOGY AND MODELING

Monte Carlo simulation was used to obtain fluxes and reaction rates in the explosive
detection system, using the MCNPS5 [29] to model a landmine detection system [45]
shown in Fig. 1 with physical data listed in Table 1 and material composition in Table 2.
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Fig. 1: MCNP model of the landmine explosives detection system (scales in cm).
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The neutron and photon fluxes and associated reaction rates from thermal neutron
activation of a small (~ 200 g) sample of TNT were obtained. The system consisted of an
anisotropic 22¢f source, labeled ‘S’, placed in a capsule in a moderator with the BF3
tubes, a sodium iodide (Nal) detector, the soil, and the concealed sample.

The ground considered was limestone (p = 2.71 g/cm’ with composition of: C 12%, O
48% and Ca 40%), which is common in many parts of the world.

In a second model, a sphere of radius 25 cm of limestone with a point mono-energetic

source at the origin is considered surrounded by sodium iodide detectors, as shown in Fig.
2.

Table 1: Physical data of the model

Source 2Cf

Linear moderator Borated paraffin wax/water

Explosive Trinitrotoluene (TNT) C4H,(NO,);CH;
Photon detector Sodium iodide (Nal)

Radial moderator Borated paraffin wax/water

Neutron detector BF; gas detector

Cavity Air/water/limestone

Table 2: Composition of materials used (w; is the mass fraction)

Element and w;

Dry Air: p = 0.0012 g/cm’

12N 0.75519 10 0.23179 12¢ 0.00014 1947 0.01288
Borated paraffin wax: p = 0.947 g/cm’
1H 0.14 12 (.83 9B 0.01 1B 0.02
Limestone: p = 2.71 glem’®
12C0.12 120 0.48 25Ca 0.40
BF;: p = 0.002567 g/cm’
1B 0.143368 1B 6.568E-3 13F 0.850064
TNT: p = 1.654 g/cm’
1H 0.022189 12¢ 0.37016 12N 0.185004 120 0.422648
a o
L
N Medium
[PTimE A
: v
) ~_
i

Fig. 2: Gamma transport simulation model (S=source, D=detector, dimensions in cm)
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A typical photon signal emanating from TNT, illustrating prominent H(n,y) and
N(n,y) peaks, buried in limestone, is shown in Fig. 3. It is the transport of these gamma
rays which will be considered in the present work.

T T T T T
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Fig. 3: Typical signature from TNT explosive buried in limestone.

Based on the MCNP results for the model in Fig. 1, a surface fitting of the gamma
production in the buried TNT explosive was carried out to obtain an empirical formula of

the form S(in,y) = Sfefuf(d,m),i = H,N for the gamma production source term S(in’y)
which is the (n,¥) reaction rate with units atom™ cm™ per source neutron. Here, S is the
neutron source strength (n/s), f;is the geometrical attenuation dﬂ/ 4> fu 1s the material
attenuation Be™ and f(d,m) is a fitted function containing the burial depth d of
explosive mass m. The fitted function is expressed as: f(d,m) = ¥; ;p;;d'm/, (i=1,2,3
and j=1,2,3) with coefficients listed in Table 3.

Table 3: Surface fitted coefficients for the gamma source from TNT
explosive buried in a landmine.

Coefficient H(n,y) N(n,y)
Doo 1.962 x 107 5.402 x 10
P10 7.851 x 107 1.696 x 10°°
Do1 9.949 x 10” 2.157 x 107
Do -7.131 x 107 -1.592 x 107
P11 -1.632 x 107 -3.140 x 107
Doz -3.614 % 107 -7.878 x 107
D30 1.569 x 10 3.532x 107
P21 3734 x 10°* -9.149 x 107
D12 9.013 x 107 1.929 x 107
Do3 1.951 x 10° 1.275 x 107

2.1 Energy Spectrum Degradation for Photon Transport in Medium

In order to estimate the quality of the transmitted signal, a Monte Carlo simulation is
carried out for the gamma signatures from hydrogen and nitrogen shown in Fig. 3. For
detection of nitrogen in the signal, the 10.829 MeV gamma ray is considered although its
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intensity is ~47% relative to the 5.269 MeV emission, but this is preferred in a counting
system due to its high energy.

The total intensity at a detector I(r), located at a distance r from the source, from
both un-collided (I(r)°) and collided (I(r)*) rays, is written as a buildup factor B(r) [46]
multiplied by the un-collided intensity. Thus

0 S S
B(T‘) — I(r) _ I(r)"+I(r) =1+ I(r) (1)

1(r)° 1r)° 1(r)°

while the intensity of the un-collided flux when a ray from the source, of intensity /(0),
reaches the detector after passing a thickness ¢ of the medium is
I(M)° = Lo)ze—ﬂ(h”o)t (2)

4mtr

where u is the linear attenuation coefficient at source energy E,. There is a large body of
data for point isotropic sources of photons in infinite homogenous media which accounts
for Compton-scattered and annihilation photons as well as for fluorescence and
bremsstrahlung. A widely used form for the buildup factor is the geometric progress (GP)
form:

(b-1)(KH"-1) K=1

3)
1+(Mb-Dur,K =1

B(E,, ur) = {1

where

tanh (,u?r - 2) — tanh(-2)

1 —tanh((—-2)

K(ur) =c(ur)*+d

in which the parameters a, b, ¢, d,and ¢ depend on the gamma ray energy, the attenuating
medium and the type of response. These are tabulated for attenuation in air, water,

concrete, iron, and lead [46]. For this work, the mass attenuation coefficient (,u / p) for

limestone is calculated from the weight fractions (w) of C, O, and Ca and the elemental
coefficients [47] listed in Table 4. From the elemental data, the mass attenuation
coefficient of a compound such as limestone is given by

o =2iwi("/p), @
from which the intensity (Eq. 2) can be calculated.

Table 4: Mass attenuation coefficients for photons

i w ¥/p (em’le)

2 MeV 10 MeV 15 MeV
carbon 0.12 4.442E-02 1.959E-02 1.698E-02
oxygen 0.48 4.459E-02 2.089E-02 1.866E-02
calcium 0.40 4.524E-02 2.839E-02 2.838E-02
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3. RESULTS

The MCNP current tally, scoring the photon current leaving the sphere, is shown in
Figs. 4-6 for the total current and un-collided current of photons from hydrogen and
neutron using third-order polynomials as fitting functions for 7 MC runs (at R= 2, 5, 10,
15, 20, 25, 30 cm). All simulations were carried out for 400,000 particles and used about 1

minute CPU time on Intel(R) Core(TM) 17-2620M CPU @ 2.70 GHz.

Fig. 4: Photons from hydrogen transmitted versus sphere radius.

Figure 4 shows the total photon transmission and the un-collided (E> 2.2 MeV)
photon transmission, the ratios being the build-up B(r) described by Eq. (1). These results
can be used to obtain the coefficients in the GP form given by Eq. (3). Further, the
excellent match of the MCNP F1 current tally estimates with the simple un-collided
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For a smaller sphere, the number of captures is much lower and consequently the
photon creation by bremsstrahlung and fluorescence is also much less. However, these
additional photons escape from the sphere and hence the transmitted number exceeds the
number of source photons. It is also seen that the ‘un-collided’ signal (E> 2.22 MeV)
decreases exponentially with distance while the total signal falls off almost linearly.
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Fig. 6: Photon transmission (2.2233 MeV: H and 10.8 MeV: N).

Figure 6 shows that the more energetic 10.829 MeV gammas from nitrogen have a
much higher transmission across limestone. Thus, while the reaction rate for the radiative
capture reaction is much higher for H(n,y) reactions, the transmission balances out the
signatures.
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0.05
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Fig. 7: Energy spectrum of 2.2233 MeV photons leaving the medium.
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Figure 7 shows the energy spectrum of the 2.2233 MeV photons leaving the
limestone sphere. It is worth noting that only about 5.8% of the photons have source
energy (about 8% E> 2 MeV) while about 29.2% of the gammas leave the sphere. The
degradation of the spectrum is thus over 90%.
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Fig. 8: Energy spectrum of 10.8 MeV photons leaving medium.

Figure 8 shows the energy spectrum of the 10.8 MeV photons leaving the limestone
sphere. It is worth noting that only about 21.3% of the photons have source energy. The
degradation of the spectrum is thus about 79%.

x10°

28 }

26

MC
F1(1) dQ/4n

24 Sl

22

Photons

“26 28 30 32 34 36 38 40
Detector distance (cm)

Fig. 9: Photons from 10.8 MeV point source crossing detector; MC results compared
with solid angle estimate.

Figure 9 shows the MC results for photons crossing the 3.5 cm radius detector
cylinder after passing through a 25 cm radius limestone sphere. Each simulation was
carried out for 400,000 particles and took approximately 1.4 minutes. The fraction
crossing the limestone sphere was 0.658043 with a relative error of 0.0016.
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Now, using the empirical form for the gamma production and a source strength of the
order of 107 n/s, the total gamma source in the concealed explosive for mass in the range
of 0.1 - 3.2 kg at depths 5-25 cm, ranges from 100 — 10,000 photons/s from nitrogen and
400 - 40,000 photons/s from hydrogen [45]. Using results from Figs. 4 and 5, we have
seen that only ~6% of the 2.2233 MeV and ~20% of the 10.8 MeV signals leave the
ground. It is thus estimated that the hydrogen and nitrogen signatures are down to very
low values e.g. 20-2000 s™' from nitrogen and 24-2400 s™ from hydrogen respectively
(for the mass range 0.1-3 kg). Thus, for efficient scanning, the scan time must be
increased to match the resolution of the hardware.
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Fig. 10: Gamma production/transmission rate from radiative capture in the explosive.

The gamma production and transmission rates for both A and N from 1 kg of TNT in
limestone are shown in Fig. 10 for a source strength of 2.31 10’ n/s. This would be an
estimate for the ‘un-collided’ signals leaving the medium. The detector signal would
subsequently be obtained by multiplying the above by the solid angle subtended by the
detector.

4. CONCLUSIONS

The main conclusions from this Monte Carlo simulation carried out for the landmine
detection system based on neutron backscattering are

e The energy spectrum is considerably attenuated and degraded with the depth of
concealment in limestone in both hydrogen and nitrogen with only ~6% of the
hydrogen signature and ~20% of the nitrogen signature being available for
detection when the depth of concealment is 25 cm.

e To effectively detect and characterize a concealed explosive in limestone, the
scanning time can be estimated by matching the signature counts with the
hardware.
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NOMENCLATURE
n Neutron
w Mass fraction
B Build-up factor
Ccf Californium 252
E Energy
1 Intensity
M mass
S Source

i) Greek letters

u linear attenuation coefficient
y gamma ray
p density

ii) Subscript
0 uncollided
iii) Superscript
s scattered (collided)
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