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Abstract
Poisoning the illicit materials by a neutron absorber leads to false detection when the detection is relied on combined

thermal neutron activation and fast neutron activation to identify the elements of interest. The use of adjacent transmission

thermal neutron detector for verifying the presence of neutron poisons and to trigger an alarm was investigated experi-

mentally and using MCNP calculations. The illicit material of high hydrogen content will affect the detector response in the

presence or absence of poisons.

Keywords Illicit material detection � Explosives detection � Neutron activation � Neutron poisons � Neutron transmission

detection

Introduction

Detection of small amounts of modern highly explosive

materials hidden in airline containers and passenger bag-

gage is a high priority in national homeland security.

Various detection methods including vapor detection,

X-ray screening and neutron interrogation have been

employed over the years in order to identify such explosive

materials. Neutron interrogation techniques have several

advantages over other methods that normally fail to iden-

tify the explosives if they are properly handled and sealed

[1].

The major advantage of neutron interrogation systems is

that it is hard to shield the target material from fast neu-

trons, which can pass through iron and lead shields with

very little attenuation. X-rays and gamma rays, on the other

hand, can be shielded by middle to high atomic number

dense materials. Neutrons are also effective in differenti-

ating between various types of organic materials [2].

Neutrons are not affected by electromagnetic forces, they

interact only with nuclei with high specificity and can be

tagged in both time and space [3].

Nuclear based explosive detection techniques have been

shown to generate better results however at a higher cost

and low speed [4]. These techniques include thermal neu-

tron analysis (TNA), fast neutron analysis (FNA), pulsed

fast neutron analysis (PFNA), pulsed fast thermal neutron

analysis (PFTNA) and nuclear resonance absorption

(NRA) of gamma rays. PFTNA technique provides a bulk

analysis of the chemical present and uses 10 ls pulsing as

compared to PFNA which uses 2 ns pulsing. It also has the

main advantage of being portable and allows the neutrons

to be moderated for the measurement of thermal neutron

gamma-rays. PFTNA can provide thermal neutron infor-

mation like TNA but, in addition, it also measures fast

neutron interactions [5].

Statistics of the year 2010 show that approximately 107

pieces of luggage are checked every year at a large inter-

national airport which is translated into an inspection time

of about 6 s per item [6]. Due to the diversity of the threat

detection techniques, multi-level screening is becoming

more popular to avoid the drawbacks of a single technique

and compromise between the accuracy and the speed of the

detection system [4]. A detection system composed of two

units was proposed by the authors [7]. These two units are

X-ray and PFTNA screening machines. The scanning starts
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at unit 1, which is an X-ray machine, to indicate the

coordinates of the position of interest and its alarm triggers

the movement of the bag to unit 2, which is PFTNA, with

the proposed coordinates from unit 1. In unit 2, D–T

neutron generator produces 14 MeV neutron pulse trains

with 8 kHz with a 7 ls wide deuteron pulse. De-excited

gamma rays from elements such as C, O and N are detected

using NaI detectors and stored for further analysis. Shutting

down the neutron beam for about 100 ls, allows some of

the fast neutrons that remain inside the bag to be ther-

malized and captured by elements such as H, N, Cl and Fe.

The captured gamma rays are detected by the same

detectors and are recorded separately [7]. The concept

design indicated that a generator of 1010 neutrons s-1 is

sufficient for the detection purpose in few seconds.

One of the potential threats in the illicit material

detection by PFTNA [7] is presence of shield and (or)

absorber to hide the illicit material by absorbing the

probing radiation. In the previous research, a thermal

neutron detector is placed to detect the presence of a

thermal neutron shield and produce a shield alarm. The

study indicated that the flux of thermal neutrons inside the

object is reduced by almost a factor of four due to coating

the illicit material with cadmium sheet or mixing it with

1% boron [7]. Shield alarm is considered as a false alarm

because it requires more inspection and fail to clear the

presence of the threat. The aviation security standards

limits the rate of false alarm, which include the shield

alarm, and consequently, limits the applicability of the

PFTNA. Some inventions combined two different tech-

niques to reduce the shield alarm such as: combined

nuclear quadrupole resonance and X-ray contraband

detection system [8], and combined computed tomography

(CT) and quadruple resonance sensors [9]. The alarm in the

combined detection systems is based on analysis of data

from the two techniques to contribute to decreasing the

shield alarm and its contribution to the false alarm. In our

design [7] a thermal detector is placed for detecting the

presence of thermal neutron shield to trigger a shield alarm.

In the present research, experiments and MCNP calcu-

lations are used to investigate the importance of combining

a thermal neutron transmission detector in the illicit

material detection systems.

Methods

The elements detected using TNA have low thermal neu-

tron capture cross sections and the presence of low amount

of strong neutron absorber in the object will suppress the

thermal neutron flux leading to false detection. A com-

parison between the thermal neutron capture cross sections

of the elements detected by TNA and strong neutron

absorption cross sections elements (poisons) is given in

Table 1. One way to overcome this problem is by avoiding

the detection of illicit materials using TNA and relying on

the FNA only. For example, TNT material is composed of

C, H, N and O with atom ratio of 7:5:3:6, respectively.

FNA is used to detect C, N and O while TNA is used to

detect H and N. The material can be detected by measuring

the ratio between C, N and O using the FNA with elimi-

nating the measurement of H. Another example is the

cocaine hydrochloride (C17H22ClNO4) can be detected by

measuring the ratio between C, Cl, N and O using the FNA

(Cl can be detected using FNA and/or TNA).

If the TNA will be considered in the detection of illicit

materials, the system should detect the presence of any

strong absorption cross section elements in the object. Two

methods can be used to detect strong neutron absorption

cross sections elements in the object. First method is based

on the Prompt Gamma Neutron Activation Analysis

(PGNAA). In this case the library of the illicit material

detection system should be able to detect any element that

has a strong absorption cross section. The main disadvan-

tage of this method is that some strong absorption cross

sections elements such as Li cannot be detected using

PGNAA. The second method is based on the measurement

of transmitted thermal neutrons using a thermal neutron

detector. In this case, if the object contains or coated by a

strong absorption cross section element, the object will act

as a thermal neutron shield and the detector reading will be

suppressed.

Illicit materials usually contain high atom density of

hydrogen [10] which acts as a strong neutron moderator

and scatterer. Therefore, the presence of an illicit object

between the neutron source and the neutron transmission

detector will affect the reading of the detector regardless

whether the object contains neutron poisons or not. If a part

of the neutron beam is thermalized before reaching the

object, a significant number of the thermal neutrons will be

scattered away from the transmission direction and the

Table 1 Thermal neutron capture cross sections of nuclides of

interest and poisons (www.nds.iaea.org, 2017)

Nuclide Type Reaction Cross section (b)

1H Component (n, c) 0.333
14N Component (n, c) 0.075
35Cl Component (n, c) 43.6
7Li Poison (n, a) 940
10B Poison (n, a) 3840
113Cd Poison (n, c) 60,700
155Gd Poison (n, c) 253,000
157Gd Poison (n, c) 20,000
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detector reading will be decreased. When the object con-

tains neutron poisons, more suppression in the detector

reading will occur. Based on this, the neutron transmission

detector will help in detecting the clean and poisoned illicit

objects.

In the previous work [7], a dual detection system has

been proposed. The system consists of two units. The first

unit is an X-ray machine to indicate the location of interest.

The second unit is a neutron based system. The location

detected by the first unit is transformed to a step motor

signal to identify the location of the neutron source and

detectors in the second unit. The alarm from the first unit

triggers the movement of the bag to the second unit while a

step motor fixes the neutron source and an array of NaI

detectors in the position of interest. The transmitted ther-

mal neutron detector which will trigger the alarm system in

case of the presence of neutron shield would be fixed by the

motor in which the angle between the detector and source

is zero as shown in Fig. 1.

Calculations

The general-purpose, continuous-energy and generalized-

geometry Monte Carlo transport code, MCNPX [11] was

used to simulate the detection system. The input file cre-

ated by the MCNP code contains information of the

problem geometry, the material description and the

selection of cross-section library, the specification of the

radiation source, desired tallies (answers) any variance

reduction techniques used to improve the calculation effi-

ciency. The input file is subsequently read by MCNP code

and the results are printed in the output file per source

particle.

A 10D 9 10H cm cylindrical TNT material was simu-

lated. The material is assumed to be composed of C, H, N

and O with atom ratio of 7:5:3:6, respectively and density

of 1.65 g cm-3. The source is a fan-collimated of 14 MeV

neutrons. Polyethylene was used in the collimations, so a

spectrum of thermal, epithermal and fast neutrons will

reach the object. A 3 9 3 in NaI detector was situated at

90� for the spectroscopy of gamma-rays produced in the

object. The gamma-ray spectrum in the detector was cal-

culated using F8 tally (pulse height tally) with the corre-

sponding E tally to divide the energy range between 0.4

and 11 MeV into 10,000 channels. A BF3 thermal neutron

detector was situated at 0� to calculate the transmitted

thermal neutrons. To study the effect of the presence of

neutron poisons inside or around the object, four cases

were studied. The first case is the reference case where the

object did not contain any neutron poisons. In the second

case, the object contained 0.5 wt% 6Li while in the third

case the object contained 1 wt% natural gadolinium. In the

fourth case, it is assumed that the object was coated with

15 mg cm-2 (surface density) of 10B.

The calculated neutron flux spectrum in the clean TNT

object (case 1) is shown in Fig. 2. The effect of the neutron

poisons on the neutron flux is shown in Fig. 3. Poisoning

the object by 0.5 wt% 6Li or coating it by 15 mg cm-2 10B

(cases 2 and 4, respectively) reduces the thermal neutron

flux to about one-sixth while poisoning it by 1 wt% natural

gadolinium decreases the thermal neutron flux to about

one-eighth. Since 6Li has a considerable absorption cross

section for the epithermal neutrons, a significant decrease

in the epithermal neutron flux can be observed due to

poisoning the object by 0.5wt%. 6Li as shown in Fig. 3.

Gadolinium is a heavy element which will replace light

elements in the case of poisoning the object with it. As a

result the moderation of neutrons will be affected with an

increase in the number of neutrons that are partially mod-

erated as shown in Fig. 3.

The calculated gamma ray spectrum in the NaI detector

for the pure TNT object is given in Fig. 4. Figures 5 and 6

focus on the 2.22 MeV H and 10.83 N lines, respectively

produced from thermal neutron activation for the four cases

studied. As shown in the figures, the neutron poisons

suppressed the thermal neutron activations and the detec-

tion system will give false concentration of hydrogen and

nitrogen.

The response of the transmitted thermal neutron detector

is almost proportional to the thermal neutron flux in the
Fig. 1 Schematic diagram for the location of a thermal neutron

detector in the TNA system
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object. This in turn would detect the presence of neutron

poisons in the object. The thermal neutron transmissions

were calculated for a non-illicit material (nylon) and clean

and 1% 10B poisoned TNT objects. The non-illicit material

is composed of C, H, N and O with atom ratio of 6:3:1:2,

respectively and filling density of 0.15 g cm-3. As given in

Table 2, nylon object attenuated the thermal neutrons by

30% while the clean and poisoned TNT objects attenuated

Fig. 2 Energy dependent neutron flux distributions in the TNT objects for the investigated cases

Fig. 3 Effect of neutron poisons

on the neutron flux inside the

TNT object

Fig. 4 Calculated gamma-ray

spectrum in the NaI detector

with the gamma-lines of interest
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the thermal neutrons by 83 and 98%, respectively. Based

on these calculations, the transmission thermal neutron

detector can help in the detection of illicit materials when

they are clean or poisoned with a strong thermal neutron

absorber.

Experiment design and simulation

Experimental setup

In order to validate the concept and the calculations, an

experiment was conducted using two samples. The first

sample was a 0.5 kg of pure ammonium chloride (NH4Cl)

and the second sample was a 0.5 kg of NH4Cl containing

5% of a boron carbide (B4C) powder. In this sample the
10B neutron poison represents 0.8% of the sample weight.

Fig. 5 Calculated 2.22 MeV H

peak generated in the NaI

detector for the cases studied

Fig. 6 Calculated 10.83 MeV N

peak generated in the NaI

detector for the cases studied

Table 2 Effect of illicit material on the thermal neutron transmission detector response relative to non-object response (uncertainty is within 2%)

Object Atom ratio Density (g cm-3) Relative reading of thermal neutron transmission detector

C H N O

Air – – 8 2 0.0015 1

Nylon 6 3 1 2 0.15 0.7

TNT 7 5 3 6 1.65 0.17

TNT contains 1% 10B 7 5 3 6 1.65 0.02
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Each sample has dimensions of 8.8 9 10 9 10.8 cm.

Since the 14 MeV neutron generator was not available, a

Pu–Be source with strength of 5 9 106 neutron per s was

used. The source was positioned at 34 cm from the center

of the object sample in a constructed shield and collimated

towards the object. In order to increase the thermal neutron

inside the object, a 4 cm thick 10 9 10 cm of polyethylene

layer was positioned at the beam opening as shown in

Fig. 7.

A 5 9 5 in NaI (Tl) detector was situated at 90� for the
spectroscopy of gamma-rays produced in the object. The

detector window was located at 21 cm from center of the

object and the detector was shielded by 15 cm lead shield

with a collimation for the gamma ray as shown in Fig. 7.

The detector window was located at 21 cm from the center

of the object. The detector was shielded against the thermal

neutrons using around 1 mm of boron carbide to reduce the

activation in the detector assembly and the associated

photomultiplier tube. Pulses produced in the detector, due

to the interaction of gamma-ray with detector assembly, are

processed by the connected electronics including high

voltage–power supply, photomultiplier tube, linear ampli-

fier, and multi channel analyzer MCA of 1024 channels run

by MAESTRO-32 software, all manufactured by ORTEC.

A 0.8D 9 10H cm 3He detector was positioned at 10 cm

from the object center behind the object to measure the

transmitted thermal neutrons (Fig. 7). The detector was

shielded using 0.5 mm cadmium sheet while a window

with length of 2.5 cm was opened for the measurement.

The produced pulses in the detector are fed to a pream-

plifier, then to an ORTEC 572A amplifier and then to a

counter which integrates pulses produced from the

interactions of the thermal neutrons with 3He gas at reac-

tion Q-value of 0.764 MeV.

MCNP simulations

The experiment was simulated using the MCNPX code to

calculate the pulse height spectrum in the detector and the

thermal neutron transmission rate. The simulated model is

shown in Fig. 7. The source energies were simulated by

dividing the neutron spectrum into 13 groups. The pulse

height spectrum was calculated as described above (‘‘Cal-

culations’’). The 3He detector pulses was calculated using

the F4 tallies (flux average in a cell) with the corresponding

multiplier card, FM. This card is used to calculate the

interaction rate in the detector:

R ¼ N

Z
rðn;pÞðEÞ/ðEÞdE; ð1Þ

where N is the total number of 3He atoms, rðn;pÞ is neutron

cross section for the reaction: 3
2Heðn; pÞ

3
1H and /ðEÞ is the

energy-dependent flux. The background in the pulse height

spectrum of gamma rays was eliminated by setting zero

photon importance for all the cells except the object and

the NaI detector. Also, in the calculation of the 3He

detector response, all the cells that is not in the direction of

the neutron beam have zero neutron importance to elimi-

nate the background due to the neutron scattered by these

cells.

Results and discussions

The measurement for the background and the two samples

lasted for 3600 s. The measurements were focused on

Fig. 7 MCNP model of the

experiment
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hydrogen line. The count rate, Cnet for each sample was

calculated by subtracting the background from the net peak

area:

Cnet ¼
NS � NBG

t
; ð2Þ

where NS and NBG are the net peak areas for the sample and

for the background, respectively and t is the counting time.

The standard deviation associated with the Cnet, rC is:

rC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2net þ r2BG

t

r
; ð3Þ

where rnet and rBG are the standard deviations in NS and

NBG, respectively. The detection limit, DL can be estimated

to be three times of the standard deviation, rC [12]:

DL ¼ 3rC ð4Þ

Based on this, hydrogen will be detectable if:

Cnet [ 3rC ð5Þ

The presence of the polyethylene layer at the beam

opening increased the background and therefore the

uncertainty in the counting. The measured count rate for

the pure NH4Cl object, Cnet was 0.55 s-1 with a standard

deviation, rC of 20%. Poisoning the object with 0.8% of
10B made the count rate under the detection limit

(rC[ 33%). MCNP code prints the results per source

particle, therefore the results were multiplied by the source

strength i.e. 5 9 106 s-1. The calculated count rate for the

pure NH4Cl object was 0.604 s-1 while it was 0.21 s-1 for

the poisoned object as given in Table 3. The standard

deviation in the calculations were around 4%. As given in

the table the deviations between the calculations and the

measurements is around 10%.

In the measurement of the neutron transmission using

the 3He detector, the background was measured by

shielding the front side of the polyethylene layer by 1 mm

of boron carbide. Then, the transmission with and without

NH4Cl objects were counted for 300 s. Five readings for

each measurement were recorded and the average values

and the standard deviations were calculated after sub-

tracting the background as given in Table 4. The MCNP

calculation results are given in Table 4, as well. The

presence of the object between the source and the detector

reduces the count rates significantly because of the scat-

tering of the object to the neutrons removing them from the

transmission direction. Also, poisoning the object with

0.8% of 10B made the count rate under the detection limit

of the measurements. The deviations between the calcula-

tions and the measurements is 2% for the case where there

is no object between the source and the detector. In the case

of the presence of the object, the count rate became low

and the uncertainty is increased making the deviation

between the measurements and calculations around 8% as

given in Table 4.

Conclusion

Use of thermal neutron activation in the detection of illicit

materials is unreliable since a small amount of thermal

neutron absorber makes the neutron self-shielding very

high leading to false detection. One way to overcome this

weakness is by avoiding the use of thermal neutron acti-

vation in the detection and relying on fast neutron activa-

tion only, however this will limit the number of elements to

be identified. The second solution is by detecting the

presence of neutron poisons using a transmitted thermal

neutron detector which will trigger the alarm system in

case of the presence of neutron shield. Moreover, illicit

materials usually contain high atom density of hydrogen

and therefore the detector can help in the detection of illicit

Table 3 Measured and

calculated count rates of the NaI

detector for the hydrogen

2.22 MeV gamma-ray line

Sample no. Description H Count rate, Cnet (s
-1) (standard deviation, rC, %)

Measured Calculated Deviation (%)

1 0.5 kg NH3Cl 0.55 (20) 0.604 (3) 9.7

2 0.5 kg of NH3Cl contains 5% B4C \DL 0.21 (4) –

Table 4 Measured and calculated count rates of 3He detector

Case Description Count rate (s-1) (standard deviation, %)

Measured Calculated Deviation (%)

1 Without the object 3.27 (4) 3.22 (3) - 2

2 0.5 kg of pure NH3Cl between the source and the object 0.502 (10) 0.462 (3) - 8

3 0.5 kg of NH3Cl contains 5% B4C between the source and the object \DL 0.172 (3) –
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materials when they are clean or poisoned, as a second

screening method.
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