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Abstract. The study investigated the effect of encapsulating matefiaistainers) on detection of
ammonium nitrate explosives. Fast neutrons analysis was employetderrogating the explosive
encapsulated in ceramic, HDPE, steel and wooden containers having tbéskraagying from 0.5 cmto 5
cm. The study was carried out by means of computer simulatiog MCNP simulation code. Key
findings of the work includean inverseproportionality relationship betwdsgtection and container
thickness. Steel containers were found to attenuate detection thevhilestvooden containers were the
least affected by a unit increase in thickness. All matesaldied were seen to attenuate detection by

more than 70% at 0.5 cm thickness.

1.0 I ntroduction

Over the last few decades, the world has witnessed an overwhelisé in terrorism. As at the year
2015, the Global Terrorism Index (GTI) identifies over 162 nations ofvitéd grappling with issues
relating to terrorism [1]. The nation Nigeria hasnot been spasetl currently battles anunprecedented
surge of terrorist acts with the dreaded group commonly referres BBoko Haram (BH) claiming

responsibility for the bulk of attacks.

The GTI report indicates that explosives, bombs and dynamite com€iiuper cent of global terrorist
weapons. Firearms constitute 30 per cent while the use of othies tamtluding incendiary devices,
melee attacks and sabotage of equipment make up 10 per cent [1].€Tlé explosives is clearly
favoured by terrorist groups as it greatly enhances the bgtlndlattacks. BH attacks were perpetrated
mainly by means of fire arms using machine guns until 2014 wheausthef explosivesbecame dominant
[1]. Therecourse to bombings according to the GTI greatly inalehsdethality of the group so much so

that they were ranked as the most dreaded terrorist group for the year 2014.



Binnie and Wright [2] in small arms survey ranks ammonium niijal) as the world’s most common

explosive used by terrorists. The preference for AN explosiag not be unconnected to the ready
availability of its precursor in the form of ammonium nitratdiliger as well as the ease with which the
explosive may be synthesized from the precursor and fuel oil. tAsos expected, efforts are on globally
to develop techniques for the detectionof these devices. Thigtli regponsible for the current wave of
improvisations been made to explosive devices. Improvisations gelatithe container in which these
explosives are encapsulated are very prevalent as the need tol cbecdavices from both human

observers and explosive detectors is compelling.

Current best practices inexplosive detection involve the use of neutsed bdachnologies. The
effectiveness of these technologies according to the NationaaRbsCouncil [3]is however beset by
“background problems”arising from the activation of other matenmtbe vicinity of the explosive. Of
these activated extraneous materials, the container in whicgkxghesive is packed constitutes its most
pervasive background and will as such greatly affect the dmtesticontained explosive. It thus becomes
necessary to investigate the effect of container materialseodetection of contained ammonium nitrate

explosive.

This study will address this problem by interrogating AN expenclosed in containers by fast neutron
analysis. Selection of container materials to be investigatkde done so as to cover all classes of
engineering materials. The sodium iodide detector will be eregldgr capture of the emitted gamma

photons.

20 Theory

2.1 Neutron Transport through Materials. The problem of encapsulated explosive detection by
means of fast neutrons is that of coupled neutron/photon transport through matter. T¢eegsipgsiticle
and radiation transport through materials has been established for magne& aptly captured by

Lamarsh and Baratta [4], James [5], as well as a several other authors.

Consider the transport of a neutronN (representing any number dflgsgrtieleased from a neutron
source. The particle starts off with an initial energy E anldaated at the initial position r. It moves in a
straight line from the source with its direction of travel espnted by the vectao). If a target is placed

on the path of its journey, the neutron undergoes an interagtieiti{ a nucleus in the target. Interactions
occurring upon collision of neutrons and nuclei in the target may dithedastic or inelastic scatterings,

capture or fission interaction.



The normalized scattering kernel captures the probability ofesicagt interactions(both elastic and

inelastic) by
Jy dE [, d0E, @ - Q,E > B) =1 (1)

Equation (1) which represents the fractional probability of sdagterom directio)’and energy E'to
direction range 4 and energy rangeEdhdicates that scattering is a function of the scatteringscros
section E;) and depends only on the energy of the incident neutrons and the ca$ieeanfjle between

the incoming direction(®’) and scattered neutron directiofy.(

When collision results in fission interactions, daughter neutranpraduced isotropically and appear in
the direction and energy rangaA(X and AE) according to the distributiop (E),where the fractional

probability of a fission neutrorPf,) appearing in the stated direction and energy range is given by:
Prn = X2 AQAE )

The daughter neutrons produced undergo collision again and may repeahéeysle or along with the

initial neutrons may undergo capture leading to their annihilation.

As interaction occurs, neutrons are gained and lost in the interacilume spaceV). The number of
particles lost from the system {Rlue to scattering out of the direction, energy and volume NAGAE

is given by
P, = AQAEAt [ dr2,(r, E, t)p(r, Q,E, t) (3)

The total gain from fissions@in VAQAE is given by
E R ’ ’ ’ ’ 1o
P, = AQAEAt fvdr% [CdE'[,_dQ'v (ENE(r, B, )¢(r, @, E', 1) (4)

Summing all interaction processes including contributions and losgkga&ing the limit ast, AQ
andAEapproach 0 gives the overall particle balance at anyttase

fvdr{[%% +Q-V+3I(E, t)] o(r, QE,t) —
Jy dE' [,_dQ' Z,(r,Q - Q,E' - E)¢(r, Q' E',t) —
(E) (oo / / I 1 1o
Ly dE [, d0'v (BN (B, ) (r, @', E', )} = 0 5)

Assuming a continuous integrand, the above integral is zero only iitéggand is zero. This assumption

yields the Boltzmann transport equation
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[;a+Q-V+Z(r,E,t)]¢)(r,Q,E,t) = [ dE'[,_d'5,(r, Q' - QE - E)¢(r,Q,E',t) +

(E) (oo / ’ 1 1 A
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As t- o0, we may integrate equation 6 over all time to yield

[Q-V+3 )], QE) = [ dE' [,_dQ' 3,(r,Q - QE' - E)p(r, @, E") +

XE (2 aE [, d'v (EV5(r, E)p(r, @', E") @)

Equation (7) is a form of Boltzmann’s transport equation independetimef Itaptly captures the
transport of neutrons through matter but assumes a thin target. dFdangets, equation (7) must be
modified to accommodate the exponential decay of source partietesityt as it travels through a thick

target.

If we consider the neutron beam with N neutrons pettrenelling from the source with speed ‘v’, the

intensity of the beam as it leaves the source is given by
[ =Nv (8)

As the beam travels, it encounters the target with thickneAssiming X is composed of a theoretically
finite number of thin layers each having thicknegstdenthe beam interacts with the first layer with an

interaction density (F) given by
F =INg, )

Where o; is the total microscopic cross section and is the sum of @dlscsections. & is the total

macroscopic cross section and is usually representgd by

This interaction with the firstxdlayer of the target attenuates the intensity of the beagimgident on

the layer d by
—dI (x) = X1 (x)dx (10)
The intensity of the uncollided beam available for interaction with the xekirdlayer is given by
I(x) = e %t* (11)

Where §} is the initial intensity of the beam. It should be observed thaha thickness of the target
increases, the distance x increases proportionately conveyindetnefi more x layers and therefore an

exponential decrease in neutrons available for interaction as th&kinereases.This decrease in



interacting neutrons with thickness will no doubt affect the &¥ewcess of neutron interrogation as

thickness increases.

If we introduce equation (11)with the term ‘I’ into the transport &queof equation (7), the modified

transport equation capturing the transport of neutrons becomes

[Q-V+ I E)]p(r,LE) =
J, dE' [,_dQ Z(r,Q - Q,E' - E)¢(r, 0, E") +

X8O (2 qp [ dQ'v (ENE,(r, EV(r, &, E") +1(r, 0, E) (12)
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2.2 Neutron Induced Photon Production. When a neutron interacts with a nucleus in the target
material, inelastic gamma photons having energies unique to #adtimg nucleus isproduced. The

emitted photonstravel through the material and experience attenuation accoetjogtion (11).

Integrating equation (11) over alk dayers gives the gamma photon intensity at the posterior etigk of

thick target material as
I(X) = Ije X (13)

The intensity represented by equation (13) may be captured by raagesy detector and is useful in
analysing the elemental composition of interrogated targéis. i$ especially important when dealing
with explosives enclosed in containers. The high penetrating neutron®gate the explosive target
releasing characteristic photons which are captured by ataletéoalyses of captured photons would
usually reveal if detection was achieved or not. Literature [@jv8s the explosive signifying elements
and their characteristic energies induced by fast neutronarbsrC(4.4390 MeV), Nitrogen (5.1059) and
Oxygen (6.1299).

3.0 Experimental Work

The investigation undertaken by this study was carried out by nwfanemputer simulation using
version 4c of the Monte Carlo N-Particle simulation code (MCNRJNPis a particle transport code
developed at the Los Alamos National Laboratory. It is a general-mulNposte Carlo transport code that

can be used to simulate the process of neutron interaction with matter [8].



In simulating particle transport using the code, the user sreaténput file that is read by MCNP. This
file contains information about the problem in areas such as the tyg@pecification, the description of
materials, the selection of cross-section evaluations, thedocatd characteristics of the source as well

as the type of answers or tallies desired.

Specifically, the usercreates three-dimensional geometriedetirying cells bounded by surfaces. The
user then specifies the materials that occupy cells in tefriieir density and the atomic fraction of the
elements comprising them. Elements are specified by meansaqufeuldientifiers known as ZAID. The

MCNP code incorporates a regularly updated library of nucleartandadata in the Evaluated Nuclear
Data File (ENDF) system. As such, specifying elementshbyr ZAID calls up all associated nuclear
parameters for the material. The source and tallies arespesified. A tally scores events similar to an

actual detector with perfect efficiency.

3.1 Simulated Materials. The materials simulated in this study are listed followed by a brief

description

i.  Neutron source: The neutron source is point isotropic producing 14.1 Mm\b-anergetic
neutrons at strength of */s.

ii.  Gamma-ray detector: Sodium iodide (Nal) scintillation detectors werzegtil

iii.  Explosive: Ammonium nitrate explosive composition (AN) with the cleaiiformula
NHsNOszand density of 1.72g/cin

iv.  Encapsulating materials (containers):
Four (4) materials were used in the study. Materials waleeted to represent the four classes of
engineering materials with a material drawn from each class. Werse
a) ceramic (fired clay) with density of 2.403g/&m
b)  carbon steel with density of 7.82g/tm
c) oak wood with density of 0.67g/ém
d) high density polyethylene (HDPE) with density of 0.93g/cm

3.2 Method. The experiment is set up as shown in Figure 1. A cylindrical cmmtdouses the

explosive charge and is located between a neutron source and a sodderdetdctor. With respect to
the Cartesian coordinate reference system, the containernieecceon the origin with its centre
coordinates at (0 0 0). The horizontal length (L) of the cylimsleentred on the arbitrarily defined y axis

and extends equal distances to the left and right from its geainé while its height (equivalent to its



diameter) rises in the z direction. The container with a lefigtbf 94 cm and an internal radius (r) of 20

cm has a volume accommodating 200 kg of AN explosive. The thickness obmtainer (t) is varied by

adjusting its external radius (R) where R is a sum of the internal radius anditiee tlackness.
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Figure 1a: Top view of the experimental setup

The experiment is set up as shown in Figures 1a and b. A cylindrical containerhowsgddsiee charge

and is located between a neutron source and a sodium iodide detedtore¥iect to the Cartesian

coordinate reference system, the container is centred on the wiilyiits centre coordinates at (0 0 0).

The horizontal length (L) of the cylinder is centred on the arbitrdefined y axis and extends equal

distances to the left and right from its centre point whilégight (equivalent to its diameter) rises in the

z direction.The container with a length (L) of 94 cm andan intermialisar) of 20 cm has avolume

accommodating 200 kg of AN explosive. The thickness of the contajnexr aried by adjusting its

external radius (R) where R is a sum of the internal radius and the desired thickness



The source is point isotropic and emits 14.1 MeV neutrons at a ra@'afs’. Placed to the right of the
cylinder; it is located at a constant distance (d) of 50 cnsuned from the centre of the explosive charge
and having coordinates (50, 0, 0). The detector is a rectangular sodide bar located 2 cm behind the
cylindrical explosive container. The detector has a thickned® afm with its length extending 2 cm
beyond the left and right ends of the cylinder and 1 cm above and below the height bhtles.cy
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Figure 1b: End view of the experimental setup

Four sets of neutron interrogation were carried out; one each Iindeycontainers made of ceramic,
high density polyethylene (HDPE), carbon steel and oak wood. Conftaiclardss considered in each set
ranged from 0.5 cm through 5 cm in increments of 0.5 cm. Two hundriolhnmiéutron particle histories
were run in every instance and the F4 tally of MCNP was uskdlffgohoton output. The tallies obtained
by the Nal detector were modified to incorporate a Gausstperimental detector response function
using FT GEB -0.015 0.118 0.

40 Result and Discussion

AN as a hydrogen based explosive is identified by its elemstati@hiometry of carbon (C), nitrogen (N)
and oxygen (O) when interrogated by fast neutrons. In this obseark, the magnitude of each of these
elements is captured by the sodium iodide detector and the sumNob@ O computed to yield the



guantity known as material quotient (MQ). MQ values indicate thensitieto which a material is

identical to an explosive substance

Table 1 presents the result for the interrogation of 200 kg oéXMosive. The detector photon count for
carbon (2.56E-07), nitrogen (3.60E-08) and oxygen (6.14E-08) is tabulated atorpevvalue of the
material quotient MQ (3.53E-07). Tables 2-5 present values for theogagion of the same 200 kg of
explosive when it is packed in containers of varying thicknessestables feature a compilation of MQ
values, percentage deviation of computed MQ from that of the unpacked iexpéosl the range

(difference between highest MQ and lowest MQ value) for each containetiahatudied.

Table 1: Result for the interrogation of 200kg of Ammonium nitrate

Parameter  Signature energy Magnitude

(MeV) (Photon count)
C 4.4390 2.56E-07
N 5.1059 3.60E-08
O 6.1299 6.14E-08
MQ 3.53E-07

An examination of tabulated values shows an MQ value of 3.53E-07 for unpA&kedhis is far
different from any of the MQ values presented in tables 2-5 theestablishing superficially that
encapsulating an explosive affects its detection. A surveyeofds$r for the encapsulated explosives
indicates that MQ decreases as container thickness incrdaiseimimediately establishes an inverse
proportionality relationship between container thickness and detectability. @hierrghip is indicative of
an increasing difficulty in detection with increasing contaihekness. Figures 2- 5 which are graphs of
MQ plotted against material thickness for the four packagingniadg investigated clearly captures this

relationship.

At 0.5 cm container thickness where measurement began, MQ value of 9.4v&s08btained for
ceramic, 9.38E-08 for HDPE, 8.69E-08 for steel and 9.53E-08 for wood. These awduas below the
value of the unpacked explosive thus indicating attenuation in detégtabith encapsulation.
Comparing these values with the 3.53E-07 MQ of the unpacked explosivebtleen thick explosive
container is seen to have attenuated detection by 75.42% for ste@h@mntd3.46% for HDPE, 73.21%
for ceramic and 73.03% for wood. The values reveal an approximate 2% hitgrawation for steel

encapsulation. This is to be expected as steel features rdlafiv& values and a high material density.



These along with variation in macroscopic cross sections are réspofts the varying attenuation

intensities observed for the four encapsulation materials.

Table 2: Values for the interrogation of 200 kg of AN Explosive contained in cecamtiginers of

varying thickness

THICKNESS

(cm)

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 MEAN

MQ (E-08) 947 932 899 868 838 808 7.76 745 7.19 6.8022

%DMQ 73.19 73.62 74.57 75.44 76.29 77.14 78.03 78.92 79.65 80.5 76.74

Range 2.58
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Figure 2: MQ variation with thickness for Ceramic containers



Computations of average MQ values return 8.22 mean MQ for ceramidp8BPE, 5.12 for steel and

9.07 for wood. On a general note therefore, detection of explosives contamechpsulating materials
having thicknesses between 0.5 cm and 5 cm is lowest for steel encapsulatiordfojyadl@PE, ceramic
and wood in that order. The disparity in mean values is not neglighle 43.55% difference exists

between the values of steel and wood indicating primarily thanhwtion in steel containers is about

double that of wood. This implies that the detection of AN explosive aoden containers is

approximately twice more likely than those contained in steel.

Table 3: Values for the interrogation of 200 kg of AN Explosive contained in HDPE mergaf varying

thickness

THICKNESS

(cm)

1 15 2 2.5 3 3.5 4 4.5 5 MEAN

MQ(E-08) 938 917 888 856 822 79 762 733 7.05 6.77 8.09

%DMQ

Range

73.44 74.06 74.88 75.7876.74 77.65 78.44 79.27 80.06 80.86 77.12

2.61

x

MATERIAL GUOTIENT (Photon Count)
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Figure 3: MQ variation with thickness for HDPE containers



The tabulated range was computed by taking the difference bethedighest and lowest observed MQ
values for each category of interrogation. The range being aureeaisdispersion attempts to estimate
the level to which the encapsulated explosive reacts to variatioontainer thickness. Between 0.5 cm
and 5.0 cm, ceramic featured values spanning through a range of 2.5B. fefafred a range of 2.61

while steel and wood featured a range of 6.24 and 0.90 respedtikaty.the stated values, it is observed
that wood presented a strikingly narrow range while steelnatua noticeably broad range. HDPE and

ceramic on the other hand had ranges with negligible difference.

Table 4: Values for the interrogation of 200 kg of AN Explosive contained in steeinmstaf varying
thickness

THICKNESS

(cm)

1 15 2 2.5 3 3.5 4 4.5 5 MEAN

MQ (E-08) 8.69 7.8 6.8 5.91 5.1 442 385 334 287 245 5.12

%Div 75.42 7791 80.74 83.28 8556 87.48 89.11 90.55 91.89 93.07 85.50

Range 6.24
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Figure 4: MQ variation with thickness for steel containers



The observed values signify that wooden containers were leadiedfigg a variation in thickness. By
this it is implied that wooden containers on a general note ateenlgd¢ction the least. By way of
comparison, ceramic and HDPE containers are about 2.9 times maoteeado variation in thickness

than wood. Conversely, detection of encapsulated AN may be said to be2dbtntes less dependent
on the thickness of the encapsulating material in wood as it isefamic or HDPE. Detection in steel
encapsulation on the other hand showed a relatively high dependence on cohiziness. It is seen

that between 0.5 cm and 5.0 cm thickness, steel encapsulation a$edetction by about 6.93 times

more than wood and about 2.40 times more than ceramic or HDPE.

Table 5: Values for the interrogation of 200 kg of AN Explosive contained in wooden cositafiner

varying thickness

THICKNESS
0.5 1 15 2 2.5 3 35 4 4.5 5 MEAN
(cm)
MQ (E-08) 953 951 934 919 9.1 897 887 881 873 8.63 9.07
%DMQ 73.03 73.08 7356 7399 7425 74.63 749 75.08 7529 7559 74.34
Range 0.90
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Figure 5: MQ variation with thickness for wood containers



The observed trend for wood poses a conflict between theoreticattaixpe and simulation result.
Considering the container materials examined, wooden containers apmpeasent the least attenuation
to detection. However, it will be observed that wood has relativglly hydrogen content and is very
effective as a radiation shield. This should naturally attenoatdegreat extent the particles crisscrossing
its width resulting in low detection values for the explosive contlimighin. This is however not the
trend observed. We may explain the observed trend when we acknowleidgedtahas a full presence
of carbon, nitrogen and oxygen (CNO) in its composition. Neutron matmdssing through the target
will not only activate the explosive but the container also. The photasodine explosive charge may
thus be greatly attenuated by the container. However, the surfdee @intainer closest to the detector if
activated will send in its CNO rays for detection resuliimghe values observed. The high values of
detection within wooden containers may thus be seen as largety the effect of intrinsic background
contribution and not entirely that due to the explosive charge contaiti@d tie wooden encapsulation.
It is noteworthy therefore that wooden materials by this rehsttha high probability of triggering false

positive alarms in detection systems.

The tabulated %DMQ values are computations of the percentage@ewhindividual MQ values from
the MQ value for the unpacked explosive. An examination of the valuestieslithat %DMQ increases
as container thickness increases. This implies generatlasheontainer thickness increases, detectability
decreases at an increasing rate. Ceramic has an averegetpge deviation of 76.74%, HDPE 77.12%,
wood 74.34%, and steel 85.50%. With the high percentage deviation from the unpapkesive
observed, it is not surprising that the issue of false alarms gosd a serious challenge to explosive

detection.

5.0 Conclusion

An investigation into the effect of encapsulating materiadst@ners) on the detection of AN has been
undertaken. Four containers materials namely ceramic, HDPE, cstdinand wood were selected as
representatives of the four classes of engineering matanalgheir effect on detection studied.It was
shown that the thickness of explosive packaging is inverselgdela detectability, implying a decrease
in detectability as container thickness increases. A 0.5 cm thiploseve container was found to

attenuate detection by more than 70% for all materials stuitedl encapsulated explosives were found
to have the highest attenuation coefficient per unit increaseckntsgs. Wooden containers on the other

hand pose the greatest probability of false positive alarms for detectiemsyst
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