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Synopsis

Neutron interrogations techniques for elemental detection and imaging appli-
cations [1] are important tools in Non Destructive Evaluation and have been
applied in valuable fields such as inspection of aircraft corrosion, inspection
of explosive devices for space technology, inspection of vehicle for illicit mate-
rial detection at various entry points and so on. Based on physical properties,
X-rays have limited penetration power in certain materials (high Z) and weak
contrast for materials made out of light elements (hydrogen (H), carbon (C),
nitrogen (N) and oxygen (O) ). Both limitations are most evident if relevant
structures are composed of light elements while the surrounding structures are
thick or made of heavy materials (metals or compounds). An example is scan-
ning of the large transport vehicles such as sea/air cargo, truck etc [2, 3]. Neu-
tron interaction, on the other hand, has weak dependency on atomic number
of the material and can provide elemental information as well as high contrast
images of low-Z elements encapsulated by massive shielding and therefore are
considered a complementary tool to X-ray in such cases. Within neutron based
imaging or low Z elemental detection techniques, fast neutrons (~MeV) play
a particular role when large objects of dense material consisting of low and
high-Z materials have to be probed. Detection of low Z elements especially C,
H, O, N are of interest because these are major elemental composition of most
of the threat/illicit material including chemical explosive, narcotic, chemical
weapons which present serious security threats to any nation. In this direction,
during last few decades the development of neutron interrogation techniques
such as fast neutron analysis, Fast Neutron Radiography, Pulsed Fast Neutron
Analysis and associated particle imaging have been focussed on detection and
imaging of low Z elements in bulk. However, at present neutron interrogation
systems for these applications are still either at R&D level or at field testing
and only few of them are installed at site and in use. Under the scope of neu-

tron imaging / interrogation techniques for detection and imaging of low Z

xi
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elements, this thesis work has been carried out and summary of the work is
described here.

At present, X-ray based commercial imaging systems have been in use to
interrogate large number of objects for various types of threat materials and
contrabands. X-ray based these systems have high throughput and are ide-
ally suited for detection of metallic objects with distinctive/unique shapes and
sizes such as Firearms and Ammunitions. At the best, these systems provide
only gross information about the elemental contents of the inspected item (low
Z vs. high Z discrimination) and have limitation on material specificity. Unfor-
tunately, most of the current potential threats such as narcotics and explosives
[4] do not have unique or specific discernible shapes and these systems fail to
differentiate them from benign.

On the contrary, neutron based systems offer the possibility of identifying
these elements irrespective of their structure or shape. Neutron interaction
with material generates gamma lines specific to the elements present in it [5].
The exploitation of these elemental signatures represent a promising solution
in detecting threat materials such as explosives, chemical weapons, narcotics
[6] and distinguish with other benign materials. Most commonly used explo-
sives (TNT, RDX, C-4, etc.) are composed primarily of the chemical elements
H, C, N and O, although many innocuous materials are also primarily com-
posed of these same elements. However, these elements are found in each
material with very different elemental ratios and their concentrations [7, 8]. It
is thus possible to identify and differentiate threat material from benign, for
example, TNT from paraffin. In narcotics, the C/O ratio is nearly or at least a
factor of two larger than the innocuous materials. It have been shown that ex-
plosives can be differentiated by utilization of both the C/O ratio and the C/N
ratio. Thus , the problem of identifying explosives (or other threat materials) is
reduced to the problem of elemental detection in bulk via neutron probe. The
distinctive ratios of these elements can be obtained with neutron interroga-

tions, through a variety of signatures, including neutron induced characteristic
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gamma rays or attenuated transmission neutrons.

Neutron interrogation techniques present a number of advantages for ele-
mental characterization. The use of neutron induced reactions for non-destructive
elemental analysis in bulk is well established and documented [9]. These
phenomena are not strongly affected by the shape of the material, render-
ing the disguising of explosives ineffective. Neutron interrogation systems
for threat detection [10, 11], are mostly based on neutron induced gamma-ray
spectroscopy. Neutrons interact with bulk to excite the constituent element nu-
clei, which then de-excite with the emission of energetic prompt gamma rays
specific to the nucleus. These gamma rays have energies in the range of 1 to 11
MeV and are detected using suitable gamma ray detectors. Then, the spectrum
is analysed to determine the contents of the bulk and the detection of threat is
achieved by determining the elemental ratios (C/N, N/O, C/O etc) from the
intensity of the characteristic gamma-ray [12, 13].

Furthermore, neutron being highly penetrating, their intensity is not dimin-
ished signicantly by the thickness of commonly utilized transport containers
and also as the emitted characteristic gamma rays are of very high energy, they
can come out after penetrating large volumes at ease. These basic features set
the essentiality of neutron induced non-intrusive (the interrogation can take
place from a distance of several centimetres) and non-destructive (because of
no need to physically examine the bulk) technique for threat material detec-

tion.

Nuclear Techniques for Threat Detection

During the last two decades, great strides were made in research & develop-
ment for construction and deployment of neutron based techniques for explo-
sive and other contraband detection. Only a few of these techniques; Thermal
Neutron Analysis (TNA), Fast Neutron Analysis (FNA), Pulsed Fast Neutron
Analysis (PFNA), associated particle imaging (API) and fast neutron radiog-

raphy (FNR) has shown potential towards a practical and efficient inspection
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system [15]. This section deals with brief description of each technique start-
ing with its technical name, the characteristics of the incident probing radia-
tion used, the main nuclear reaction responsible for the elemental signals of
interest, the detected radiation, possible sources for the probing radiation, the
primary and secondary signatures and their capabilities.

Generally, neutron interrogation systems are based on Prompt Gamma Neu-
tron Activation Analysis (PGNAA). The prompt gammas are neutron induced
discrete gamma lines resulting either from thermal (n, 7) neutron capture or
neutron inelastic scattering (n, n’y) occurring with fast neutrons. These two
types of reactions are generally complementary. Thermal neutron capture re-
action is basis of the TNA and detects the emitted prompt gamma rays from
the nucleus. Analysis of emitted gamma rays helps in identifying nitrogen,
chlorine certain elements, present in explosives (for instance, trinitrotoluene
(TNT) - C;H;N;304 or pentaerythritol tetra nitrate (PETN)-C5HsN4O;2) or nar-
cotics [16]. However, TNA based devices have limited capability to detect oxy-
gen or carbon. This restriction results in the high rate of false alarms from
nitrogen, present in other benign materials such as urea, melamine etc. Even
though TNA systems are in use for small air baggage inspection it is not imple-
mentable for large containers from the fact that thermal neutrons do not have
sufficient penetration power to probe an entire container deep inside.

FNA and PFNA techniques uses fast neutrons (~ MeV ) as probe beam
and detection of neutron induced prompt-rays emitted by the decay of specific
levels populated via (n, n/y) neutron inelastic scattering or other fast neutron
induced reactions with the nuclei in the interrogated sample. Using spectral
analysis software, the elemental ratios of carbon, nitrogen and oxygen, con-
tained in common explosive materials can be established. This enables real
time identication of the explosive material by comparison with reference data.
FNA is typically performed with an accelerator based D-T neutron generator
providing 14.1 MeV neutrons emitted in 4 pi direction [17]. The major draw-

back associated with FNA is the large background. Fast neutrons, can interact
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with surrounding materials or within the gamma ray detectors and distort the
gamma ray signals coming from the interrogated bulk. To improve the signal-
to-noise ratio, source neutrons as well as detector should be shielded effec-
tively. The shielding will make system bulky and as a result system footprint
will be large. On the other hand, PENA employs pulsed neutrons generated
by an accelerator source in short bursts of 1-2 ns in width for Time spectrum
analysis to provide imaging information and reduced background. The main
challenges in developing PFNA into a practical system is a tedious process of
constructing a practical, collimated, pulsed energetic neutron beam that makes
the operation safe and operationally acceptable and cost effective [18] . Infact,
this technology is still in development stage and recently Brown et al. [19] has
reported a cargo inspection system based on PFNA.

During the last two decades, signicant efforts have been put in using tagged
neutron beams from neutron generators in order to improve the signal to noise
ratio and 3D mapping of materials in the inspected bulk. This is achieved
routinely with D-T neutron generator (NG) by using the Associated Particle
Imaging also known as APT-Associated Particle Technique or Tagged Neutron
Method. APl is tagging the primary D-T neutron by associated alpha particles,
that are produced through deuterium-tritium D(T, n) a fusion reaction [20]. In
this reaction, neutron and associated alpha particle emits in almost back to
back direction. The alpha particles are detected by a position sensitive charge
particle detector and it determines the direction of the alpha particle and thus
the direction of the outgoing neutron. Gamma rays are produced when this
tagged neutron undergoes inelastic scattering or other reactions in the materi-
als placed in neutron beam path defined by the solid angle of the alpha detec-
tor. They are detected by fast gamma-ray scintillation detectors in coincidence
with the alpha particle (a-y coincidence time spectrum), allowing the construc-
tion of time travel by neutron before interaction. This coincidence time spec-
trum allows determining the position of the neutron interaction point as the

speed of 14.1 MeV neutrons approximately 5 cm/ns and gamma travel speed
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is 30 cm/ns respectively. Using the a-y coincidence time spectrum mechanism
one can go inspecting a large volume in rectangular slabs placed perpendicular
to the neutron beam path direction. Since, only coincident events are recorded,
the scattered neutrons as well as background gamma signal are reduced and
hence it provides high signal to noise ratio over other conventional neutron
interrogation techniques. The interaction point location of the fast-neutron in-
duced gamma rays is inferred from the neutron direction and the coincidence
time spectrum. After that analysis of the gamma-ray spectrum associated to
a given volume of interest provides information about the chemical elements
located in it. Thus it appears as a 3D imaging non-destructive technique and
named as associated particle imaging [21, 22].

Among these gamma-spectroscopy based neutron interrogation methods,
most powerful one at present is API and it has been demonstrated for mate-
rial detection in different environments such as unexploded ordnance (UXO),
buried landmine, cargo scanning etc. One of the most successful implementa-
tion of an API system for cargo inspection was EURITRACK project [23]. It is
a fixed type portal system which has been implemented at Croatian sea port.

Another neutron interrogation technique of importance using fast neutrons
is fast neutron radiography. This technique mainly focuses on the transmitted
neutrons through the object. The source neutrons pass through the bulk and
based on the interaction probabilities with different type of materials and their
thicknesses, a 2D image of the inspected objects is generated in the imaging
detector. Consider a case of illegal transportation of hidden threat materials
(which are mainly low Z (C, O, N, H, Cl etc)), masked by thick shielding mate-
rials such as of lead or depleted uranium (high Z ), to shield them from X-rays
and Gammas. In addition Cd and/or Boron can be used for neutron shield-
ing to avoid detection with thermal neutron probe. In such cases, fast (MeV)
neutron radiography has shown promising results [24].

The defence of depth principle in scanning of large containers or cargos is

as follows. Initially they are scanned by X-ray / y-ray based imaging systems.
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If there is some suspicion is generated from the image and its contents in in-
voice, the container is opened and manually checked. This takes a lot of man
hour and scanning throughput decreases. There can be two scenarios. Firstly,
the image is too dark because of probe beam attenuation, in this case X-ray / -
ray, possibly due to presence of thick high Z materials and secondly, the image
is too light due to very little attenuation possibly because of low Z materials.
To circumvent this problem, specific location of the suspicious container can
be imaged with fast neutrons using FNR technique and finally if required API
based interrogation technique can be implemented to characterize its contents
as either containing any threat materials or benign.

Based upon the above mentioned facts, this research work focussed on the
studies related to development of neutron interrogation imaging techniques,
API and FNR, for imaging and identification of materials composed of light el-
ements. Study of API technique has been aimed at detection of light elements
(C, H, N, O) based on PGNAA and reconstruction of interaction location in-
side the interrogated object. On the other hand, FNR was studied in context
of imaging low Z materials encapsulated by thick high Z materials using DT
neutron generator. To perform API, initial developmental studies pertaining
to PGNAA have been carried out for completeness, in the sense, to address the
detection methodologies of a large set of elements for which API alone cannot
be used. During the course of these studies, work related to D-D/D-T neutron
source [25] characterization and real time monitoring through special minia-
ture fibre detector and charge particle detector. In addition to this, study on
neutron-gamma response of liquid scintillator detector has also been carried

out for fast neutron spectrum measurement. These are of importance for both

API and FNR.
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Brief account of work done

The thesis work has been focussed on studies and implementation of FNR and
API neutron interrogation techniques for imaging and detection of low Z ma-
terial in bulk using indigenously designed DD/DT NG at BARC. In a nutshell,
the studies carried out are the following:

The work begins with the feasibility experimental study of PGNAA, per-
formed for detection of characteristic neutron induced gamma signature of H,
C, N, O and Cl elements from various benign bulk samples of melamine, urea,
salt and graphite. Emphasis was placed on two approaches; (1) detection of
inelastic prompt gammas from C, O and N with FNA and (2) detection of cap-
ture prompt gamma 10.8 MeV from nitrogen using TNA technique. TNA was
performed via moderating the D-D neutron and gamma signatures of hydro-
gen (2.22 MeV), nitrogen (10.83 MeV) and chlorine (6.61 MeV) were detected
successfully with good signal to noise ratio. TNA has shown limitations for
C and O elements detection as they are threshold reactions. In order to detect
O and C, which are necessary for threat material identification, FNA method
was explored with DT neutrons. Gamma signatures of C (4.43 MeV), O (6.13
MeV) and N (5.11 MeV) were detected successfully with FNA. TNA and FNA
in combination could provide the fingerprints of the elements H, C, O, N and
Cl in bulk. In the present experiment the main difficulty faced was the high
gamma background due to neutron interactions with surroundings. This leads
to reduction in signal-to noise ratio. To address this issue, tagged neutron
based API technique was adopted and employed using D-T neutron genera-
tor.

As a first step, API technique was modelled and various aspects of API
technique for material identification and 3D image reconstruction of the in-
terrogated object were simulated using Monte Carlo based GEANT4 [26]. An
array of BGO detectors for gamma detection and position sensitive detector

for alpha detection was used in the simulation. The BGO detector was cho-
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sen because of its high efficiency for high-energy gamma-ray detection and
the reason that it is less sensitive to the neutron activation and capture than
the other commonly used scintillation detectors (Nal and Csl etc). The phys-
ical response of BGO was incoporated in the simulation via comparing with
its experimental response to mono-energetic gamma (0.511 MeV-4.43 MeV).
The various parameters studied through these simulations are as follows: re-
sponse of BGO detector to pure chemical elements (C, N, O, Al, Fe), response
towards complex samples including threat (simulated-RDX, TNT, AN) and be-
nign materials (Urea, Melamine), determination of elemental fractions by fit-
ting sample spectra with linear combination of reference spectra of pure ele-
ments, detection of hidden threat surrounded with organic or iron matrix and
reconstruction of 2D /3D images to find location of interrogated object inside
a container. Towards implementing API technique, a laboratory based sys-
tem was developed using indigenously designed D-T neutron Generator and
was characterised. D-T neutrons were tagged via a position sensitive (64 pixel)
YAP:Ce detector, installed inside NG tube for alpha detection. The choice of
the YAP:Ce scintillator detector is motivated by their low cost, high count-
rate capability, radiation hardness and good time resolution. In experiment,
at present only one BGO gamma detector has been used and placed in a par-
ticular geometry with respect to the sample under investigation. VME based
Front end electronics for data acquisition of 16 BGO and 64 alpha detectors
was installed and tested successfully. An algorithm was developed for data
acquisition, processing and analysis.

A number of experiments for detection of C, N and O signals from bulk
samples (graphite, water, melamine and simulant of RDX) in various configu-
rations have been carried out. Firstly, investigations were carried out with pure
elements for individual spectra. In the second step pure elements were placed
in combinations at different locations and through a-v coincidence time spec-
trum method their energy spectra as well as positions could be established. In

the third step, complex samples melamine and simulant of explosive (RDX,
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C4) were investigated and spectra analysed. API system has demonstrated the
detection capability of C, O and N elements from bulk of ~ 3-5 kg within 15-
20 minutes time with improved signal to noise compare to that in FNA. The
experimental spectra of RDX simulant (3.6 kg) prepared from the mixture of
benign materials (melamine (CsHgNg), polyethylene ((CHs),,), sand (S5iO;) and
graphite (C)) was compared with simulated spectra of RDX (C3HgNgOg). The
comparison has shown overall satisfactory match in terms of possible gamma
lines detected and their relative intensity with respect to carbon peak (4.43
MeV) intensity.

The next section describes the fast neutron radiography studies performed
using DTNG. This work finds applications in the area of attenuation based
imaging of low Z materials shielded by thick layers of high Z or hybrid (com-
bination of low and high Z) materials. Prior to actual experimentation, FNR
was modelled in GEANT4 and its potential as well as limitations were studied.
Various configurations of different sample were simulated, analysed and im-
ages were constructed [27]. Based on the simulation a configuration of HDPe
masked with thick layer of Lead was chosen for experimental studies. Most
of the reported FNR experimental work, have used either high yield sources
(vield > 10" n s7') [24] or large exposure time of 30-60 minutes. In this work
we have studied and implemented the FNR using D-T NG of ~ 2x10° yield
and beam size (focal spot) of 20 mm. Since, the focal spot play important role
in image quality, hence to reduce the focal spot from 20 mm to 10 mm size, sim-
ulation studies on the design of suitable collimator were carried out to achieve
a respectable flux at the sample position, minimizing scatter contribution from
collimator materials and maintain moderate L/D for such low yield NG. Based
on these simulations, a metallic collimator of mild steel was designed and cou-
pled with neutron imaging system comprising of Electron Multiplying CCD
camera (EMCCD) in combination with a thick plastic scintillator. The sample
configurations of step wedge, holes in step wedge and low Z masked with

thick shield of lead were imaged and analysed.
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During the course of these studies on fast neutron imaging techniques,
work related to source neutron detection and characterisation were also car-
ried out. These are of prime importance towards realization of actual neutron
interrogation API and FNR based systems. The aim was to develop character-
ization devices for our D-D/D-T NG which would cater to source parameters
such as real time monitoring of source yield and spectrum. Associated particle
based real time neutron monitoring device has been developed using silicon
charged detector. Miniature size (~1 mm) neutron (thermal/fast) detectors
(TND/END) have been developed for real time monitoring of thermal/ fast
neutrons. TND and FND comprises of LiF (ZnS:Ag) and **?ThO, (ZnS:Ag)
respectively. The sensitivity of TND and FND was found out to be ~3.3x 10~
and 3.6x107% cps for one neutron per cm~ field (unit neutron flux) respec-
tively [28]. FND has been successfully used for DT neutron, a profile around
the DT neutron source. While TND was developed as first step towards de-
velopment of FND because large capture cross section of thermal neutron con-
vertor material provides high probability of success comparatively and related
issues could be taken care while developing FND. TND was characterised and
its performance was evaluated in experimental accelerator driven subcritical
system coupled with DTNG via thermal neutron profile measurement at var-
ious locations. For spectrum measurement of fast neutrons from DT/DD or
around the API or FNR system, an organic liquid scintillator detector of 5" x5"
was characterised. The parameters evaluated were gamma-neutron response
measurement and extraction of response function via GEANT4 based simula-
tion study. The efficiency was evaluated using extracted response function and

it was verified with neutron spectrum measurement of 2*>Cf source.

Organization of thesis

The thesis is organized as follows:

In chapter 1, we discuss the various existing different neutron based tech-



xxii

niques for low Z material detection particularly for threat material detection
application. The current status of the detection system based on different
methods is reviewed in brief and a basis is set for the study we carry out in
further chapters. An outline of the thesis is provided.

Chapter 2 describes D-D/D-T NG neutron source used in thesis work and
its yield characterisation. Different neutron detctors developed for real time
neutron monitoring are presented. It includes associated particle based neu-
tron monitor, miniature fiber based neutron detectors and characterisation of
an organic liquid scintillator for fast neutron spectrum measurement.

Chapter 3, presents study of FNR performed for imaging of low Z mate-
rial masked with thick layer of high Z material. First section of this chapter
describes the Monte Carlo simulation study on FNR performed for capability
and limitations of the FNR technique. Various simulated congurations of sam-
ple geometry and constructed images are detailed. Second part of this chapter
presents the implementation of FNR with inhouse developed Neutron Gener-
ator and experimental studies on various sample configurations.

In Chapter 4, we describe the PGNAA based experimental study carried
out for detection of C, H, N, O and Cl elemental signature in bulk of benign
materials. It presents the experimental results and signal to noise ratio evalu-
ated for different elements.

Chapter 5, discusses the modelling of API technique and presents the sim-
ulated physical response of BGO for gamma, a reference data set of gamma
spectra generated for pure elements, spectrum decomposition methodology,
analysis of sample (explosive and benign) spectra and matrix effect study for
hidden explosive detection. It also describes the reconstruction of neutron in-
teraction locations providing 3D mapping of the interrogated object under in-
terrogation.

Chapter 6, describes the development of API based system and experimen-
tal studies carried out with the system. The major components of the system

including position sensitive alpha detector, gamma detector, VME based Front-
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end electronics and software tools developed for data acquisition, processing,
analysis are described in detail. System characterisations with experimental
measurements of systems time resolution, tagged neutron beam profile are
presented here. Experimental results of pure element spectra, complex sam-
ple (benign and explosive simulants) spectra and spectra of different objects
placed at different location in line at a certain distance identified through a-y
coincidence time spectrum and comparison with simulated one are discussed.

Thesis work is summarized and concluded in Chapter?7. The discussion on

future work is also provided here.
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CHAPTER 1

Background of the Study

1.1 Introduction

The aim of this thesis was to study some of the neutron based techniques to-
wards design and development of neutron interrogation systems for imaging
and detection of low Z materials in bulk using D-D/D-T neutron generator
developed at BARC. The primary objective was to assess two imaging tech-
niques. The Associated Particle Imaging (API), based on neutron in-gamma
out approach for detection of lighter elements (hydrogen (H), carbon (C), ni-
trogen (N) and oxygen (O) ) in bulk and fast neutron radiography (FNR), for
direct imaging of low Z, masked with thick and high Z material. Low Z ma-
terials, specially if composed of C, H, N, O elements are of interest because
most of the threat materials including chemical explosive, narcotics, chemical
weapons primarily composed of these elements in common. Thus detection
and imaging of such low Z materials is on prime importance towards secu-
rity application as threat material detection in cargo and large containers. Both
the imaging techniques are based on fast neutrons and suitable for such large
object inspection. Fast neutrons, generated from neutron generators based on
D-D/D-T fusion reactions are being considered as interrogating radiations in
this thesis work. Accelerator based D-D/D-T neutron generators provide high
yield suitable for FNR and electronic control of neutron emission which re-
duces the shielding requirement in idle condition. API utilizes the kinematics
of fusion reactions which allows tagging of outgoing neutrons using the asso-
ciated particles and highly penetrating power of fast neutron allows inspection
of densely packed large containers such as sea cargo.

The thesis work comprises of study and implementation of neutron inter-

rogation APl and FNR imaging techniques using D-D/D-T Neutron Generator

1
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for detection and imaging of low Z in bulk. The work is presented in the sub-

sequent seven chapters.

1.1.1 Statement of Problem

The ability to effectively detect low Z objects (threat material i.e explosives)
hidden in large container is one of the great technical challenges of national
security that generally involves measurements in heavily shielded, challeng-
ing environments, for example entry ports with a requirement for few minute
scan per container [1]. Effective methods of inspection of all sizes objects from
luggage to shipping containers and from postal parcels to trucks is a vital com-
ponent of any national security right from aviation to the control of land / sea
ports at entry points [2]. At present the major approaches adopted for inspec-
tion and interrogation of such bulk objects include physical search, chemical
identification, X-ray/gamma-ray imaging and neutron interrogation [3-5].
Physical search involves visual recognition of threat by trained personnel
/ sniffer dogs and are ineffective because of huge time consideration as well
as they can be hidden to make it appear as an innocuous material. Chemical
identification analysis detects explosives by analysing residues from surfaces,
but fails when well-packaged [6]. X-ray based systems involve irradiation of
a target item with X-rays, usually followed by image created on a detector
system by X-rays that are either transmitted or backscattered by the inspected
item. Standard (transmission) X-ray systems have been in use for quite a long
time, but more in the role to detect threat items such as weapons, sharp ob-
jetcs and clues to explosive device such a trigger device containing metallic
part rather than the explosive itself. Backscatter systems together with the
standard absorption measurement provide information which can help in sep-
arating the effects of density and effective atomic number (Z., in other words
average atomic number). Dual energy X-ray systems yield material discrimi-
nation through comparison of the attenuation of X-ray beams at two energies
and applying suitable algorithms. In Computed Tomography, cross-sectional
images or slices through an object are reconstructed numerically from X-ray

projections at various angles around the object. These cross-sectional images
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can be stacked together to produce a three dimensional image. Z.;; can also
calculated and materials with similar Z number as explosives can be identified
[7, 8].

Over the years, immense progress has been made in the fields of X-ray
/ gamma ray based threat detection systems as evidenced by the ubiquitous
presence of traditional X-ray machines, sub-millimeter scanners [4] and backscat-
ter imaging devices [5] at airports, seaports, and other critical locations. They
have high throughput and are ideally suited for detection of metallic objects
with distinctive shapes and sizes. These systems provide at the best only gross
information about the elemental content of the inspected item (low Z vs. high
Z discrimination) and have the limitation of material specificity. Unfortunately,
these systems are not reliable when searching for organic-based explosives or
illicit materials because most of the current threats do not possess specific dis-
cernible shapes and these systems fail to differentiate such low density materi-
als [4] from benign. Additionally, dense heavy materials can be used to shield
the X-rays, obscuring the view within the objects being investigated. Hence
inspection by X-ray and gamma ray imaging is not a viable solution since they
lose specificity, low mass attenuation coefficients for low Z and high mass at-
tenuation coefficient for high Z materials and require alternative methods.

Neutron based nuclear techniques (also named as neutron interrogation),
can address these issues and offers the high penetration power with possibil-
ity of measuring the elemental density of most elements in materials indepen-
dent from their particular size or shape.The exploitation of elemental signa-
tures represents a promising solution towards detecting illicit materials such
as explosives, chemical weapons, narcotics [9, 10]. The neutron based systems
achieve this feat, mainly through the production of characteristic elemental
prompt gamma rays by the nuclear reactions, primarily (n, v) with thermal
neutrons and (n,n,y) with fast neutrons (also called as prompt gamma neutron
activation analysis- PGNAA). Furthermore, neutron being highly penetrating,
their intensity is not diminished significantly by the thickness of commonly
utilized transport containers and also as the emitted characteristic gamma rays

are of very high energy (~MeV), they can come out after penetrating large
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volumes at ease. These basic features set the essentials of neutron induced
non-intrusive (the interrogation can take place from a distance of several cen-
timetres) and non-destructive (because of no need to physically examine the
bulk) technique for threat material detection. While imaging is not a feature
commonly associated with neutron based nuclear techniques, it is essential to
the ability to distinguish with high selectivity, threat material from the over-
whelming majority of benign substances surrounding it [11].

During the last few decades, great strides were made in research, develop-
ment and partial deployment of neutron based techniques for explosive and
other contraband detection. This chapter reviews the current status with re-
spect to the use of neutron-based technologies for elemental analysis and imag-
ing of materials in particular for the detection of hidden explosives and illicit
drugs in bulk form.

The chapter begins adressing the problem through discussion on proper-
ties of various substances that make them detectable by neutron based tech-
niques, principles behind neutron interrogations followed by different types
of neutron sources, alpha-gamma detector requirement and related informa-
tion. Then an overview of different existing neutron based nuclear techniques
each with their merits-demerits and imaging capability for application of large
objects (cargo containers or trucks) is discussed. After that, a description on lit-
erature survey followed by scope of thesis work in brief and finally an outline

of the thesis is provided.

1.1.2 Characteristics of Threat

In order to detect threat material it is important to understand their charac-
teristics. Various characteristics can be used for explosive detection [11]: such
as density, geometry and elemental composition. Geometry: Usually, explosive
devices consist of two main components: detonating system and an explo-
sive agent. The detonators are made of metallic components with an initiating
explosive. The presence of a metallic detonator and associated wires can be
detected using shape based image analysis. Material density: Explosive mate-

rial is more dense than most organic material but not as dense as metals. El-
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emental composition: is one of the major parameter exploited by neutron based
techniques. Most of the hidden threats like explosives, narcotics and chemical
weapons, consist mainly of carbon, oxygen and nitrogen light elements as the
majority organic materials. Threat materials have unique elemental composi-
tions which are generally different from other benign materials. For example,
chemical explosives are rich in oxygen than most common benign materials.
Likewise, they are rich in nitrogen, but they have a relatively low concentra-
tion of carbon and hydrogen. The chemical composition of some of the threat
materials are shown in figure (1.1).

The threat material can be discriminated among different materials using
relative elemental ratios such as O/C and N/C and, in some other cases (as i.e.
for chemical warfare agents), on the quantitative determination of elements
like Cl, P, S, As, etc [5, 12].Chlorine based boosters are also sometimes added
to enhance the destructive capabilities of explosives due to the instability of
chlorine-oxygen chemical chains. The high fraction of oxygen and nitrogen,
along with the use of chlorine boosters, provides major key signatures for any
detection method [13]Figure (1.2) shows the discrimination of threat materials

based on elemental contents of oxygen and nitrogen present in explosive.

1.1.3 The Need for Imaging

In addition to composition information, it is also desirable for a detection tech-
nique to be able to have imaging capabilities. With imaging one obtains ge-
ometry and localization information that can be of great help. If the measure-
ment is localized, the determined elemental densities will represent the ma-
terial composition at that specific volume element (voxel) and not an average
over a larger volume. The latter may dilute the information and the unique
composition of the concealed substance will be lost, resulting in a failure to
detect. Since contraband is rarely the only contents of an inspected container
(luggage, car, truck or a cargo container), the ability to measure locally C, O, N,
etc., inside it is essential. However, explosives and narcotics, unless they are
formed in thin sheets, typically exist in bulk and their detection does not re-

quire a very high spatial resolution. In this regard voxel resolution typically of
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the order of few cm’s ~ 10-20 cm?® is good enough for first-hand information.

1.1.4 Basic of Neutron Interrogation

Neutron interrogation systems, operate either through the principle of neutron
induced gamma-ray spectroscopy (neutron in - gamma out) or based on trans-
mitted neutrons /scattered neutrons (neutron in -neutron out). In neutron-
induced gamma-ray spectroscopy approach, a neutron source irradiates a tar-
get to excite nuclei, which then de-excite with the emission of an energetic
gamma-ray specific to the nucleus in the 1 MeV to 11 MeV range [14]. Primar-
ily, neutrons undergo either capture (n,y) or inelastic neutron scattering (n,n/
7). Capture reactions have no threshold and thermal neutrons have high cap-
ture probabilty in compare to high energy neutrons. While inelastic neutron
scattering is important for threshold reactions and requires neutrons of energy
higher then that of reaction threshold. The gamma rays produced in these reac-
tions are (known as prompt or delayed based on the time of emission) detected
by an array of gamma-ray detectors and creates a spectrum containing peaks
that correspond to the energy of the gamma-rays. The analysis of peaks pro-
vides isotopic content of the investigated volume and intensity of the vy-rays
peak indicates the relative amount of material present. It is therefore in prin-
ciple possible to calculate the elemental ratios, how much of each element is
present with respect to the others in order to determine the type of substance
under analysis.

The elemental densities of hydrogen, chlorine and nitrogen are measured
by the prompt gamma emitted via thermal neutron capture (n,y) process (for
detail seel.2.1). Chlorine signal forms the basis for the detection of hydro chlo-
rinated cocaine and heroin. Nitrogen signature detection forms the basis of
detection of nitrogen rich explosives. More specific detection of these contra-
band is achieved by measuring their elemental constituents oxygen, carbon,
nitrogen. These elements are detected by their characteristic prompt gamma-
rays emitted when fast neutrons are inelastically scattered by the nuclei of the
elements as detailed in section 1.2.2.

Other type of neutron interrogation systems are based on transmitted or
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scattered neutrons, where the source neutrons pass through the interrogated
object and detected by detector system. Based on the interaction probabilities
of source neutrons with various elemental contents of inspected material, it is
possible to deduce the objects images hidden inside large container. In such
cases the gross information on elemental contents of the interrogated object is

provided by based on attenuation or via transmitted neutron measurement

1.1.5 Neutron Sources

Common features in most of the neutron interrogation techniques for material
identifications are the neutron source and detectors that identify the particles
of interest whether those are gamma rays, scattered neutrons or transmitted.
Neutron source play an important role in neutron interrogation, exploiting dif-
ferent neutron based interaction mechanisms. Depending on the chemical el-
ements that one wishes to detect or measure, one might have to use neutrons
of different energies (thermal or fast). The compact neutron sources, which
can either be a radioisotopic (**?Cf, alpha-Be) sources or an accelerator based
neutron sources such as neutron generator are in common use for neutron in-
terrogation system. **? Cf is a radioactive material with a half-life of about
2.6 years, which has neutron energy spectrum with most probable energy of
0.8 MeV and average energy of 2.1 MeV. Other type of radioisotopic sources
are composed of two nuclides; one alpha-emitting and another that absorbs
the emitted alpha particle and then emits a neutron. It includes plutonium-
beryllium (PuBe), americium-beryllium (AmBe), americium-lithium (AmLi)
etc. The neutron energy spectra of such sources are quite broad due to the
variability of the alpha particle energy and dependent on the alpha source [15]

All of these types of neutron sources are easy to use and require no equip-
ment other than shielding. The associated major drawback is that they are
constantly decaying and there is no way to turn them off. Therefore, when the
neutron source is unshielded, it presents a constant hazard to nearby person-
nel, even when it is not being used. Furthermore, the radioactive material can
expose unknowing individuals to a constant radiation dose if it is lost or stolen.

The sources themselves present possible risks for terrorism when coupled with
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Figure 1.3: Total reaction cross-sections for D-D and D-T fusion at different deuteron beam
energies (taken from [16]).

conventional explosives to create radiological dispersive devices.

Accelerator based neutron generators are a viable alternative that enable
reactions that lead to the creation of neutrons. They allow for neutron emis-
sion as per requirement, can be turned off and thus are easier to transport and
have high neutron fluxes [17, 18]. Deuterium-Tritium neutron generator is one
example of such generator. When a D-T generator is turned on, deuterium
ions ((d™) are accelerated to a tritium target. The deuterium and tritium un-
dergo a fusion reaction T(d,n)« to form an alpha particle (*He) and a neutron
whose average initial energy is ~ 14.1 MeV [16]. The T(d, n)4 He reaction
cross section in the 0-10 MeV deuteron energy range is presented in Figure
1.3. The maximum cross section is at deuteron beam energy of about 110 keV
and then it decreases with further increase in the deuteron energy. Thus, in
order to maximize the neutron flux, it is reasonable to use a deuteron beam
of few hundreds of ~ KeV. In D-T NG case, since the incident particle energy
is small compared with the Q-value of the reaction (Q = 17.6 MeV), all pro-
duced neutrons have roughly the same energy and are emitted nearly back-
to-back with respect to the associated « particles in the laboratory system. A

deuterium-deuterium (D-D) neutron generator works in the same way, except
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in this case deuterium ions are accelerated towards a deuterium target. When
the two particles go through a fusion reaction, the product is *H and a neu-
tron with an average energy of about 2.5 MeV. In Deuterium-Tritium reaction,
yield is roughly 100 times higher than the Deuterium-Deuterium reaction. In
both cases, if the generator is off, the deuterium is not directed towards the
target (tritium or deuterium) and no neutrons are created. This makes it ideal
choice for interrogation applications and reduces the risk of accidental expo-
sure. Several compact D-T and D-D generators have been designed and being
used specifically for active neutron interrogation applications [19].

These different sources are with their advantages and disadvantages. It is
up to the system designer to decide which best suits his or her needs. A brief
discussion of D-D/D-T Neutron generator used as neutron source in this thesis

work is described in the next section.

D-D/D-T Neutron Generator

An indigenously built neutron generator [20] [21] operating in D-D/D-T mode
at Purnima Lab, Bhabha Atomic Research Center (BARC) is known with the
name of "PURNIMA Neutron Generator Facility ”. A picture of this facility
is shown in Figure 1.4. It is a 300 kV DC electrostatic deuteron accelerator
based on Cockroft and Walton type multiplier. This facility incoporates RF
ion source, RF ion source has advantage of its high mono-atomic ratio (about
70 - 90% ) [16, 22]. Mono-atomic ions are preferred because they carry the
full beam energy, whereas diatomic or triatomic ions have lower energy per
nucleon, resulting in a lower fusion cross section per ion. The deuterium gas
is supplied to ion source through a gas inlet and its flow is controlled by a
motorised needle valve which is connected with deuterium gas cylinder. The
plasma is produce using capacitor coupled 100 MHz, 200 W RF power. The
D" ions are produced and extracted from ion source by applying extraction
voltage which is focused by 30 kV DC electrostatic Einzel lens, accelerated and
bombarded on the target. The target is maintained at ground potential. The
deuteron ions impinge on titanium-tritium (TiT) or titanium-deuterium (TiD)

targets (with copper backing), providing 14.1 MeV or 2.45 MeV neutrons via



11 1.1. INTRODUCTION

Figure 1.4: Purnima Neutron Genarator

Table 1.1: Main parameters of the neutron generator.

Deuteron energy 0-300 KeV
Beam current 1-1000A
Mode of operation Pulse and continuous | 10 us to continuous
Pulse repetition frequency 1Hzto 1 kHz
Spot size 20 mm
D-D mode
Maximum neutron yield 3x10"n/s
Neutron energy 2.45 MeV
D-T mode
Maximum neutron yield 1x10"%n/s
Neutron energy 14.1 MeV

T(d, n) “He or D(d, n) ®*He fusion reactions respectively.

The operating parameters of neutron generator are controlled and mon-
itored through a computer based centralized system from the control room.
Target holder accommodates 40 mm diameter tritium or deuterium target. Tar-
get is created by adsorption of tritium (or deuterium) in titanium layer. The
titanium layer is deposited on a copper backing plate of 0.5 mm thick or less.
Target is continuously cooled by a closed loop chilled water system. The ac-
celerator is maintained at a vacuum of typical 1x10~% mbar during operation,
with vacuum system of a turbo molecular pump and a rotary pump. Differ-
ent beam diagnostics components: ion beam steerer for beam alignment, beam

profile monitor for beam profile, Faraday cup for current measurement are
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placed in beam path to analyse beam.

The accurate monitoring of neutron yield of NG is important to know the
number of neutrons incident on the sample. The detection of fast neutron is
itself a challenging task and high background counting rate in the detectors,
due to high gamma field associated with neutron source or caused by neutrons
scattered from walls and from other surrounding materials in the experimental
room makes it more complicated. Characterisation of the NG and its neutron
yield measurement with different detectors developed is described in detail at

chapter 2.

1.1.6 Choice of alpha and gamma detectors

Other then the neutron source, charge particle detector and gamma detectors
are major components for study and development of any neutron based inter-
rogation system. A brief discussion on choice of alpha and gamma detector

related to the thesis work is described in the next section.

Alpha Particle Detector

Detection of the charged particle associated with D-D/D-T neutron emission
from a NG can be used for neutron yield measurement of the NG. The key
point in detection of charged particle associated with D-T (or D-D) neutron is
the choice of charge (a or proton etc)particle detector. It is also important to
note that some of the neutron interrogation imaging techniques for example
API based system developement require a position sensitive alpha detector
embedded inside DTNG. The important required characteristics of such de-
tector are capability for high count rate with good time resolution, mechan-
ical robustness and resistance to the radiation damage induced by neutrons
and charged particles. In particular, it must have minimum outgassing and it
should survive prolonged radiation exposure.

Semiconductor detectors are indeed characterized by good energy resolu-
tion, good stability, excellent efficiency and timing characteristics. But the pro-

longed exposure to neutrons and charged particles creates rapid performance



13 1.1. INTRODUCTION

deterioration due to radiation damage in them. In typical surface barrier sili-
con detectors serious changes appear to take place for an irradiation of about
10 2 fast neutron ecm~2 or 10° « particle cm™2 respectively [23].

Several scintillators of different types have been investigated in the past
for use in neutron generators for alpha charged particle detection. These were
Silver-activated Zinc Sulfide (ZnS:Ag), Gallium-doped Zinc Oxide (ZnO:Ga),
plastic scintillators and Yttrium aluminium perovskite activated by cerium
(YAP:Ce) etc.

ZnS(Ag) is one of the oldest inorganic scintillator which has very high scin-
tillation efficiency compare to that of Nal(T1l). It is polycrystalline in nature
and available only as a polycrystalline powder. It makes its use limited to thin
screens. Thickness greater than about 25 mg/cm? become unusable because of
the opacity of the multi-crystalline layer to its own luminescence light [15].

ZnO(Ga) scintillator coatings are characterized by a decay time of about 1.5
ns, scintillation light peak at 390 nm [15] and light yield up to ~ 3300 photons
per MeV of deposited energy [24, 25] ZnO(Ga) absorbs its emitted light so that
coating thickness and uniformity may be very critical. However, ZnO:Ga has
been considered and utilized as a phosphor coating for alpha detection in NG
in some cases [26, 27].

Plastic scintillators are very fast light decay time nearly 2 ns and are avail-
able in a large variety of different sizes and shapes. But in this case attention
has to be given to the self absorption of the scintillation light.

YAP:Ce (YAlOs:Ce), is of a special interest in various applications. The
YAP:Ce exhibits several characteristics that are very well suited for our in-
tended application such as fast response, high light output, non-hygroscopic,
radiation hardness, excellent mechanical and chemical properties. YAP:Ce is
characterized by high light output of 40% relative to Nal(Tl), a short decay
time constant of 25 ns and a moderate efficiency for gamma-ray detection (den-
sity of 5.37 g/cm? and atomic number of yttrium Z = 39). These properties of
YAP:Ce and the fact that its emission spectrum peak at 370 nm matches with
the sensitivity of typical photomultiplier’s suggest potential applications of

YAP:Ce in y-ray spectroscopy, nuclear medicine etc. It is important to note
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Scintillator data table

Nal: I Csi:Th CaF,:Eu  BaF, YAG: Ce YAP:Ce  GSO:Ce BGO
Physical
Density [g/cm’] 3.67 451 318 4.89 4.57 537 6.71 7.13
Hardness [Mho] 2 2 4 3 8.5 8.6 5.7 5
Index of refraction 1.85 1.78 1.44 15/1.58 182 1.95 1.85 215
Crystal Structure Cubic Cubic Cubic Cubic Cubic Rhombic ~ Monoclinic  Cubic
Melting point [C] 651 621 1360 1280 1970 1875 1950 1050
Hygroscopic Yes Slightly ~ No Slightly No No No No
Linear Coef. of Thermal
expansion [107° /K] 475 5 1.95 1.84 8- 4-11 4-12 7
Cleavage Yes No Yes Yes No No Yes No
Chemical formula Nal Csl CaF, BaF, Y;Als0,  YAIO; Gd,5i0; Bi (GeO, )y
Luminescence
[ntegrated Light
Output [%Nal : T1) 100 45 S0 20/2 15 40 2025 15-20
Wavelength of Max.
Emission {nm] 415 550 435 325,220 550 37 440 480
Decay constant [ns] 230 900 940 630/06 70 5 30-60 300
Afterglow [% at 6 ms) 0.5-5 <2 <03 - <0005 <0005 < 0.005 < 0.005
Radiation Jength [cm] 29 1.86 3.05 2.03 35 2.7 1.38 1.1
Photon yield at
300 K [10° Ph/MeV] 38 52 23 10 8 10 8-10 2-3

Figure 1.5: Properties of different detectors (taken from [28])

that, the energy resolution of YAP:Ce is comparable to that of Nal(T1) and
CsI(T1) with a photo-diode. The measurements of light yield of YAP:Ce as
compared with Nal(T1) has been reported in a work of [28]. The studied crys-
tals had 25 mm diameter and 1 mm thickness. The time distributions of the
light emitted from YAP:Ce crystals for y-rays and o particles are discussed in
the work [29]. A very intense fast component with a decay time constant of
26.7£0.12 ns and an intensity of 89+2 %, followed by a slow component with
the decay time constant of 140410 ns were measured for gamma ray. The light
emission due to « particles show a fast component of 24.840.12 ns with the
intensity of 85+2 % and the slow component with the decay time constant of
100+£5 ns. Also some energy spectra measured with YAP:Ce crystals showed
that the energy resolution value is 16.1% and 5.7% at E, = 59.6 and 661.7 keV
respectively. The basic physical and chemical properties of YAP:Ce are pre-
sented in Figure (1.5).

Gamma Detector

The choice of gamma ray detectors is one of the important component for neu-

tron based system to be effective. The gamma ray detectors must be suitable
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for operation in mixed radiation fields where both neutrons and gamma rays
are present. The detector material must have a high Z value to effectively
detect characteristic photons with energies up to ~11 MeV. The detection ma-
terial /medium must also provide the energy resolution that allows resolving
peaks of interest.

The requirement of the high energy detection with high detection efficiency
narrows the search for this application to a suitable crystal to large and widely
affordable species as Nal(Tl) (Thallium doped sodium iodide) or BGO (bis-
muth germanate, formula - BiyGe3;O;,). Even the latest lanthanide-halide scin-
tillator based detectors such as lanthanum-chloride (LaCl3(Ce)) and lanthanum-
bromide (LaBrs;(Ce)) detectors offer far better properties, particularly when the
energy resolution is concerned [30, 31]. For example, the energy resolution of
at E,= 662 keV is of less than 3% [32]. However, they still cannot be grown
inexpensively to large sizes and the high cost of these detectors (nearly 17-18
times for a high quality Nal(Tl) of similar size [15] limits their wider usage.

Nal and BGO detectors are inorganic scintillator class of detectors. The de-
tection process in the inorganic scintillator starts when an incident -ray inter-
acts with the crystal material, exciting the atoms to higher energy states. The
atoms de-excite through the emission of optical photons. The photon strikes
the surface of a photosensitive surface, usually of a photomultiplier tube, re-
leasing less than one electron per photon (depending on the quantum effici-
cency of the PMT) via the photoelectric effect. These photo electrons are ac-
celerated and multiplied until a pulse is formed whose voltage is proportional
to the number of scintillation events and therefore the energy of the incoming
gamma-ray [15]

Nalis the industry standard scintillation detector for the detection of gamma-
rays of the order of 1 MeV or higher energy. The detection efficiency is rela-
tively good because of the density of Nal (3.67g/cc) and the presence of the
high Z element iodine (Z = 53). The Nal(T1) scintillator material has the light
yield 38 photons/keV, 1/e decay time 250 ns and typical resolution of 50 keV
is reasonably good for resolving lines separated by at least 100 keV. The timing

resolution is excellent and allows the detector to be operated at high rates on
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the order of 100 to 200 kHz. The detector is usually operated at room tempera-
ture but may require a temperature-controlled environment to avoid gain drift
in the photomultiplier tube with a loss in energy resolution [15] .

BGO is a strong competitor to Nal. The BGO scintillator has the light yield
8-10 photons/keV and 1/e decay time 300 ns. Due to the high atomic number
of bismuth (Zp; = 83) and high density (7.13 g/cc) of crystal, the BGO scintilla-
tor is very effective for detection of high energy photons. Its energy resolution
is lower than Nal(TI) resolution, 10% FWHM versus 7% FWHM at 662KeV
[33]. BGO demonstrates excellent behaviour under neutron irradiation with-
out delayed decay issues as compared to Nal.

The superior efficiency of the BGO detectors has to be weighed against their
inferior resolution and their higher price than that of the Nal detectors. Since
the price of the BGO detectors strongly depends on the crystals size.

The BGO of size 3 inch x 3 inch was opted for our work in view of providing
trade-off between detection performances and compactness of its integration
in the API system. Hence the choice of BGO was dictated by their high effi-
ciency to photon quanta and small dimensions, which allows one to minimize
the dimensions and weight of the shielding, which protects crystals from direct
flux of neutrons from the target of the neutron generator. Table 1.5 presents the

comparison of different inorganic scintillator detectors.

1.2 Overview of Neutron Interrogation Techniques

A number of neutron based techniques have been proposed and researched
depending upon kind of material to inspect in search of hidden threat in bulk
[5, 34-36] each with their unique advantages and disadvantages. The some of
them are briefed here, although this is by no means a complete list, it represents

systems and techniques that have been studied or utilized in the past 10 years.

1.2.1 Thermal Neutron Analysis (TNA)

TNA is based on detection of characteristic gamma-rays generated by * N nu-

clei on thermal neutrons capture. Common nitrogen based explosive materials



17 1.2. OVERVIEW OF NEUTRON INTERROGATION TECHNIQUES

have nitrogen in a quantity (~ about 17-38 % by weight) [7, 37] much larger
than in common benign materials [38]. The nitrogen signature is given by the
detection of 10.83 MeV prompt -ray emitted in the de-excitation of the pop-
ulated '®N compound nucleus. The energy of this y-ray is higher than other
~v-rays produced in the neutron irradiation of common materials, so that it can
be easily identified in the high energy region of the spectrum. The neutron
sources used in a TNA system are either a radioactive isotope such as ***Cf or
by an electronic neutron generator.

TNA based systems are most suitable and applicable to explosive and drug
detection in small packages and luggage. TNA is probably the simplest one
among various neutron based techniques. In fact the TNA based Explosive
Detection System inspected more than a million passenger bags at different
airports [39]. However, TNA devices have limited capability to detect oxygen
or carbon, this restriction results in the high rate of false alarms from nitrogen
present in other benign materials such as urea, melamine. Also TNA systems
are not suitable for large container inspection due to the fact that thermal neu-

trons do not have sufficient penetration to probe an entire container.

1.2.2 Fast Neutron Analysis (FNA)

FNA technique is an improvement over TNA using high energy neutrons. It
exploits the inelastic scatter of fast neutrons with nitrogen, oxygen and carbon
nuclei to detect their characteristic 7-rays. The neutron energy threshold for
carbon (4.44 MeV ~-rays) is about 5 MeV and 7 MeV for oxygen (6.13, 3.84
MeV). Nitrogen can also produce high energy (1.63, 2.3 and 5.1 MeV) y-rays as
a result of inelastic scattering [40]. By comparing the relative numbers of de-
tected characteristic y-rays and if they are detected in ratios similar to conven-
tional explosives, an alarm is raised to examine the package more thoroughly.
The DTNG based 14.1 MeV neutrons are generally used [41] in FNA.

FNA provides the additional information about concentration of oxygen
and carbon over TNA method, which can be used to eliminate some of the
false alarms associated with TNA [42]. At the same time the high penetration

power of fast neutron makes FNA useful tool for inspection of large container
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without much attenuation in neutron flux.

Though the attenuation of the probing neutrons is improved in the FNA
technique over TNA, the imaging capabilities such as obtaining spatial distri-
bution are still very poor. Other major drawback to this method is the large
background noise associated with FNA . One way to limit the background is
to use pulsed beam of fast neutron and detect the gamma signals in synchro-
nization or an alternative approach is the use of associated particle imaging,
which is more advanced and sophisticated method with imaging capability

(spatial distribution) of elemental distribution present in interrogated object.

1.2.3 Pulsed Fast Neutron Analysis (PFNA)

PFNA technique employs pulse fast neutron and nanosecond Time-of-Flight
(TOF) technique to obtain the spatial distribution of the signal. The TOF is
achieved by using very narrow, about 1 ns pulses of mono-energetic neutrons
with a frequency of 5 to 10 MHz. The TOF technique can be used to determine
the location of the detected material. The nature of the material is provided by
gamma spectroscopy analysis. The main advantage of using PFNA is that it
unambiguously determines the elemental composition of investigated volume
and the spatial location of these elemental concentrations. The main challenges
in developing PFNA into a practical system is the tedious process of construct-
ing a practical, collimated, pulsed energetic neutron beam that makes the op-
eration safe and operationally acceptable as well as cost effective [43]. This
technology is still at research stage. Recently Brown et al[44] described a cargo

inspection system based on PFNA.

1.2.4 Associated Particle Imaging (API)

API is based upon the physics and kinematics of fusion reaction 2H(*H,n)« in
D-T neutron generator [45]. In the D-T reaction, deuterium and tritium collide
to produce a neutron (14.1 MeV) and an associated alpha particle (3.5 MeV)
[46] at ~ 180 degree apart. Alpha particles can be detected with a position

sensitive detector measuring their time of generation and emission direction
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relative to the source. This in turn measures the emission time and direction
of outgoing of the accompanying neutron, hence tag the outgoing neutron.
This information is used to gate the gamma detectors to enhance the signal to
background ratio and this can lead to a significant reduction in background
signal (called as electronic collimation). Tagged neutrons on interaction with
material under test produces ~-rays signatures unique to the elements present
in the interrogated material. These v-rays are detected in coincident within
a short time after the alpha particle emission. The ~-ray’s energy and their
time of arrival (relative to the alphas emission time) is recorded along with
the x and y coordinates of the alpha. The velocities of the 14.1 MeV neutron
(~5.12 cm/ns) and the resulting v-ray (30 cm/ns) are both known constants.
So the arrival time of the gamma can be translated into the distance travelled
by the neutron before interaction with the object material. This is therefore
again a Time-of-Flight technique. As the neutrons direction is also known, 3D
spatial information of targets can in principle be provided, without the need
for scanning. The nature of the elements in the test volume being analysed is
again provided by vy-ray spectroscopy.

At present, API is the advanced and most powerful neutron interroga-
tion technique compared to the above mentioned techniques and it has been
demonstrated mostly for threat material detection in different environments

as discussed under literature survey.

1.2.5 Neutron Transmission/Fast Neutron Radiography (FNR)

Neutron interrogation techniques based on another approach of neutron in—
neutron out have also been explored for material detection and imaging as
briefly discussed in this section. Neutron out refers to either elastically scat-
tered source neutrons or unattenuated transmission neutrons.

Neutron attenuation/transmission depends upon neutron energy and the
materials they are passing through. The transmission data through a target
(objects) reveals unique information about the elemental detail. Using a 2*2Cf
source, it is possible to search for nitrogen and oxygen in the target. As both of

these elements have neutron absorption resonances and the energy spectrum
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of the transmitted neutrons will show a decrease at these resonance energies
compared to a sample that contained no nitrogen or hydrogen [47]. Also, look-
ing at the ratio of fast neutron transmission to gamma ray transmission can
help provide an idea as to the type of material in an inspected volume such
as air cargo container [48]. This method allows the materials density determi-
nation as well as their class of composition (organic, glass, ceramic or metal).
Recent advances in fast neutron radiography have shown promise [49-51]. By
combining neutron and gamma ray transmission, fast neutron/gamma ray ra-
diography can determine the average composition of an unknown target ma-
terial. This can be accomplished either using separate compact D-D or D-T
sources for the neutrons and a *°Co source for gamma rays or a high energy
accelerator [52]. Alternatively, a variable-energy, quasi-monoenergetic neutron
source can be employed to interrogate the target through fast neutron reso-
nance radiography and can differentiate the hydrogen, carbon, nitrogen, and
oxygen present in the target. This requires relatively complicated accelerators

and implementation [53].

1.3 Literature review

Extensive discussion and review of the individual problems addressed in this
thesis is included in their respective chapters. However, for completeness, his-
torical development and realization towards fast neutron based FNR and API
techniques for imaging and detection of low Z elements as C, N and O is pre-
sented here.

Imaging with neutrons particularly using thermal ( or epithermal) neutrons
has been widely explored and successfully applied for numerous scientific and
technical pursuits [54, 55]. In the early seventies, several experiments were per-
formed to evaluate the usefulness of fast neutron imaging in nondestructive
examination of bulky objects [56, 57]. The initial results were quite promis-
ing, but at that time it had the limited use because of two reasons, namely (a)
unavailability of high intensity fast neutron sources and (b) lack of sensitive

imaging systems for FNR, including digital recording & processing of images.
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The potential effectiveness of this imaging technique depends on the devel-
opment of high intensity fast neutron source and suitable imaging detectors.
Over the years, with extensive research and development both these obstacles
have been overcome to a great extent.

In the literature one can find the detailed information about electrostatic
accelerators based NG capable of producing 10'!-10* of 14 MeV/2.45 MeV
neutrons per second [58, 59] and compact neutron sources of plasma-focus
type, capable of producing over 10'* of 14 MeV neutrons per second [60, 61]. .

There has also been continuous progress in the research towards produc-
tion of efficient scintillators and different types of fast neutron imaging detec-
tors [62, 63] along with new methods of digital imaging and image processing.
Several applications of fast neutron imaging have been investigated over the
years. One of the important applications was for nuclear stockpile steward-
ship by Los Alamos Neutron Science Centre (LANSCE) and Ohio University
Accelerator Laboratory (OHUL) of USA [64]. Various test samples such as step
wedges fabricated from lead, Lucite, mock high explosive, aluminum, beryl-
lium, graphite, brass, polyethylene, and stainless steel were imaged and it was
shown to be a powerful imaging technique complementing x-rays for nuclear
warhead and related. Imaging of fractured ceramic and polyethylene test ob-
ject shielded by 2.54 centimeters of depleted uranium has been reported by this
group to reveal the potential of FNR. The imaging detector was comprised of
2kx2k cooled CCD camera system in combination with a plastic scintillator
and a turning mirror. FNR has also been demonstrated to be of immense help
for national security towards detection of heavily shielded explosives [65] or
contraband [13]. The researcher’s from Japan has explored the fast neutron
imaging application for qualification of ageing based deterioration of the large-
scale concrete structures [66, 67] successfully. Ageing and deteriorated social
infrastructures including bridges, tunnels and elevated roads etc mostly made
of concrete and steel are becoming increasingly serious problems throughout
the world. It has also been used as a tool for imaging of thick cultural heritage
objects complementing conventional X-ray techniques [68] or for industrial ap-

plications like looking into glued wooden boards [69].
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Other than the accelerator based fast neutrons, there has been renewed in-
terest in the use of reactor source for fast neutron imaging. A dedicated fast
neutron imaging beam line NECTOR has been developed at FRM II research
reactor [70]. Fast Neutron Radiography tests at the YAYOI reactor and at beam
line on the 10 MW research reactor of the Budapest Neutron Center [71, 72]
imaging have proved the reactor as potential source for fast neutron imag-
ing. It was used non-intrusive, non-contact method for investigating indus-
trial processes in heavy enclosures under potentially harsh conditions such as
two-phase flows in nuclear fuel bundles [73-76].

Detection of fast neutron itself a challenging task. Lack of efficient fast
neutron detector, offers relatively poor spatial resolution and also results usu-
ally in long exposure times to enable reasonable image quality. Furthermore,
high detection efficiency is also desired and the development of efficient imag-
ing screens for fast neutrons is of high importance. The increased interest in
FNR prompted development of efficient fast neutron imaging detectors. The
use of novel highly sensitive photo-luminescent imaging plates in combina-
tion with threshold activation detectors as converter screens in transfer imag-
ing technique were proposed and used by various researchers such as Rant,
Mikerov and co-workers [77-79]. In this direction, Seki et al.[66] has devel-
oped a pixel-type fast neutron scintillator detector with semiconductor pho-
ton sensor for transmission imaging of bulk and identified a steel bar, a void
hole, and water with 300-mm-thick concrete blocks via a RIKEN Accelerator-
driven compact Neutron Source (RANS) [80]. Makowska et al. (2017) [81]
provided a detail overview of fast neutron imaging detector and scintillator
developments while focusing on quantifying the performance of Polypropy-
lene(PP)/ZnS type commercially available scintillator screens produced by RC
Tritec AG [82]. On the other side, such promising applications of fast neu-
tron imaging have opened the area of research in development of very high
intensity fast neutron sources suitable to imaging. A high-brightness, quasi-

monoenergetic neutron source of 101011

n/s/sr with energies set at 7 MeV
or 10 MeV for fast neutron-based imaging has been developed at Lawrence

Livermore National Laboratory [83].
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On the other side, such promising applications of fast neutron imaging
has opened the area of research in developement of very high intensity fast
neutron sources suitable to imaging. A high-brightness, quasi-monoenergetic
neutron source of 10~ n/s/sr with energies set at 7 MeV or 10 MeV for
fast neutron-based imaging has been developed at [83] Lawrence Livermore
National Laboratory (LLNL) is developed . This could provided fast neutron
images of submm spatial resolution of good contrast images of low Z enclosed
with thick layer of high Z with in exposure time of 10-15 minutes.

Transmission based FNR provides image of low Z materials when encap-
sulated by thick high Z materials or combination of high and low Z mate-
rials, the exact nature of the investigated low Z material remains unknown.
FNR actually serves the first hand information regarding the investigated ob-
ject’s Z number range; low or high with respect to the shielding materials.
The information regarding the exact nature of the object, that is, its chemi-
cal composition can be found out by nuclear imaging techniques which solely
depends upon the detection of emitted gamma signatures by neutron interro-
gation. Among the various nuclear interrogation techniques discussed above
API is one of the most important candidate. The idea is to use fast neutrons
generated through D-T reaction to interact with object under investigation and
detect the neutron induced ~-rays in coincidence of associated alpha particles.
The analysis of the detected gamma signal provides the exact nature of the
object and through a-v coincidence time spectrum along with detected alpha
particle, the location of the detected materials can be localized. This provides
the so called 3D imaging of the object within a volume (detail at section 1.2.4).

The concept of coincidence measurement of D-T neutron and its associ-
ated alpha charged particle was purposed in 1969 Valkovic et al [45]. Using
the concept of coincidence measurement of alpha and D-T neutron induced
gamma, the API technique has been offered quite long ago [26, 46, 84]. How-
ever, the lack of advanced technology of neutron generators, fast response de-
tectors and fast data acquisition prevented its widespread use. Early work
on API in the 1990’s were limited to nuclear and chemical treaty verification

measurements [85, 86]. The major component of the API based study is D-T
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neutron generator with built-in position-sensitive alpha detector which allows
one to know precisely which area (or volume) is investigating and suppress
the background clutter thereby enhancing the SNR. Reports from Argonne
National Laboratory suggests research and development on the use of Associ-
ated Particle Neutron Generator technology for arms control treaty verification
and non-proliferation applications. The initial results have indicated that this
technology has significant potential for non-destructively detecting elemental
compositions inside large volumes. Further, studies were carried out on im-
proving the instrumentation towards improving the data quality [87-89]. It
was focused mostly on performing inelastic-scatter prompt-gamma neutron
activation analysis using API-NG for detecting and locating high explosives,
narcotics and special nuclear material for hold-up assay applications [27].

Though various experiments were carried out with fixed type D-T neutron
generators, the advancement of technology in developing small associated-
particle detector embedded sealed-tube neutron generator has shown poten-
tial towards transferring this technique out of the laboratory for field applica-
tions. This lately opened up various novel applications of API in different
environments ranging from buried landmine, unexploded ordnance (UXO)
[90], cargo scanning SENNA [91], EURITRACK [92] and under water threat
detection UNCOSS [93]. A proof of concept study was performed for non-
destructive identification of unexploded ordnance using API concept by Sudeep
Mitra et al [90] at Brookhaven National Laboratory, USA. The system consists
of a portable NG with inbuilt ZnO(Ga) alpha detector and a 12.7 x 12.7 cm
diameter Nal(Tl) detector. A large scanning system using 14 MeV tagged neu-
tron was developed and its capability for landmine detection has been demon-
strated at Italy [94] by Lunardon and co-workers. The focus was on the post-
war demining activities in mine-affected countries. A concept of using an array
of Parallel Plate Avalanche Counters for alpha detection and 10 BaF, scintilla-
tor detectors for coincident gamma-rays was purposed.

Applied Science & Technology Center, Russia [91] has developed a small
portable device 'SENNA’ capable of finding small amounts (as low as hun-

dreds of grams) of explosives concealed among large amount of material within



25 1.3. LITERATURE REVIEW

a minute. SENNA uses a portable neutron generator developed by VNIIA,
Moscow, Russia, with built in nine-segment semiconductor detector of asso-
ciated a-particles and two BGO ~v-rays detectors of dimensions 6.3 cm x 6.3
cm. Thus, API method has been rapidly progressing and investigated for a
number of applications for more than four decades. In the last two decades,
the focus on API was towards detection of explosives and illicit materials in
cargo, parcels and airline baggages. API based EURITRACK inspection sys-
tem is one of the most successful project undertaken for sea cargo inspection.
It has been designed to perform non-destructive assay of suspect region inside
cargo container identified by X-ray scanner operating in a seaport. It is a fixed
type inspection system implemented at Croatian sea port [95]. In EURITRACK
system, 8x8 matrix of YAP(Ce) scintillators coupled with Hamamatsu H8500
multi-anode PMT designed for alpha particle detection and three separate de-
tector arrays made of large volume Nal(T]) scintillators are positioned around
the container (top, transmission and reflection) to detect the y-rays produced
in fast neutron induced reaction [96]. The read-out and data processing of all
detectors in time and energy measurements was performed with VME based
front-end electronics using high density VME modules and cards [97] inter-
faced with a PC. This mehodology allows constructing a compact front-end
with an option for ease of expansion in case of increase in the number of v-ray
detectors.

The application has been also extended for underwater threat detection.
During wartime and the activities such as training and munitions testing, dump-
ing and accidents, terrorist activities have generated significant munitions con-
tamination in the coastal and inland waters. The most common military explo-
sives are characterized by major C, N, O elemental signatures and their ratios.
It makes API based system suitable for such threat materials detection. An un-
derwater system 'UNCOSS” (UNderwater COastal Sea Surveyor) developed
by scientists at a European Union research project aimed at improving secu-
rity near Europes key maritime infrastructures and along sea routes [98-101].
Under this project a compact neutron sensor developed and tested with the

most recent and performing detector technology as well as a new numerical
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electronics, speed data acquisition and processing system specifically devel-
oped for UNCOSS. A dedicated Remotely Operated Vehicle has been entirely
designed and manufactured to carry the neutron generator with gamma sen-
sor onto the UXO (Unexploded Ordnance) of interest lying on the seafloor [98].
The UNCOSS underwater neutron inspection system was finally operated in a
tield demonstration in the vicinity of Punat Seaport, Krk Island, Croatia, show-
ing its capability to distinguish explosive surrogates from sediments in metal-
lic objects lying on the seafloor in 10 min measurements.

Other than threat material detection, the tagged neutron based API tech-
niques has also been utilized for the search of diamonds by detection of ex-
cess carbon at a particular point of the kimberlite sample by Alexakhin and
co-workers [102]. Large penetrability of fast neutrons makes it possible to ex-
amine appreciably large samples of kimberlite. Thus, rock pieces containing
large-size diamonds can be identified before the crushing stage. API has also
been utilized in the fundamental and applied research of fast neutron induced
nuclear reactions [103]. A feasibility study of in vivo 14MeV neutron activation
analysis with API methodology performed by R. Garrett and S. Mitra [104] has
proved the potential of API for measuring the body composition of humans or
farm animals in vivo. S. Mitra et al [105] [106] has investigated the whole body
measurement of C, N and O and based on the results obtained from irradiating
a 41.4 kg meat phantom, it was suggested that an API instrument comprising
of a small NG and four Nal(Tl) gamma ray detectors of 15 cm x 15 cm x 45 cm
can be assembled to determine in vivo protein, fat and water with precisions of
4.1, 5.4 and 1.2%, respectively, within a 15 min scan. The radiation dose (~0.03
mSv) would be almost one-tenth of the dose from existing facilities.

The combinational use of FNR and API based fast neutron technique in pro-
viding first-hand and conclusive information regarding the suspected objects
is no doubt the best that can be achieved for research, non-destructive testing,

security and strategic applications.
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1.4 Scope of thesis work

The thesis work has focussed on novel approach of FNR and API neutron inter-
rogation techniques for detection and imaging of low Z materials (composed
of C,H,N,O) in bulk through use of a D-T neutron generator.

Under the scope of thesis work, study and implementation of FNR and API
neutron imaging techniques and system development with indigenously de-
veloped D-D/D-T neutron generator at BARC was performed. At first simula-
tion approach was adopted in order to reduce the experimental efforts needed
in developing experimental complex system. FNR was modelled with 14.1
MeV neutron using GEANT4 [107, 108] and different samples ranging from
low Z, metallic and high Z materials were simulated for their radiographic
images.It has provided insight deep understanding of the potentials and lim-
itations of the FNR especially for imaging of composite structure made up of
both low and high Z materials. Next to implement the FNR and to image
the large robust sample containing mixed low-Z/high-Z materials, an exper-
imental FNR set-up was designed and coupled with D-T neutron generator
of ~ 2x10” n/s strength. Imaging with such moderate source intensity was
an challenge. The reasonable contrast images of various test specimens have
proven the high transmission of FNR through thick and high density objects
and has demonstrated the capability of the FNR system for imaging of robust
sample. Detail description of D-T NG and fast neutron imaging work has been
provided in the Chapter 2 and the Chapter 3 respectively.

Eventhough FNR has shown a promising result for imaging of large and
complex sample but has lack of elemental informations. For elemental de-
tection, feasibility study of PGNAA was performed with conventional tech-
niques TNA and FNA, a wide range of light elements (C, H, O, N, Cl, Fe)
were detected using D-D/D-T NG as described in Chapter 4. The SNR ob-
tained was quite low and to improve it, tagged neutron based API technique
was investigated. To facilitate the design and construction of a prototype API
based system, the technique was simulated in Geant4. This has provided the

groundwork for analysis of gamma-ray spectra utilizing detectors elemental
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responses measured with tagged (14.1 MeV) neutron for material identifica-
tion and image reconstruction of objects location under inspection. It is pre-
sented in Chapter 5. Further work was extended by implementing the API
technique and system development. It was realised with a laboratory based
inhouse developed D-T NG and a system was designed, characterised and
experiments were performed. The laboratory experiments have been success-
tully performed to demonstrate the efficacy of the API system for C,N,O ele-
mental analysis of pure and complex sample (benign and explosive simulants)
spectra with improved SNR as reported inChapter 6. While this work is not
intended to demonstrate actual cargo scanning, we show a proof-of-concept
of imaging and elemental characterization using inhouse developed D-T NG,
a novel system which is promising for development into a fully engineered

scanning system for field deployment.

1.5 OQOutline of the Thesis

Chapter II, describes the characterisation of D-D/D-T NG. It presents the neu-
tron source strength measurement with foil activation and neutron detection
devices developed for real time D-D/D-T neutron monitoring. This includes
APT based neutron monitor, fiber based miniature neutron detectors and char-
acterisation of a liquid scintillator detector for fast neutron spectrum measure-
ment.

Chapter III, presents the simulation and experimental study of FNR carried
out using DT neutron. Various configurations modelled to image low to high
Z material and experimental study performed and demonstrated for imaging
of low Z material, masked with thick and high Z material are described.

Chapter IV, describes the experimental feasibility study of PGNAA for el-
emental detection in bulk. TNA and FNA methods were implemented to in-
vestigate a wide range of elemental signatures (H, N, Cl, C, N and Fe) in bulk
from benign materials.

Chapter V, describe the modelling of API technique incorporating physical

response of BGO detector. It includes study of pure elemental response spec-
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tra, complex sample spectra analysis, 3D image reconstruction of the interro-
gated object and methodology of material identification (benign or threat).

Chapter VI, describes the implementation and realisation of API with in-
house developed laboratory based DTNG. It includes API based experimen-
tal system development, optimization and characterisation of the system’s pa-
rameters and various experiments performed with benign and explosive sim-
ulants. The major components of the systems discussed are 64 pixel YAP:Ce
alpha detector, BGO gamma detector, VME based Front-End-Electronics and
software tools developed for data acquisition and analysis. The comparison
with simulated results of few samples are also presented.

The thesis is concluded in chapter VII. Main conclusions of the thesis are

summarized here and a discussion on future work is given.



CHAPTER 2

Characterization of D-D/D-T Neutron Generator

The neutron source is an important part of the thesis work and the detail
knowledge of neutron source parameters such as source strength, stability and
dose are necessary for study of imaging techniques and optimised design of
FNR/API based experimental system. This chapter describes the high yield
D-D/D-T Neutron Generator used for the thesis work, its source strength char-
acterization and the detection tools developed for real time neutron (D-D/D-T)
emission rate measurement. The standard foil activation method was used for
absolute neutron yield measurement of NG. Two different detectors were de-
veloped to monitor neutron yield in real time (1) silicon based charged particle
detector and (2) optical fiber based miniature neutron detector. These tools
were used as monitoring device throughout the thesis work. In addition to
that it also presents, characterisation of a liquid scintillator detector with the

purpose of fast neutron spectrum measurement around NG for future work.

2.1 Neutron Generator

As a part of this research work, a series of experiments were planned for detec-
tion and imaging of materials in bulk using Neutron Generator. An Open-End
Accelerator based fixed type NG’s found to be more suitable then compact
sealed tube NG for this. Fixed type NG can provides high neutron yield with
target replacement option and target can be tritium or deuterium as per re-
quirement. However these NG occupies larger footprint then compact sealed
NG. Commercially available compact neutron generators would be preferred
for field deployable system, which in general is second stage after benchmark-

ing of the developed system’s performance at Laboratory scale. A laboratory

30
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based fixed type D-D/D-T Neutron Generator, BARC was used [20] [21]for the
thesis work. Details of the NG has been provided at introduction Chapter un-
der the section 1.1.5. It is housed inside Purnima Hall of dimension 7.5 mx7.5
mx 7.5 m and concrete wall thickness of 30 cm on three sides. The concrete
wall between accelerator hall and control room is 1.5 meter. This facility has
been made full fledged operational during 2010-2011 and being utilized for
various departmental projects. Though NG have advanced features of pulsed
mode operation, however we have used only countinuous mode of operation.

In countinuous mode it can produce 14.1 MeV neutrons with tritium target (DT
Mode) or 2.45 MeV neutrons with Deuterium target (DD Mode) [Eq. 2.1-2.2].

SH4+2H =*He+'n,Q = 17.6MeV, En = 14.1MeV (2.1)

H4+?>H =3 He+'n,Q = 3.3MeV, En = 2.45MeV (2.2)

Neutron source strength (or say Neutron emission rate ), of NG is a crucial
parameter for any experiment and an important parameter for characteriza-
tion of neutron generators and experimental data analysis. Thus before using
this Neutron Generator for experimental study of FNR or PGNAA, we have
focused on its neutron source strength measurement. Detection of fast neutron
is comparatively difficult in comparison to that of thermal neutron detection.
Different methods were employed for fast (~ MeV) neutron measurement in
offline as well in real time neutron monitoring with the assumption of isotropic

and monoenergetic neutron source.

2.2 Neutron emission rate: Offline Measurement

At first offline neutron yield measurements with standard foil activation tech-
nique [15, 109, 110] has been performed. The principle of neutron activation
technique is provided at Appendix A. Procedure followed in this method is
straightforward [15]: a foil is irradiated with neutron source for a pre-defined
time followed by measurement of neutron induced ~-ray activities by means of

a suitable detector such as HPGe or Nal(TT). The activation foil material should
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possess certain properties: a suitable half-life, an energy threshold, easily de-
tectable activation products and usable cross section for the selected reaction.
The advantage of this method is of small size foil, insensitive to gamma radia-

tion, low cost and free from radiation damage problems.

2.2.1 D-T neutron yield measurement

Copper (Cu), Aluminum (Al) and Fluorine (F) materials were selected to mea-
sure the DT neutron yield. The reactions chosen were 2" Al(n,p)?"Mg, %Cu(n,
2n)%2Cu and 'YF(n,2n)'® F because of their higher threshold energies (3.25 MeV,
11.03 MeV and 12 MeV respectively), well known measured cross section [111]
and half-life of reaction products is in order of few minutes. Standard foils of
Al (dia = 5 mm, thick=1-1.5 mm), Cu (dia=15 mm, thick = 0.5-0.8 mm) and
Teflon (dia=5 mm, thick=1-2 mm) were used for yield measurement and four
sets of experiments were carried out. Two sets were carried out using Al, Cu
and Teflon foils and rest two were carried out using only Al and Cu foils. The
foils were placed parallel to each other. One of the foil set was placed at a
distance (x) of 15 cm from target at 0 degree angle with respect to D beam
direction. The foils were irradiated and induced activity was measured us-
ing a calibrated p-type HPGe gamma spectrometry system (Appendix A). The
neutron flux (n cm ™2 sec ') was calculated using equation (2.3).

C, AN

b =
Namoa; L,nQ(1 — e~ M1)e=Mz2(1 — e=Xs)

(2.3)

Where, d=neutron flux (n sec"*cm~?), A decay constant(sec™'), A(gm) the atomic
mass number, C, the net counts (area) under photo peak of characteristic gamma
lines at 843.7 keV, 511 keV and 511 keV of Al, Cu and F respectively, (wWhere 511
keV is coming from positron annihilation in the § * decay of ®*Cu and '*F and
843.7 keV is coming from the de-exitation of an excited states of " Al populated
after 3 ~ decay of ?"Mg), N, is avogadro number [112], m(gm) the mass of foil,
a; the isotopic abundance, 1 the photo-peak efficiency, I, gamma abundance,
o the reaction cross section, t, t; and t3 are irradiation, cooling and counting

time respectively. Assuming uniform emission of neutrons in 4pi from a point
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Table 2.1: Experimental Parameters for DT neutron flux measurement

Exp HV I tl X
Set (kV) (uA) (min) (cm)
Setl 182 120 10 15
Set2 100 104 12 15
Set3 815 95 15 15
Set4 60 71 25 15

Table 2.2: Experimentally measured DT neutron Source strength

Exp Source strength measured with foil activation Neutron Dose
Set (nsec™!)
No | ?"Al(n,p)*"Mg | ®Cu(n,2n)**Cu YF(n,2n)*F (mSv/hr)
1 | 1.2(£0.06)x 10 | 1.1(£0.04)x 10™ | 1.08(%0.06)x 10™ 441138
2 | 2.84(+0.20)x 10° | 2.87(+0.13)x 10° - 12.54+0.77
3 | 1.05(£0.09)x10° | 1.0(£0.06)x10° | 1.06(£0.08)x10? 4.25+0.36
4 | 4.0(£0.39) x10% | 4.8(+0.37)x10® - 2.05+0.2

source the neutron emission rate (n sec!) was evaluated from flux (¢) via mul-
tiplying it with 4pix®. The experiment was repeated with remaining three sets
of foil at different accelerating HV and DTion current operating parameters
of NG to measure maximum yield. The experimental parameters are listed
in table (2.1) and respective measured neutron emission rate of DT neutron
are summarized in table (2.2). The maximum measured neutron yield was ~
1x10'° n/sec.

Neutron dose data are also very important in view of shielding requirement
and precautions to prevent personnel radiation exposure. The time integrated
neutron dose was measured for each experimental set, using BF; Neutron rem
monitor (model No BDKN-03, ATOMTEX) [113] placed below the neutron tar-
get at 80 cm distance (~ at angle of 90 degree with respect to target position).
The recorded neutron dose rates at different neutron yield are given in last

column of Table (2.2) with measurement (statistical) uncertainty.

2.2.2 D-D neutron yield measurement

For D-D neutron emission rate measurement tritium target was replaced with

deuterium target and activation method was used similar way as explained
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above. The activation was carried out with indium foil using the reaction
15In(n,n")"5"In. This reaction has a threshold energy of 0.33 MeV, cross sec-
tion 0.33 barn, half-life of induced activity 4.49h, isotopic abundance of '*°In
in natural indium(95.7%) and characteristic gamma ray(336 keV). D-D neutron

yield measured was ~ 3x107.

2.3 Real Time D-D/D-T neutron monitoring

In accelerator based neutron generator the neutron emission rate is critically
dependent on its operating parameters mainly on accelerating voltage, D*
beam current, focusing voltage and target (tritium or deuterium ) strength
condition which tends to produce considerable drift in output neutron emis-
sion rate during operation. Though the foil activation method is the stan-
dard primary method for absolute flux measurement, it is an offline tech-
nique, time consuming and provides average flux over the exposure time.
Thus any change in neutron emission rate with time during experiments can-
not be recorded using this method. Hence a real time neutron (D-D/D-T) mon-
itor is necessary.

The conventionally used neutron detectors for high energy neutron (~ MeV)
detection are proton recoil based detectors such as plastic or liquid scintilla-
tor. These detectors are sensitive to gamma as well as their output gets af-
fected from scattered neutrons. For these reasons the detector outputs are
error prone and depend upon the surrounding materials around the NG. To
overcome these problems we have used two different methods (1) An indirect
way of D-D/D-T neutron monitoring using associated particle based neutron

detector(APND) and (2) an optical fiber based miniature neutron detectors.

2.3.1 Associated Particle based Neutron Detector

It is based on detection of charged particle associated with D-D/D-T neutron
emission in NG. The neutron output of NG is determined by collecting the
charge particle associated with neutrons emission [Eq. 2.1-2.2] in a small solid

angle. The neutron monitor based on associate particle technique was devel-
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Figure 2.1: (a)NG with extension of associated particle based neutron detector, (insight) De-
tector assembly placed inside NG

oped using a passivated ion implanted planar silicon detector of 10x10 mm?
active area and 300 ym depletion width. Silicon detector mounted on printed
circuit board (PCB) and fixed inside a stainless steel (SS) cylindrical collimator
of 10 mm diameter. This was further reduced to 5 mm diameter by placing an
additional aperture in front of the detector. It was covered with a 0.5 ;ym mylar
foil in order to stop the backscattered deuterons. The detector assembly was
installed inside the NG’s tube on a movable holder as shown in Figure 2.1. In
this configuration the detector was nearly at 4 degree w.r.t d+ beam direction.
The detector was biased at +25 Volt and the output signal was processed
using a charge-sensitive preamplifier, shaping amplifier and MCA or Counter.
The pulse height spectra of charged particles asscociated with D-T/D-D neu-
tron emission recorded on MCA (4k) is shown in figure(2.2 and 2.4). In D-T re-
action, alpha charge particle were counted and the accumulated alpha counts
during the irradiation period were normalized with time and solid angle, then
integrated over 4pi to determine the total neutron yield. On the other hand in
case of D-D mode there are two reaction channel takes place within the deu-
terium target with equal probability:
D + D =73H (1.01 MeV) + p (3.02 MeV) - (2a)
D + D =3He (0.82 MeV) + n (2.45 MeV) - (2b)

The spectrum of charged particles from both reactions (2) are collected and the
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peak area under *He or proton peak is measured for D-D neutron yield [1].

2.3.1.1 Performance of APND

Detector performance was tested with D-T mode and initially the detector was
placed at a distance of 16 cm from the target to acquire alpha particle spec-
trum at different D-T neutron yields. The dead time observed at MCA was
nearly 50% to 70% due to high count rate with increase of neutron yield from
10® to 10'°. For minimization of detector dead time, the detector was moved
away from target to a distance of 30 cm and 69 cm. The 69 cm distance was
optimised, where monitor has measured sufficient counts for neutron yield of
5x10® to 10'° and dead time reduced to 10-16%. The spectra acquired at the
distances of 16 cm, 30 cm and 69 cm are shown in figure 2.2 for neutron yield
of ~ 10°. The alpha particle peak is clearly observed ( at 750 channel) far from
low noise signals. The total counts collected under alpha peak was calibrated
with the known neutron yield measured via Cu foil activation (sec2.2) at the
same time. The plot of count rate versus neutron strength is shown in figure
2.3, where the linear response of the detector can be observed with increasing
neutron source strength 5 x10® -10'°. Hence the system can be used as on-
line neutron monitor for this range. For the case of D-D mode, the measured
yield was nearly three order less then that of D-T, thus the detector system
was moved near the target (deuterium) at 21 cm. The spectra acquired at D-D
neutron yield of 10° and at 107 are shown in figure (2.4). The three peaks corre-
sponds to three charge particles *He (= 0.82 MeV), °H (=1.01 MeV) and p (=3.02
MeV) are well resolved and distinguishable. Hence the system can be used for
online D-D neutron monitoring and it was calibrated for D-D neutron yield of
3x10" n/sec. The *He based counting system has the possibility of error due
to closely lying noise signals and nearby triton peak. In such cases, the proton
which has a well defined clean peak due to its high energy of ~3 MeV, can be

used as an alternative for D-D neutron yield measurement [114].
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2.3.2 Fiber based miniature neutron detector

The APND has shown promising performance for real time neutron yield mea-
surement of NG and was used as neutron monitor for PGNAA experiments
[Ch4]. However, semiconductor based APND is susceptible to the radiation
hardness, particularly with exposure to high energy DT neutrons. Hence, over
the years there has been degradation in the detector performance and we have
to replace it with fresh one. In this respect we have looked for another possi-

bility to have scinitillator based detector for real time DT neutron monitoring.

2.3.2.1 Detector design

As mentioned above (section 2.3) the scintillator based detectors are sensitive
to the gamma radiation, thus to minimize the gamma sensitivity, dimension of
the detector was decided to be as small as possible. Keeping this in mind we
have developed a miniature size (~ mm) fiber based detector .This detector
utilizes fast neutron converter-scintillator (ThO, :ZnS(Ag)) coupled to the tip
of a plastic optical fiber at one end with the other end coupled to a photomulti-
plier tube. The neutron (D-T) interaction with neutron converter (***Th) nuclei
produces charged particle which interacts with scintillator (ZnS(Ag)), result-
ing in visible light. This light is guided to PMT through the long optical fiber
and corresponding electronic signals generated are processed with associated
electronics such as amplifier, discriminator and counter.

Developing this type of fast neutron detector (FND) is a challenging task,
because the interaction probability (n,f) of D-T neutron with #**Th, (~ 0.350
barn) is very low and smaller size of the detector would further reduce its
sensitivity. Thus, to have confidence in developing such detectors for fast neu-
tron, we have first developed a thermal neutron detector (TND) using LigF
converter materials mixed with (ZnS(Ag)). It has high thermal neutron cross
section of ~ 940 barn (°Li(n,«)) [15], which ensures high probability of success-
full development of miniature detectors.

The TND detector was designed by depositing a uniform layer of LigF+ZnS

material (thickness«~ 300um) on an aluminum disk of 3 mm diameter and 1
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Figure 2.5: (a) Schematic of fiber based detector and allied electronics (b) Photograph of the

detector assembly (c,d) Zoom view of scintillator tip

mm thick. The neutron converter and scintillator material was mixed in equal
proportions. This disk was carefully glued on the tip of a plastic optical (Imm)
tiber using optical glue. The other end of the fiber (20 meter long ) was coupled
to a low noise PMT. A thin aluminum cap was placed over scintillator for light
shielding and reflection. FND was developed with same methodology with
ThO,:ZnS(Ag) in place of LigF:ZnS(Ag). Figure (2.5) shows the schematic and
photograph of the detector.

Sensitivity Measurement of TND

For thermal neutron sensitivity measurement of TND, a thermal neutron as-
sembly was set up using HDPE surrounded by graphite on all sides. Pu-Be
(500mCi) neutron source was placed at the centre of the assembly. The ra-
diation shielding of assembly was provided using borated polyethylene and
cadmium. Measurement of thermal neutron flux at the center of the assembly
was carried out using the gold (Au) foil activation method [12]. The signal
counts were also recorded by placing the tip of the TND at the same location
as the foil. A typical neutron signal observed on an oscilloscope is shown in
Figure (2.6). The sensitivity was calculated taking the ratio of detector count

rate (cps) to the measured flux (n cm™2 sec™!) via activation method. It was
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Figure 2.6: (Left)Neutron signal of TND observed on an oscilloscope (right)Pulse height spec-
tra of gamma(black), neutron(blue) and background (black) with TND

found to be 3x10~*cps per unit neutron flux. Unit neutron flux corresponds to
neutron field of one neutron per unit area per second. The gamma sensitivity
of TND was tested using a 33 mCi gamma source of '*’Cs kept at ~1 cm from
the tip. The count rate observed was nearly background (3-5 cps) level indicat-
ing very low gamma sensitivity which is due to the small thickness (~300.m)

of the detector.

2.3.2.2 Performance of TND

The performance of the TND was investigated with an experimental subcrit-
ical reactor system [115]. This system has experimental channels (~ 7-10 mm
size ) in radial direction (perpendicular to the fuel rod length) and axial direc-
tion (parallel to fuel rod length ). The detail about the subcritical reactor system
can be found at reference [116]. TND was used for thermal neutron flux profile

measurement in radial and axial directions in the subcritical assembly.

Radial profile measurement

A thermal neutron distribution profile in radial direction was measured in one
of the radial experimental channel (EC6). Thermal neutron fluxes were mea-
sured at every 1 cm to match the pitch (48 mm) of fuel rod inside the assem-
bly. The experimental data were plotted against scanned positions as shown in

Figure (2.7). From the result, it was observed that variation in flux at different
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scanned position follows the periodic fuel lattice distribution. Also the peak
intensity decreases as we go away from the neutron source cavity as expected.
The results were compared with previously measured *He results (taken from
[117]) as shown in Figure (2.7) (middle). Such variation of the flux at fuel pin
position in radial direction could not be observed with the *He detector, be-
cause of its larger active length (70 mm). Further, the results were also recon-
tirmed with simulated data as shown in Figure (2.7). Such observations were
possible only because of miniature size of developed TND thus providing high

spatial resolution.

Axial profile measurement

In similar fashion, a thermal neutron flux distribution profiling across the ax-
ial direction was measured. The whole length along the axial direction was
scanned every 5 cm. The experimental data were plotted against scanned po-
sitions as shown in Figure (2.8). The results were compared with results of
previously measured data using a *He detector. It was observed that axial pro-
tiles from both the detectors were of similar nature and the peak position of
flux was at the center of the assembly. Peak flux at the center was expected
due to the fact that source neutrons (D-T/D-D) were emitted in the middle of
the cavity which was along the central axis of the assembly. The flux range
across the axial/radial position measured was (0.1 - 2) x10°n/cm? /sec.

In the above flux profile measurement the observation for each data posi-
tion was carried out ten times and averaged over it. The estimated error bars
in the data was around 3.5%.

The difference in the absolute value of flux measured with two different
detectors (Figure (2.7-2.8) is because, the thermal flux inside assembly was re-
duced from high to low range (~ two orders less) for measurement with *He
by operating DTNG at lower source strength. Since the *He detector used was
of higher sensitivity, suitable for flux range of 4x10%-4x10° n cm?sec™! (see
the reference [117]) and only relative shape of flux profile was compared not

the absolute flux itself for TND performance.
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2.3.2.3 Performance of Fast Neutron Detector (FND)
Sensitivity Measurement of FND

Sensitivity of the FND for fast neutron was tested in neutron field of D-T neu-
tron generator. The neutron sensitivity of FND in fast neutron (D-T) range was
expected to be much smaller than TND in the thermal range. That is due to
low fission cross-section [***Th (n, f)] at high energy (14MeV) neutron. Thus,
DT neutron flux measurements were restricted in location near the target of
DT NG, where the fast flux is higher and significant statistical counts could
be obtained. This fast flux measurement was carried out with 10'° n sec™!
D-T neutron yield, which was calibrated with foil activation technique using
the reaction 3Cu (n,2n) %2Cu for the absolute value calculation of fast neutron
flux. The detection sensitivity of the detector was found to be 3.6x107° cps
per unit neutron flux of D-T neutrons. The gamma sensitivity of this detector
was also tested in a similar method as done for TND and its gamma sensitivity
was found to be almost negligible. The count rate observed was nearly same
as background (8-10 cps) level indicating very low gamma sensitivity which is

due to the small thickness of the detector.

D-T neutron distribution profile measurement

The distribution of fast neutrons (14 MeV) across the source target of the D-
T neutron generator was measured using FND. The scanned step size was
about 2 cm. The measured fast neutron distribution profile is shown in Fig-
ure (2.9)(a). As expected, the measured maximum flux is at the target location
and it decreases as we move away from the target. In order to use FND for
pulsed neutron application its response was also observed with the neutron
beam in ON /OFF condition. Figure (2.9)(b) shows the FND response with
respect to neutron beam ON/OFF condition. This detector has been used for
online monitoring of neutron source yield of the D-T neutron generator for
neutron yield more then 10°n sec™'.

Despite of its low sensitivity, FND was of importance for real time monitor-

ing of DT neutron particularly for FNR experiments, which was executed with
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Figure 2.9: (a) Neutron distribution profile across DT target measured using FND and (b) FND
response for DT neutron beam ON and OFF conditions.

DTNG at neutron yield of ~ 2x10° n sec™.

2.4 Fast neutron Spectrum Measurement

During the experimental study of API and FNR, it was realized that the gamma
detectors (in case of API) and CCD camera (in case of FNR) get exposure to
unwanted scattered neutrons causing radiation damage to these as well as an
increase in noise in the data and image. To protect them from scattered neu-
trons, they need to be shielded. The knowledge of scattered neutron energy
spectrum at the detector/camera position is important for the design of an ef-
fective and compact shielding structure. Organic liquid scintillator based neu-
tron detector has been proven to be one of the most suitable choices for this
application and we have employed a liquid scintillator detector for this pur-
pose because of their fast time response, high detection efficiency and excellent
neutron-gamma discrimination.

At first it was characterized and the response of a 5” x 5” (EJ-301) detec-
tor has been investigated using '*’Cs, *Na gamma sources as well as 2.45
MeV and 14.1 MeV mono energetic neutron sources. The Monte-Carlo simula-
tions using GEANT4 have been carried out to fit the experimental pulse-height
distributions for all the cases to obtain the light output function. Using the

extracted light output function, the neutron detection efficiencies were deter-
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Figure 2.10: Geant4 simulated efficiency curve at different energy threshold (keVee- electron
energy equivalent) (right) Comparison of efficiency corrected measured (black) and theoretical
(red) neutron spectra of 2>2Cf.

mined at different thresholds as shown in Figure 2.10. The evaluated efficiency
was applied to experimentally obtained neutron spectrum of #2Cf via a Time-
of-Flight technique to obtain the energy spectrum. The efficiency corrected
neutron energy spectrum of ?*2Cf is found to be in good agreement (Figure
2.10) with the existing data in the literature .

Morever, the neutron spectrums measurement around API or FNR exper-
imental set up could not be performed during the course of this thesis work
and will be used in near future, hence the detector characterization work has

been described in Appendix B.

2.5 Conclusions

In this chapter, we have presented the neutron yield measurement of D-D/D-T
NG and development of devices for real time neutron monitoring. The maxi-
mum neutron yield of D-D/D-T NG measured with foil activation method was
1x10' of D-T and 3x10” of D-D neutron. Two different types of neutron detec-
tors were developed for real time neutron monitoring. The associated particle
based neutron detector has shown promising performance for real time moni-
toring of D-T neutron emission rate in the range of ~10%- 10'° n/sec. It has also

been shown to be useful for monitoring of D-D neutron at yield ~ 107 n/sec,
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but at a position more close to target in compared to that of D-T mode.

However, this silicon based neutron detector is susceptible to the radiation
damage, particularly due to long exposure to D-T neutron. To overcome this,
tiber based miniature neutron detector with ThO,:ZnS(Ag) was developed and
sensitivity obtained was 3.6x107° cps per neutron flux of D-T neutrons. Due
to its less sensitivity it can be used efficiently for higher neutron yield D-T NG
of ~10® n sec™! and more.

Future work in this direction will be on development of associated parti-
cle based neutron detector with scintillator such as YAP:Ce or ZnO(Ga) which
have better radiation hardness in comparison to semiconductor based detec-
tors. Also the sensitivity of fiber based detectors, can be further improved

using optical fibers doped with a wavelength shifter.



CHAPTER 3

Fast Neutron Radiography with D-T neutron

Imaging with fast neutron (~2-20 MeV) is relatively advanced technique that
offers unique advantages over conventional X-ray and thermal neutron imag-
ing. Particularly because of the following reasons: in fast energy range the
macroscopic neutron interaction cross sections are in general low and do not
exhibit significant element-to-element variation. This makes fast neutron imag-
ing a promising inspection modality for many practical problems especially for

inspection of large samples containing mixed low-Z/high-Z materials.

3.1 Introduction

Neutron radiography is an efficient non-destructive investigation tool for a
number of tasks not possible by conventional X-ray or gamma radiography
[52, 118-121]. The neutrons offers unique advantages over the x-rays are their
ability to image light elements and neutron can penetrates heavy elements
such as tungsten, tantalum, lead etc. It allows the imaging of materials with
neutron in complex sample environments. This is because neutron and x-
ray/gamma radiation interacts with matter differently. X-ray attenuation co-
efficient for different materials increases with increasing atomic number (Z).
Whereas for neutrons it does not show any regular pattern as a function of
atomic number. Figure 3.1 [taken from [122]] compares the mass attenuation
coefficient of thermal neutrons, X-rays ( 60KeV and 100 keV typical energies
used in imaging) and gamma (1MeV) clearly demonstrates the complementar-
ity of neutron and X-ray/gamma imaging for a broad range of materials.

For instance, some of light elements such as H, B, Li, have a neutron attenu-

ation coefficient which is two-three order higher than for element of moderate

48
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Z such as Al, Fe, Si [123]. On the other hand X-Rays/Gamma radiation is
absorbed to a great extent by heavy elements whereas as it penetrates light
material without significant loss in intensity. Neutrons can also distinguish
between different isotopes of the same element. This makes neutron radiogra-
phy an important tool in many fundamental research applications and in the
tield of non-destructive techniques. In principle neutrons of all energies can
be used for radiography it is thermal (~meV) and epithermal (~keV) neutron
based radiography that is more widely used.

However, thermal neutron/epithermal imaging is not always effective in
imaging of materials such as plastics, lubricants and chemical explosives when
these materials are shielded by thick layers of light elements material (HDPe,
Boron etc) or masked with dense and high-Z (Cd, Lead, Gd) material. An
example of this is the inspection of airline luggage or cargo containers. This is
because most of these objects contain a large amount of hydrogenous materials
including plastics and thermal neutrons are essentially unusable as they are so
attenuated by such an environment.

In such cases fast neutron imaging offers unique advantages over conven-
tional X-ray and thermal neutron imaging, due to their greater penetrating

power (that is lower attenuation) through high-Z materials and compared to
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X-rays, their much stronger interaction (that is, higher attenuation) in low-Z
materials [124, 125]. This makes them a unique tool for non-destructive inspec-
tion of large-scale objects and products containing light and heavy elements
simultaneously.

But the major challenge in using it is to find a sufficiently intense source of
fast neutrons. Effectively used fast neutron sources are i) isotope based and ii)
accelerator based. The latter ones are preferred over the former on account of
their high yield, electronic switching control and no shielding requirement in
idle condition. Accelerator based D-D/D-T neutron generators are available
with moderate source intensity in portable size and could be used for FNR
purposes. Some of the investigated applications are worth mentioning such
as nuclear stockpile stewardship [64] using 10 MeV neutrons, national secu-
rity applications to detect heavily shielded explosives or contraband [126] and
fast-neutron radiography system for fissile materials [127] studied using high
energy neutrons. Fast neutrons imaging has also been used as an inspection
tool for investigating two-phase flows in nuclear fuel bundles [75, 128] with
reactor as a fast neutron source. Though there are important applications of
FNR, it is yet to be a widely used technique and most of these studies have
been demonstrated at laboratory scale. This is because of various unresolved
issues related to the fast neutron imaging. The major or critical components of
FNR such as source intensity requirement, optimum collimator design, sensi-
tive imaging system and reduction in fast neutron scattering from surrounding
materials or from thick object itself to improve image quality are still under de-
velopment and need optimization [129-131].

This chapter describes the simulation study of FNR carried out for under-
standing of its potential and limitations for various objects and the feasibility
experiments performed for imaging of low Z sample masked with high Z ma-
terial. Different samples ranging from low Z, metallic and high Z materials
were simulated for their radiographic images. The quality of constructed neu-
tron radiography images in terms of relative contrast and the contrast-to-noise
ratio (CNR) were calculated for their dependence on parameters such as thick-

ness, voids inside high/low Z material and for low Z material hidden behind
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high Z material. Contrast is defined as the magnitude of the ratio of the max-
imum signal (pixel intensity) to the minimum signal in an image. The relative
contrast in general can be explained as AI/I, where I is the average background
intensity (in the vicinity of the region of interest) and Al is the relative change
in intensity at the region of interest with respect to the background. The details
of the experimental set-up with D-T neutron generator and feasibility experi-
mental results are reported in second part of chapter. The experimental FNR
system consist of a D-T neutron generator, collimator assembly of mild steel
with inlet aperture (D) of 10 mm, L/D 43 (L=length of the collimator) and a
neutron imaging system (NIS). The NIS consists of a thick plastic scintillator
in combination with a front coated mirror and an Electron Multiplying Charge
Coupled Device (EMCCD) camera. Various imaging experiments have been
performed on different test objects of low to high Z materials to demonstrate
the imaging capability of the D-T based FNR system. Test samples of step
wedge, hole features in step wedge [polyethylene, mild steel (MS) and lead
(Pb)] and a sample of low Z masked with high Z were imaged and reported

here.

3.2 Neutron radiography principle

Neutron radiography [132] is based on projection imaging of an object under
investigation upon transmission of neutrons through it. Depending upon the
attenuation of neutrons along the path of neutrons a shadow image of the ob-
jectis cast on the detector. This two-dimensional shadow image of sample pro-
vides first-hand information about the objects internal details in macroscopic
scale (see Figure 3.2 ). If we consider a sample having a linear attenuation coef-
ficient, say p (cm 1), the transmitted intensity (I) of radiation passing through
a sample can be written as

[ = Ie™ 3.1)

Where I, is the intensity recorded by the detector with neutron beam with-
out the sample and t is the thickness of the sample. As a simplistic case we

consider that in this sample there is an inhomogeneity or some structure hav-



52 3.3. DESIGN FOR FNR SIMULATION

Collimated uniform neutron Beam

Figure 3.2: Schematic of FNR.

ing thickness t; with linear attenuation coefficient ' the transmitted intensity

recorded by the detector will be (3.2).
I = Ioe_#(t_tl)+ﬂltl (3.2)

The intensity pattern recorded by the detector will show a different pattern at
a position in-line with the location of inhomogeneity inside the sample with
respect to the rest of the image. This is the basic essence followed for the sim-
ulations carried out for FNR. In more simple way an image can be defined as
a two-dimensional function f(x,y), where x and y are spatial (plane) coordi-
nates and its amplitude at any point (x,y) is called the intensity. The intensity
is transformed into gray level for digitization purpose. The elements of the

image are referred to as image elements or pixels.

3.3 Design for FNR simulation

A typical FNR consists of a source of neutrons, a collimator to shape the emit-
ted neutrons into a fairly directional beam with minimized scattering, the ob-
ject for investigation and a neutron sensitive detector assembly for recording
the image. The simulations have been carried out using GEANT4 (version
9.5) simulation kit [133]. GEANT4 provides an efficient virtual environment
to model the interactions between particles and matter over a wide range of
energies. It provides several powerful tools for configuring radiation sources,
detectors and a variety of complex shaped objects. The main components of

the GEANT4 code used for the present study consists of i) the primary gener-
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Figure 3.3: FNR system modelled using GEANTA4.

ator class which generates the 14 MeV neutrons, ii) the detector construction
class which constructs the geometry of setup including material type, sample
geometry and the detection system iii) the physics list which activates the ap-
propriate physical processes and iv) analysis class which stores the event by
event data as histograms. The physics list QGSP_BIC_H P is used for the sim-
ulation. This high-precision package uses the ENDF/B-VII data library and
describes the neutron interactions very well for energies below 20 MeV . The X,
Y position of each neutron track is recorded for each event as two dimensional
histograms using ROOT package [134] coupled to GEANT4. Figure (3.2) and
(3.3) show the schematic and simulated FNR model. FNR simulation design
comprises of three parts viz neutron source, sample and image construction.

Each of these components is described below.

Neutron source

14 MeV neutron source was modeled in GEANT4 as a point source placed
at a distance of 65 cm from the object, emitted within a limited angle such
that a collimated uniform cone beam falls directly on the object. The neutron
emission in small cone reduces simulation time. To image the object of size ~
8-10 cm, cone beam of solid angle 1.32 x 10~2 was modelled. This was also to
approximate the experimental conditions (sample size, sample position, col-

limator aperture etc) of fast neutron radiography as described in the section
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Table 3.1: Elemental composition of different samples used in FNR simulation study

Sample Composition Fraction (%) Density (g/cc)

Pb Pb 100 11.35
Cd Cd 100 8.65
Fe Fe 100 7.86
Al Al 100 2.7
Graphite C 100 22
HDPe C 85.57 0.92
H 14.28 2.7
Air N 70 1.29(mg/cc)
@) 30

(3.7). The simulation was executed with 10® neutron histories emitting in the
solid angle. Hence the total source strength of neutron generator (in 47 ) was
expected to be 9.5 x 10'°n/s and the neutron flux at the sample position was
approximately 1.8 x 10° n/cm?. An identical number of neutron histories were

generated for each time for various sample configurations.

Sample configuration

We have examined five cases with different configurations as given below.
Sample 1: Effect of Pb thickness on image: Step wedge sample

Sample 2: detection sensitivity of various sized defects/voids inside a thick Pb
slab.

Sample 3: detection sensitivity for a certain void size inside varying Pb thick-
ness.

Sample 4: imaging of Low Z material (HDPE) inside Pb.

Sample 5: imaging of nested cylindrical shells material(low to high Z).

These are detailed in the section (3.4). The elemental composition of different

materials used in the simulation is listed in table 3.1.
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Plotting

Root based plot programme was written and density plot was used for plot-
ting transmitted neutron intensity distribution at the image plane. The images
reconstructed were grayscale images of 8 bit. Grayscale images have many
shades of gray in between. For example, 8 bit image have 256 different inten-
sities (i.e., shades of gray) means total 2° levels form black to white (where
0 = black and 255 is white). Image processing and qualitative analysis was
carried out using Image] [135]. The length corresponding to one pixel of the

reconstructed images was 260 micron.

3.4 Sample description and analysis

3.4.1 Sample 1: effect of Pb thickness on image

A step wedge of Pb was constructed having dimension of 1cm x 1em -(width)
x (height), and thickness varying from 2 to 28 cm in steps of 2 cm. The thick-
ness variation was along the beam path. The transmitted neutron distribution
was collected and 2-D image was constructed. The object configuration and its
constructed images are shown in Figure 3.4 and Figure 3.5 respectively. The
image of the step wedge shows the high transmission capability of 14 MeV
neutrons for Pb. Figure 3.5 shows that 14 MeV neutrons are able to penetrate
through and can distinguish the variable thicknesses ranging from 2 cm to
20 cm but could not at higher thickness above 20 cm. The relative contrast
values were evaluated [(L,,ap-Lnin )/Lnin], where 1,4, and 1,,,;,, represents max-
imum and minimum intensity respectively] across the edges of different steps
as shown in Figure 3.6. It shows (Figure 3.6) that maximum contrast ( 5.3%)
exists between 8 cm and 10 cm lead and decreases at either sides. This is due
to increase in attenuation at higher thickness and decrease in attenuation at
lower thickness as well as increased scattering effect with sample thickness.
The simulated transmission values for thicknesses of 2 cm, 10 cm and 20 cm

were found out to be 94%, 73% and 41% respectively.
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Figure 3.4: Schematic image of lead step wedge sample as per configuration 1.
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Figure 3.6: Plot of relative contrast at the interfaces for 2-20 cm steps of samplel.

3.4.2 Sample 2: detection sensitivity for various sized holes

inside a thick Pb slab

This sample consists of a rectangular solid block of Pb (width = 1 cm, height
=7 c¢m, thickness = 10 cm) with number of holes drilled inside the block. The
holes were of 10 cm length having varying diameters such as 0.5 mm, 1 mm,
2 mm, 3 mm and 4 mm. The object configuration as per GEANT input file is
shown in Figure 3.7. All the holes baring 0.5 mm are clearly distinguished in
the constructed image as shown in Figure 3.8 along with intensity line profile
across the object centre. The hole contrast was calculated with [(L,;,42-154)/ (Itg),
where I, is the intensity inside the hole and I, is the intensity values on the
Pb step other than hole region.] and obtained result is shown in Figure 3.9. It
is seen that the contrast is maximum for 2 mm hole and decreases for smaller
or larger hole sizes. For the evaluation of hole sizes in the image, FWHM
of the intensity profile at the holes of different sizes was calculated and the
deviation (normalized) from actual hole size is shown in Figure 3.9. From this
plotitis evident that the deviation in the constructed image is minimized while

approaching larger holes.
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Figure 3.7: Schematic of sample2 configuration having holes of varying diameter (0.5 mm to
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Figure 3.8: (Left) Constructed image and (right) intensity line profile across center (red marked

line) of sample 2.
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3.4.3 Sample 3: detection sensitivity for a certain void size in-

side varying Pb thickness

As per analysis of sample 2 we could not resolve 0.5 mm hole inside 10 cm
thick Pb slab. Investigating further we have constructed a Pb step wedge hav-
ing thickness varying from 2 cm to 12 cm in steps of 2 cm with drilled holes
of 0.5 mm for each thickness along its depth as shown in Figure 3.10. It has
been observed from the constructed image (Figure 3.11) that 0.5 mm size hole
is visible in Pb sample for depths ranging from 2 cm to 10 cm but not at depth
of higher then 10 cm. For Pb thickness of more than 10 cm scattering effect is
high and 0.5 mm hole is not visible. The line profile across the centre of the
sample encompassing all the holes is shown in Figure 3.11. The hole contrast
calculated for 0.5 mm hole in different lead step was found out to be maximum
for 8 cm thick portion as shown in Figure 3.12. The hole size in the constructed
image were evaluated as per their FWHM and is also shown in Figure 3.12
with respect to Pb thickness. Such sample images are in practical use for de-
termining overall resolution of neutron imaging systems and how efficiently
it can detect small cracks inside a thick Pb sample. It can be inferred that 0.5
mm hole can be seen at a good contrast (11%) in 8 cm Pb compared to other
step sizes. For comparatively smaller thickness, the attenuation is lower and
hence the contrast is poor. For more thicknesses there is blurring effect in the
image due to scattering. Similarly the calculated (FWHM) hole size deviation

1S minimum at 6-8 cm.
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160

140

Gray Value

N

50

103
Distance (pixels)

150 200

Figure 3.11: (Left) Constructed image of sample 3 and (right) line profile across the centre of
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3.4.4 Sample 4: imaging of Low Z material (HDPe) inside Pb

One of the preferred applications of FNR is to image low Z material hidden
inside high Z material such as Fe, Cd and Pb. For such cases we have config-
ured a sample of HDPe cylinder (diameter = 4 cm and thickness = 5 cm) with
holes of various sizes, enclosed inside concentric Pb cylinder (diameter = 6 cm
and thickness = 8 cm) as shown in Figure 3.13. Holes inside HDPe were of
size 1-5 mm in steps of 1 mm. Projection image was constructed with this con-
tiguration and is shown in Figure 3.14. All the holes in HDPe along with the
contrast between HDPe and Pb were seen with good contrast. In the next step,
the depth of Pb cylinder was increased step by step such that effective thick-
ness of Pb over HDPe varies from 3 cm to 15 cm and the constructed images
are shown in Figure 3.14. Figure 3.14 also shows the intensity profile across the
centre of the sample image revealing the polythene-lead interface contrast and
across the 5 mm hole. Hole (5 mm) contrast and HDPe-Pb interface contrast
are plotted in Figure 3.15. The HDPe-Pb interface contrast is maximum for Pb
slab thickness of 7 cm and the hole contrast is maximum at 11 cm Pb thickness.
The CNR (Eq 3.3) has also been evaluated for 5mm hole and its values with Pb

thickness is shown in Figure 3.15.

N

C2mmm) IS N
ONR = |7 s r,u—N;xz,a— N 2w =) (33)

=1

Here 1, is defined as the mean gray value of the region of interest inside the
feature (which is 5 mm hole inside HDPe), 1, is mean value of the same size
region just outside the feature in the HDPe sample region, o stands for stan-
dard deviation, x; is pixel data value of i'" pixel and N is the total number of

pixels in the region of interest.
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Figure 3.13: Schematic of sample configuration 4.
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Figure 3.15: (Left) Plot of HDPe-Pb interface contrast and 5 mm hole contrast with respect to
Pb thickness. (Right) Plot of CNR of 5 mm hole with respect to Pb thickness.

3.4.5 Sample 5: imaging of nested cylindrical shells material

(low to high 7)

Another configuration was simulated with cylindrical objects composed of
nested shells having low to high Z materials in the radial direction. Materi-
als used were HDPe, Graphite (C), Al, Fe, Cd and Pb of thickness 10 cm each
and of width 5 mm (as shown in Figure 3.16). In the constructed image (Figure
3.17) HDPe, Graphite, Al were clearly distinguishable as per their interfaces
but as we move towards higher Z like Fe, Cd and Pb the contrast reduces. Cd
and Fe could not be distinguished between them but they are visualized with
good contrast with respect to Pb as has been shown in the line profile Figure
3.17. In that case both Fe and Cd can be clearly distinguished if Pb is kept be-
tween these two. This simulation provides us with possible combinations of
materials which could be used for imaging with 14 MeV neutrons. For exam-
ple we can be sure of achieving good contrast image of HDPe/C/Al (low-Z)
material in combinations with Fe/Pb (high-Z) material. Table 3.2 tabulates the

contrast at different interfaces in the sample.
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Figure 3.17: (Left) Constructed image of the sample 5 and (right) the intensity line profile
across the marked portion showing the individual interfaces

Table 3.2: Relative contrast at interfaces between different materials as per configuration 5

Interfaces between Relative Contrast
Sample (Lnnaz = Lnin) /Tnin)
HDPE-Graphite 20.2
Graphite-Aluminum 21.2
Aluminum-Iron 26.4
Iron-Cadmium Nil

Cadmium-Lead 54
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3.5 Conclusion

Simulation study of FNR with 14 MeV for wide range of samples including low
Z, metallic and high Z materials has been carried out. Results have shown the
high transmission (73% ) capability of 14 MeV neutron in thick high Z material
(10cm lead) and in this holes of size 1 mm or larger can be imaged with FNR.
Thus it can be concluded that FNR could provide spatial resolution of mm
order in such configuration. The results also reveal that the presence of low Z
(HDPe) material encapsulated inside thick and high Z could be imaged with
FNR, if the thickness of the masked material (lead) is not more then 10 cm. The
simulation study of the sample where number of materials present from low
to high Z ( such as HDPE, Graphite, Al, Fe, Cd and Pb) placed in increasing
order of their atomic number, has provided the possible combinations of low
(HDPE/C/Al) and high Z (Fe/Pb) materials which could be used for imaging
with 14 MeV neutrons.

3.6 Experimental Studies

The simulation study has provided insight of FNR method and its capabilities
and limitations with respect to different sample configurations ranging from
low Z to high Z. Based on simulated results the HDPe and lead were chosen
for experimental study. In addition to that an iron sample was also taken under
consideration for response of FNR towards structural material.

To implement the FNR and to image the large sample (containing mixed
low-Z/high-Z materials ) with reasonable contrast various practical factors
like fast neutron source intensity, source spot size, scattered neutron back-
ground and efficient fast neutron detection system play important roles.

We have designed an experimental set-up of FNR with D-T neutron gener-
ator and initial experimental results are reported. Most of the reported experi-
mental studies on FNR using D-T/D-D neutron generator were carried out at
laboratory scale with intensity of neutron sources of 10" or higher otherwise

with long exposure duration of about 30-60 minutes [136-138]. This work has
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been aimed towards development of a small FNR system with a D-T neutron
generator of moderate intensity -~ 2x10° n/s for imaging of thick samples con-
taining mixed low-Z/high-Z materials in encapsulated manner. As neutrons
from the D-T generator have higher energy and almost two orders high neu-

tron yield with respect to D-D generator, the former is always preferred.

3.7 FNR Experimental set-up

Neutron source

The D-T neutron emitting area on the tritium target was about 20 mm in di-
ameter. The DT NG yield was about -~ 2x10° n/s in 4 pi directions. The NG
is located in a laboratory with approximate dimensions of 7m x 7m x 7m (Wx-
HxL), with thick concrete walls. These walls are typically at a distance of 1.5
m, 1.8 m and 2 m from the target and hence relatively high level of scattered

neutrons can be expected at the imaging detector position.

Collimator

It is well known that the source size, flux and source-to-detector distance play
an important role in image quality. Though the resolution improves with a re-
duction in the source size it suffers from a low signal-to-noise ratio on account
of probe flux reduction. Hence there is trade-off between these three above-
mentioned parameters for optimum image quality. Moreover scattering flux
results in lowering of contrast in the image. A suitably designed collimator
along with a proper detector shielding can take care of the issues related to
source size and scattering. Various types of FNR collimator configurations
have been reported by different research groups depending upon the type of
neutron source used [139, 140].

The collimator material is an important factor in determining the beam
quality as it should prevent stray and scattered neutrons from reaching the
image plane or object. We have used mild steel to construct the collimator

since it is found to be more suitable (though tungsten is also suitable but of
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Figure 3.18: Schematic diagram of the neutron imaging system.

high cost) for fast neutrons compared to the traditionally used neutron moder-
ating materials. In metallic collimator the neutrons would get scattered away
from the interior walls of the collimator following very few collisions, with
an insignificant loss in energy. The collimator consists of two parts. The first
part consists of a MS block of dimension 200 mm (width) x 200 mm (height) x
100 mm (depth) with a cut-out of 100 mm x 100 mm x 100 mm at the centre for
coupling the neutron generator target flange. The second part of the collimator
consists of a MS block of dimension 200 mm (W) x 200 mm (H) x 430 mm (L)
with a centrally cut cone along its full length having an inlet aperture of 10 mm
(D) and an output aperture of 135 mm. These two parts are coupled together
as a single unit of length 530 mm. Other than the inlet and outlet sides, all four
sides of the collimator are covered with a 100 mm high density polyethylene
(HDPe) (5% boron) layer to absorb the transmitted neutrons from the metal
collimator layer and the scattered neutrons from walls. This way it reduces
the scattered neutron contribution at the image plane. As per the design this
collimator provides an L/D ratio of about 43. The schematic of the imaging
system is shown in Figure 3.18.

For this collimator geometry, the total neutron flux and source neutron frac-
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Figure 3.19: The simulated geometry of FNR collimator

tion (ratio of unscattered neutron flux to total neutron flux) unscattered neu-
tron flux at collimator end and at image plane (400 mm from the collimator
end) were calculated via simulation. In this simulation the neutron (14MeV)
source was of same size as of target size of neutron generator and neutrons
were generated isotropically. Figure 3.19 shows the simulated geometry in
GEANT and the results of neutron flux at the collimator exit as well as at the
image plane with varying collimator lengths of 300 mm, 400 mm, 430 mm and
500 mm are provided in Table3.3. The results are discussed below.
Simulations have shown that source neutron fraction at the collimator exit
improved from 48.76% to 61.92% and the total neutron flux (ncm?sec™?) de-
creased from 2.2x10° to 6.42x10* with increasing L/D (30-50). Similarly at the
image plane (400 mm from the collimator exit) the source neutron fraction in-
creases from 74.0% to 82.47% and total neutron flux (ncm2sec™!) reduces from
4.06x10° to 1.92x10* with increasing L/D (30 - 50). Hence by increasing the
L/D ratio or locating the imaging system far from the collimator resulted in
an improvement of the beam quality and less contribution of scattered neu-
trons from collimator material at the expense of reduction in the neutron flux.
Fandetis et al [140] have reported similar simulation work with a high source
neutron fraction of 97% - 98% at an L/D ratio of 100-300. Such a high L/D
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Table 3.3: Results of simulation for neutron (14 MeV) source strength of 2x10° n/s

L/D Collimator exit Image plane
D= Total neutron flux unscattered Total neutron flux unscattered
10 mm (ncm~?sec™) neutron(14MeV ) (ncm~?sec!) neutron (14MeV )
flux(%) flux(%)
30 2.20%10° 48.76 4.06 *10* 74.0
40 1.12*10° 52.06 2.64*104 76.35
43 9.34*10* 55.18 2.4*10* 79.34
50 6.42*10* 61.92 1.92%10* 82.47

Table 3.4: Comparison of measured and simulated flux for L /D=43(for detail see the text).

L/D =43 | Collimator exit | Image plane
Simulated 7.34*10* 2.01*10*
(78.5%) (84.14%)
Measured 1.8x10° 4.6 x10*

ratio will definitely yield good quality images but practically difficult to be re-
alized with a source of neutron yield 2x10° nsec™!. In this context to achieve
a good S/N ratio the image acquisition period would increase. Considering
our NG source strength we have used a collimator assembly with an L/D ratio
of 43 providing neutron (>11MeV) flux of 1.8x10° (ncm?sec!) and 4.6 x10*
(nem?sec?) at the collimator exit and at image plane respectively. The fast
neutron flux was experimentally measured using the standard copper foil ac-
tivation technique [15] with ®*Cu(n,2n)%*Cu reaction, which has threshold of
11MeV [141]. To compare the measured flux with simulation, the flux of neu-
tron >11MeV was evaluated in simulation for L/D=43 as given in the Table
3.4 On comparison it was found that the measured values are higher then that
of simulated by a factor of 2.46 and 2.28 at collimator exit and image plane
respectively. This can be attributed to the additional contribution of scattered
neutrons from surrounding materials mainly from nearby room walls, floor,
experimental iron tables and different components of NG system ( for example
vacuum system, HV system etc ), which were not addressed in the simulation

study.
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Fast neutron imaging system

One of the most effective way of fast neutron detection is via recoil proton
method and we have used a large plastic scintillator screen (BC400) of size 300
mm (width) x 300 mm (height) [142] for neutron to optical conversion and im-
age is acquired using a sensitive EMCCD (Andor make: Luc247-Mono) [143]
camera. Fast neutrons are scattered by hydrogen nuclei, the energetic recoil
proton ionizes and excites the molecule or crystal of the scintillator, causing
emission of light. The small interaction cross section of D-T neutrons necessi-
tates the need of thick scintillator for sufficient light output for optimum imag-
ing. Though a higher converter thickness increases the neutron conversion
efficiency it also adversely affects the spatial resolution. For efficient image
acquisition, individual scintillations need to be collected and hence a sensi-
tive, light tight as well as background radiation shielded (neutron and gamma)
imaging unit has been designed. The imaging system consists of 40 mm thick

3 and

plastic scintillator ( polyvinyl toluene base having density of 1.03 gm cm™
refractive index 1.58, H/C = 1.103), a front coated aluminium mirror (placed
at 45 degree with respect to the scintillator to avoid possible damage to the
camera from a direct beam) and an EMCCD camera system, all incorporated
into a light-tight box. EMCCD has 658 (h) x 496 (w) pixels with pixel size of 8
pm x 8 pm, 14 bit and it was operated at gain of 50. The image was acquired
with EMCCD coupled to a 25 mm £/0.95 lens. The scintillator to lens distance
was 570 mm and in this condition the field of view was 130 mm (H) x 150 mm
(V). This can be translated to 200 microns of the screen for each pixel of the
CCD. The schematic of the imaging system is shown in Figure 3.18. The whole
imaging box is made light tight and is also shielded with 100 mm thick lead
blocks from all sides and an additional 50 mm of borated HDPe on the nearest

wall side. The actual FNR experimental setup is shown in Figure 3.20.
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Figure 3.20: Experimental system (left) Collimator and neutron generator (right) close up view
of the collimator and part of the EMCCD based imaging system.

3.8 Experiments, results and analysis

3.8.1 Test Samples

The samples selected for FNR imaging study were of HDPe, MS and Pb in the
range from low Z to high Z. We have examined the three cases with HDPe, MS
and Pb materials in different geometrical configuration similar to simulated
one but of different diamenson as given below.

Configuration I: Study of thickness effect on image for HDPe, MS and Pb.

The first configuration was of step wedge samples of size 50 mm x 100 mm x
20-100 mm [width (w) x height (h) x depth (d)] and each step of 20 mm height.
Configuration II: Detection sensitivity for a certain hole size inside HDPe, MS and Pb
of varying thickness.

Second configuration had the same sized step wedges as configuration I, with
holes of sizes 5 mm, 10 mm and 15 mm drilled in each of the steps. Configura-
tion III: Imaging of low Z material (high density polyethylene HDPE) masked with
high Z (Pb) material.

Third configuration was to study of the hole-features in HDPe block of [50mm
(w) x 30mm (h) x100mm(depth)] having a 5 mm hole and shielded by lead
block having thickness of 50 mm and 100 mm.

The geometries of these samples are shown in Figure 3.21. Experimentally
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Figure 3.21: The step wedge test samples of MS, HDPE and Pb without and with holes.

acquired images generally suffer from various noises which limits image qual-
ity. It may arise from beam inhomogeneity, gain variations of the detector
response and dark noise of detector. The experimental images were flat field
corrected via normalizing sample image with an image acquired at same pa-
rameter without sample with neutron beam ON. The imges were processed
with Image] and relative contrast, hole contrast and CNR were evaluated for

demonstration of image quality.

3.8.2 Configuration I : Imaging of step wedge samples

The step wedge sample was placed in contact with scintillator screen and vary-
ing step thickness (20-100 mm) along the beam direction. The images were
acquired for exposure time of 10 minutes and images (flat field corrected) are
shown in Figure (3.22) along with the intensity profile across the sample. All
the three samples (HDPe, MS and Pb) were imaged individually. Intensity pro-
tile drawn across the steps shows that all the steps are visible in HDPe sample
clearly. The relative contrast calculated for the step wedge sample is plotted
in Figure (3.24). We have observed that the contrast value increases (5.4% to
7.8%) first for a thickness of 2 - 6 cm and then it is reduced to the value of 4.5%
for the thickness of 10 cm. It was obvious since at a lower thickness the attenu-
ation is small and at higher thickness side the attenuation is more. As a result
there is maximum contrast at a certain thickness and it is less value at lower

and higher thicknesses. A similar behaviour was also observed in case of MS
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Figure 3.22: Images of step wedge sample of (left) HDPe, (middle) MS and (right) Pb with
their intensity profile across the steps (marked yellow line).

and Pb step-wedges and the maximum contrast is 10.3% and 7.9% at thickness
of 6 cm and 4 cm for MS and Pb, respectively. The maximum contrast (7.8% at
6 cm) value of HDPe is found to be lesser than that of the MS (10.3% at 6¢m)
and for Pb (8% at 4 cm). This is due to the fact that, being a low Z material, the
HDPe is a highly scattering medium compared to MS and Pb.

3.8.3 Configuration II :Imaging of hole features in step wedge

samples

Sample of configurationlI with holes of diameter 5 mm, 10 mm and 15 mm was
tabricated to study features of holes. Since these experiments were carried out
for the first time using our D-T neutron generator with designed FNR system,
relatively bigger sized holes were chosen. This study is important from the
point of view of determining the detection limit of FNR as per the experimen-
tal configuration for understanding sensitivity condition for small size defects
such as holes or cracks in thick samples. The images were acquired in a manner
detailed in section (3.8.2) and flat field corrected images are shown in Figure
(3.23) with intensity profiles across the 5 mm hole. The images clearly show

that larger size holes (15 mm and 10 mm) are visible in all steps of HDPe, MS
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Figure 3.23: Images of holes in step wedge sample of(left) HDPe, (middle) MS and (right) Pb
with intensity profiles across the 5 mm hole

and Pb. The 5 mm hole has shown variable and limited visibility in lower
thickness (20 mm) steps as well in steps of higher thickness (100 mm). The
hole contrast of 5Smm hole for HDPe, MS and Pb sample was evaluated and
and plotted against step thickness as shown in Figure(3.24). The 5 mm hole in
2 cm thick step of HDPe is barely visible with a hole contrast of 3% and with
increasing thickness the hole contrast increases to a maximum of 12.7% at 8 cm
thick step and again it reduces to 4.8% for further increase in the step thick-
ness. We can infer from this that, with the present imaging setup, it is difficult
to detect holes of sizes less than 5 mm for 2 cm thick HDPe and the same for
higher thickness of 10 cm or more using FNR. For MS and Pb samples holes
of 5 mm have a better contrast even at lesser thickness (2 cm) in comparison
to that of HDPe, but at steps of high thickness ( 8 and 10 cm) the HDPe shows

hole with comparatively higher contrast.
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Figure 3.24: (left) Relative contrast for step wedge sample of configuration I and (right) hole
contrast (5 mm) in step wedge sample of configuration II for material of HDPe, MS and lead.

3.8.4 Configuration III : Imaging of low Z material in presence

of high Z material

The capability of FNR for imaging of low-Z materials encapsulated in thick
high-Z shielding materials as demonstrated in simulation study with DT neu-
tron . This makes fast neutron imaging a promising inspection modality for
many practical problems and its superiority in comparison to the conventional
high-energy X-ray/gamma ray imaging techniques. Such a configuration is
important for imaging of low Z explosives shielded behind thick layers of high
Z materials and have practical applications in nuclear security [144, 145].

The aim of this study was imaging of 5 mm hole in a HDPe block [50 mm
(w) x 30 mm (h) x 100 mm (d)] placed behind a Pb block of dimension 100
mm (w) x 150 (h) mm and thickness of 50 mm and 100 mm.The images were
acquired for 15 minutes. For comparison, an image was also acquired without
the Pb block. The images (flat field corrected) with and without lead are shown
in Figure (3.25). It can be observed from the images that 5 mm hole and HDPE-
lead interface are clearly visible with good contrast in both the cases with and
without the 50 mm thick Pb block. With 100 mm thick Pb the hole is not visible
but the presence of HDPE could still be observed. The hole contrast and the
HDPE-Pb interface relative contrast were evaluated and listed in Table 3.4. The

hole contrast reduces from 13.7% to 0.8% and the HDPE-Pb interface relative
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100mm Pb

Figure 3.25: Images of 5 mm hole in HDPe in presence of lead of thickness (left) no lead
(middle) 50 mm (right) 100 mm.

Table 3.5: Hole contrast, HDPe-Pb interface contrast and CNR for the HDPe block having
5mm hole

Lead thickness hole contrast Relative contrast at CNR
HDPe-Pb interface

(mm) (%0) (%)
0 137 21.8 5.33
50 6.2 9.7 2.32
100 0.8 5.8 0.29

contrast from 21% to 6% for a change in the Pb thickness from 0 (no Pb block)
to 100 mm. The CNR of the hole was also evaluated and it was observed to be
less than 1% for lead thickness of 100 mm. The CNR results are summarized
in Table 3.5 with increasing Pb thickness. The CNR decreases (from 5.3 to 0.3)
with the increasing Pb thickness (from 0 to 100 mm).

3.9 Conclusion

Experimental study of fast neutron radiography with indigenous designed
DTNG of neutron yield of 2x10°n/sec has been demonstrated and images of
reasonable contrast were acquired for low /high Z materials with in 10-15 min-
utes exposure time. The experiments were performed using an metallic col-
limator assembly of mild steel, 40 mm thick plastic scintillator and EMCCD
camera. Design of the collimator for an optimum flux at the image plane with
varying L/D ratios was arrived through simulations using GEANT4. The de-
signed collimator assembly of L/D =43 provided fast neutron flux of ~ 4.6x10*

ncm ™ 2s™! at image plane. The images of test specimens of steps wedge and
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hole features in step wedge configuration of HDPe, MS and Pb materials have
shown the high transmission capability of FNR at a large thickness (100 mm)
of these materials and sensitivity of system to image minimum of 5 mm size
hole in such configurations. The reasonable contrast images of 5 mm hole in
HDPe masked with lead of thickness 0-100 mm demonstrated the capability of
the FNR system for imaging of low Z material masked inside a large sample of
complex and composite structure made up of both low and high Z materials.

Two major factors affecting the image quality in such FNR systems were
presence of a significant scattered neutron background and low source strength.
This can be minimized with increasing sample-to- detector distance that would
however decrease the flux at image plane which in turn increase the acquisi-
tion time. Alternative would be the use of neutron source of higher strength.
Overall, though, despite a non-optimal setup the results were promising and
demonstrated the potential for applied fast neutron imaging of robust samples
containing mixed low-Z/high-Z materials at DTNG with moderate neutron
yield.

Eventhough FNR based system was able to image the composite structure
containing mixed low-Z/high-Z materials, but it lack the information of ele-
mental constitutes of the interrogated object. Elemental composition can be
acessed either with advanced version of FNR known as ”“Fast Neutron Res-
onace Radiography” (FNRR) or Prompt Gamma based Neutron Activation
Analysis. We have adopted PGNAA over FNRR due to its feasibility with
monoenergetic neutrons (D-D or D-T) of NG , rather then a variable energy

neutron source which is a pre-requisite for FNRR.



CHAPTER 4
Elemental detections in bulk with PGNAA using
D-D/D-T NG

PGNAA was performed to detect the wide range of light elements (C, H, N,
O, Cl, Fe ) in bulk, which are key elements of the illicit materials. The study
was performed with PGNAA based TNA and FNA neutron interrogation tech-
niques using D-D/D-T NG. Neutron induced gamma signatures of various el-
ements C, H, N, O, Cl were detected in benign samples (urea, salt, graphite)of

bulk amount.

41 Introduction

PGNAA is widely used technique for in-situ and online elemental analysis of
bulk samples in several scientific disciplines [146, 147]. Its area of application
ranges from quality-control tasks in mining, environmental [148] and build-
ing construction industries [149] to contraband detection for national security
in concealed containers [51]. In PGNAA, an unknown object is exposed to a
neutron flux, neutron interacts with the target nuclei and compound nucleus is
formed in excited state. The excited compound nucleus then de-excites quickly
(less than 107'* s) to the ground level by emitting gamma rays that are unique
for each element [146]. These characteristic gamma rays are detected using
specific gamma detectors [9]. The energy values of the gamma rays identify
the nuclide and their intensities are proportional to the number of atoms.

In principle, PGNAA can detect the presence of nearly all elements and
hence characterization of material composition. The relative intensity of the
gamma ray peaks in the energy spectrum can be used to measure the rela-

tive fractions of elements inside the unknown target and thus can proceed to
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Figure 4.1: Mechanism of prompt gamma emission on neutron interaction with nucleus.

material identification. The prompt gamma-ray emissions can occur either on
thermal neutron capture (n,y) or via fast neutron inelastic scattering (n,n’y) re-
actions as shown in figure( 4.1). Former reaction is used for elements with ap-
preciable thermal neutrons capture cross-sections, while later reaction is used
for elements with negligible thermal neutron capture cross-section, see the Ta-
ble (4.1). For an inelastic scattering event to result in gamma-ray emission, the
interacting neutron must be a fast neutron with a kinetic energy larger than the
energy of the gamma emission of the target isotope, see the Table (4.2). For in-
stance, prompt gamma rays produced via 14 MeV neutron inelastic scattering
from elements can be used to measure C, N and O concentrations in bulk sam-
ples [150]. However, detection of nitrogen in FNA is quite difficult task. This
is because of interference of nitrogen prompt gamma peaks with oxygen peaks
as well as the nitrogen peaks are of weak intensity due to their small cross sec-
tion. For example, 5.12 MeV (~45 mb) [151] nitrogen peak get interfere with
2nd escape peak of 6.13 MeV (134 mb) gamma. Similarly, 6.91 MeV (60 mb)
oxygen peak interfere with nearby nitrogen peak at 7.03 MeV (32 mb) [151].
On the other hand, inspite of small thermal neutron capture cross-section, ni-
trogen can be easily detected via prompt gamma ray (10.83 MeV) in thermal
neutron capture reaction due to low background of high energy gamma.
Applications of the PGNAA technique exist in many contexts and special-
ized systems are designed based on the materials, elements and isotopes that
must be identified in each application. Some luggage handling and buried
mine detection systems rely specifically on the use of thermal neutrons [152]

[153], known as TNA systems, while some cargo handling systems focus on
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Table 4.1: Characteristic gamma-ray of few elements induced by thermal neutron, interest for
the identification of illicit (explosives or narcotics)(taken from [158]).

Element  Reactions Energy Sigma
(MeV)  (b)

H 'H (n,v) *H 222 0.3326

C 2C(n,y)BC 4945 0.026

0.1261 0.0012

N N, 7) "N 1.884 0.014
5267  0.03

10.83  0.075

O %O m,v) 'O  0.87  0.0001
Cl Cl (n, 7)**Cl  1.951 6.51
6.11 4.3
Fe %Fe (n,v)*"Fe  7.631 0.68

the use of fast neutrons [154], named FNA system. The use of PGNAA for
threat detection applications is an emerging area and continuous efforts are
being carried out in this field [155-157].

As described in chapterl, Thermal Neutron Analysis is primarily based on
the detection of nitrogen which is found in relatively high concentrations in
military explosives. On thermal neutron capture nitrogen generates a unique
gamma ray energy of 10.8 MeV, highest among (almost) all elements. The
intensity of the detected 10.8 MeV gamma-rays is an indication of the pres-
ence of nitrogen rich material. Although a certain concentration level of ni-
trogen is a good indicator of explosives, the combinations of oxygen, hydro-
gen and carbon should be considered since some common compounds such
as melamine and silk contain high concentrations of nitrogen similar to ex-
plosives and might produce false alarms. A measurement of the C/O and N
/O ratio provides good separation of explosives from benign [3] and FNA is
a suitable technique for CNO element detection via inelastic scattering. Ma-
jor elemental signatures with reaction type, cross-section and threshold are
mentioned in the Table (4.2) for CNO. Total inelastic scattering cross section of
neutron populating various states of C, N, O and Gamma Ray decay scheme
from inelastic scattering of neutrons from C, N, O are shown in figure (4.2-4.3)

respectively.
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Table 4.2: Selected elements and relevant major neutron induced prompt gamma signature
(taken from[40]), measured at En=14MeV

Element Reaction E,resh - Sigma  E,
(MeV) (mb) (MeV)
C 2C(n, 0/7)2C 48 200 444
N UN(n, n'y) N 47 70 231
o 160(n, n'7)!%0 6.4 % 613
O  5Om,py)N(F) 103 38 613
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Figure 4.2: Total inelastic scattering cross section of neutron populating various states of
C,N,O (taken from [150]).
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4.2 Methodology

In this chapter, methodology of PGNAA via neutron interrogation TNA and
FNA methods were studied for feasibility of light elements (H, C, O, N and
Cl) detection in bulk using D-D/D-T NG. The representative set of elements
(H, C, N, O, Cl) were selected as an example of isotopes found in most of
the explosive, illicit drugs, chemical threats, coal and other benign materials.
Based on neutron interaction cross section the PGNAA requires both a thermal
neutron and a high energy neutron for detection of elemental signature of wide
range elements. The elements H, N and Cl has high thermal neutron capture
cross-section and hence their detection can be realized with D-D/D-T neutron
if their energy can be moderated to thermal and then detecting the capture
(n, 7) prompt gammas. Conventionally, N, H and CI detection in bulk sample
via thermal neutron capture is carried out using a **>Cf neutron source [160].
In present study these elements were detected in bulk samples using thermal
neutrons via D-D NG using a suitable moderator. Since the D-D/D-T NG is a
clean source of neutrons with energy of 2.45/14.1 MeV respectively. In this line
D-T neutrons of 14.1 MeV from DTNG can also be utilized but the moderator
medium to thermalize it and shielding becomes huge, also the high energy
neutrons produce excessive background.

In compare to that, it is quite easy to thermalize the D-D neutrons and
the shielding requirements become less stringent. So DDNG can be labeled
as a suitable test bed for thermal neutron capture reaction studies. Polyethy-
lene and graphite are good moderators and are suitably used depending upon
the requirements. On the other hand D-T based neutrons can be utilized for
threshold inelastic (n, n’ 7) reactions of elements C,N,O having threshold and
their element signature can be recorded. Since the neutron inelastic reaction
threshold of the elements CNO is higher than 2.45 MeV, hence detection of
these elements using D-D fast neutrons is not possible.

In the first step, we have investigated the presence of H and N in urea,
Clin salt and Fe lines in iron sample using thermalised /moderated D-D neu-

trons and C in graphite, C, O and N in Urea with DT neutrons. Bulk amount
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of benign samples were chosen to mimic the detection of these elements in
bulk explosive kind material having elemental compositions of N, H, Cl, C, O
etc present in various proportions. Special approaches have been adopted for
the detection of the gamma lines. Firstly, graphite moderator has been used
in place of polythene (though polythene being a better candidate for modera-
tion of neutrons) to reduce signal contamination of hydrogen line from inves-
tigated sample with the same line coming from the polythene itself. Secondly,
BGO detector has been preferred in place of Nal(T1) though the later one has
comparatively better resolution and high light yield[161]. The reason can be
emphasized by the higher density (7.13 gm/cc) of BGO compared to Nal (3.67
gm/cc) and hence more interaction with higher energy gammas and their de-
tection efficiency. Care has been taken into account to shield the BGO detector
from direct neutrons to avoid damage and also the production of neutron in-
duced gamma in the BGO elements itself.

This chapter, presents the experimental study performed for detection of
hydrogen, nitrogen, chlorine, carbon and oxygen elements present in bulk ma-
terial using a 3”x3” BGO detector and signal-to-background ratio evaluated for
each element. The chapter is organized as follows: Experimental set-Up and
experiments are described in section 4.3, results are discussed in the section 4.4

and chapter is concluded in section 4.5.

4.3 Experimental Setup and Experiments

The PGNAA experiments were performed at neutron yield (n sec™!) ~107 of D-
D and ~ 10° of D-T. First experiments were carried out with DDNG. Layers of
graphite moderator ((150-200 mm) were stacked in between the neutron source
(D-D) and sample, to moderate/thermalise the D-D neutrons. A 75 mm x 75
mm BGO detector was placed at 100 mm below the sample, the experimental
arrangement is shown in figure (4.4). The BGO was shielded all around except
the sample side using 50 mm lead (Pb) blocks. The output of the BGO was
fed into the input of the spectroscopy amplifier of a NIM bin (ECIL make No.
PA572B) and pulse height spectra were recorded with multi-channel analyzer
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Figure 4.4: (Left) Photograph of D-D based neutron generator facility and (right) close view of
the experimental arrangement for the detection of capture gamma lines from urea using BGO
detector.

(MCA -4K, Oxford make). MCA was calibrated with BGO detector using 1.17
MeV line of °Co and the 4.44 MeV gamma line emitted from Am-Be source
[162]. The data were collected separately for background (neutron ON without
sample) and signal (neutron ON with sample) for the same duration. In order
to detect the characteristic 2.22 MeV hydrogen line and nitrogen 10.83 MeV line
urea sample was irradiated. The chlorine prompt gamma was acquired with
sample of Salt (NaCl) and one more sample irradiated was iron for spectrum
of structural material. In these experiments the data for different samples were
acquired for a period of 1800-3600 sec.

For inelastic prompt gamma signal detection, deuterium target was re-
placed with tritium, graphite moderator was removed and samples were di-
rectly irradiated with bare D-T neutrons. BGO detector was masked with
polyethylene (250-300 mm) and lead block to protect it from direct D-T neu-
trons to reduce radiation damage as shown in Figure (4.5). The samples of
graphite and urea were irradiated and data were collected with and without
sample for acquisition time of nearly 1800 sec. The elemental compositions of

the samples used in the experiment are listed in table (4.3).

Efficiency Curve of BGO

The photopeak efficiency of the gamma detector is an important parameter

particularly for the high energy gamma detection. To estimate the photo-
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Figure 4.5: Experimental Setup for the detection of D-T Neutron induced inelastic prompt
Gamma with BGO. Inset is photograph of setup with Urea Sample

Table 4.3: Samples (with their elemental compositions) used in the present study.

Energy (MeV)

Sample | Formula | density Composition
(gm cm™?) (wWt%)
Urea | CH4N,O 1.33 H-6.7 C-20.0 | N-46.7 | O-26.7
Salt NaCl 2.16 Na-39.35 | Cl-60.66
Iron Fe 7.8 Fe-100
Graphite C 2.2 C-100
13 —=— Simulated
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Figure 4.6: Photopeak efficiency curve for BGO (76 mm diameter, 76 mm high).
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peak efficiencies at several energies GEANT4 simulation was performed as de-
scribed in Chapter 5. Photopeak efficiency is defined as ratio of the total counts
under photopeak to the number of the incident gamma counts on the detector.
Figure 4.6 shows the photopeak efficiency curve evaluated via GEANT4 sim-
ulation. The experimental values of the efficiency at 662 KeV, 1173 & 1330 KeV
were measured using '*” Cs and ®**Co gamma sources as plotted in Figure 4.6.
The experimental efficiencies were found to be 12-17 % less then the simulated
one. This difference can be due to variation in parameters of simulation and
experimental such as accuracy of the source activity, source size and the mate-

rial property of the detector (impurity etc).

4.4 Result and Discussion

4.4.1 Urea(CO(NH,)): (n,y)

Initial experiments were performed on 2 Kgs of urea packed in a thin poly-
thene bag. But to get an appreciable signature of the gamma lines of nitrogen
and hydrogen the data collection time was large 3600 secs. So a trade-off
was made between the data acquisition time and amount of sample. Finally
we collected data with 4 kgs of urea and acquisition time of 1800 secs, though
the respective signatures were registered within 240 secs only, as shown in
Figure(4.7) with background. Major peaks at 10.83 MeV — nitrogen capture
photopeak, its single escape (SE) peak -10.32 MeV and 2.22 MeV - hydrogen
capture line were observed above background. Though the presence of 2.22
MeV gamma line in the background merges with the hydrogen capture line, it
can be distinguished clearly. The nitrogen prompt gamma ray photo peak was
located at the higher energy end of the pulse height spectrum. The inset graph
(Figure(4.7)) depicts the nitrogen photopeak as a clean signal with no back-
ground contamination. The apparent slight drift in the peak position can be
attributed to the drift in BGO response, due to temperature variation of elec-
tronics for the said acquisition time. Further higher energies 10.83 MeV gamma

rays had poor statistics because photo absorption cross-section of gamma rays



87 4.4. RESULT AND DISCUSSION

10* b -——-Without Urea
k f=— --—--With Urea
M S
AN A H
ST
L o .
\‘" \‘w;\l
10° | et o, arion,_F, A
@ i mewm&\
=
=
o U, -
(&] \‘f:%/ wﬁ
10° |
—
R ’;i‘\
oL \i\
1 T
1 n 1 ) 1 n 1

2 6 8
Energy (MeV)

Figure 4.7: Capture prompt gamma pulse height spectra of urea sample(red) and background
(black). The nitrogen photopeak(10.83 MeV),SE peak(10.31 MeV) and Hydrogen peak at 2.22
MeV are labelled.

above approximately 3 MeV energy decreases drastically due to competing
compton scattering and pair production reactions. The photoelectric cross-
section drops by a factor of nearly 300 from 2 to 10 MeV gamma rays. This
reduces detection probability of high energy gamma rays at 10.83 MeV.
Nitrogen single escape peak does not possess the same quality as its photo-
peak because of the presence of the neutron induced 10.2 MeV line of germa-
nium Ge (n,y) present in BGO [6]. Shielding the BGO detector with thermal
neutron absorbing material can further reduced the interference of ?Ge with
the nitrogen SE lines. The signal(S)-to-background(B) ratios (or say SNR) eval-
uated for respective photopeaks of hydrogen and nitrogen are tabulated in Ta-
ble 4.4. For data analysis purpose, the signal was peak integration counts after
subtraction of background and background was the integrated counts under
the same region from the background spectrum. The SNR for nitrogen peak
(10.83 MeV) was 7.6 much higher than that obtained for hydrogen line 1.8.

4.4.2 Salt (NaCl): (n,)

The emphasis to carry out the detection chlorine (Cl) capture lines in salt as
feasibility is attributed to detect the same in chlorine based explosives. Since
Cl has high thermal neutron capture cross section (43b) than that of sodium
(0.53b) the capture gammas of Cl are much more detectable than Na [158]. In

a data collection time of 1200 seconds we could detect four Chlorine photo-
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Figure 4.8: Prompt gamma pulse height spectra of NaCl sample (red) and background (black).
Top graph (enlarged spectra over the range 0-3 MeV) shows the chlorine lines at 1.16 MeV and
1.95 MeV. The bottom graph (Enlarged spectra over the range 3-8 MeV) shows the Chlorine
peaks Cl-6.11 MeV and Cl-6.619 MeV along with its single escape peak (5.599 MeV) and dou-
ble escape peak (5.08 MeV).

peaks and one of their escape peaks with good intensity over the background
as shown in Figure(4.8).

Spectra over the energy range 0-8 MeV presented with two energy regions
(0-3 MeV and above 3 MeV) to have enlarged view of energy peaks in respec-
tive region. Top spectrum of Figure(4.8) shows two prominent peaks at 1.16
MeV and 1.95 MeV. Above the 3 MeV the major peaks observed were 6.11
MeV, 6.62 MeV photopeaks and their escape peaks 5.59 MeV and 5.08 MeV.
The first escape peak of 6.62 MeV overlaps with 6.11 MeV photopeak. The
SNR ratio evaluated for 1.95 MeV was 1 and for remaining peaks it was much

less than 1.
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Figure 4.9: Measured prompt gamma pulse height spectra of iron sample (red) and back-
ground (black) without sample

4.4.3 Iron (Fe):(n,)

We have also detected a couple of iron capture lines by taking iron sheets as
sample. Particularly the lines corresponding to photopeak 7.63 MeV, its es-
cape peaks and the 6.01 MeV are clearly distinguished from the background as
shown in Figure(4.9). The iron being a part of structural material the knowl-
edge of neutron induced gamma capture lines are of importance as it con-
tributes to background spectra. In this case, the signal-to-noise ratio obtained

was also less than 1.

4.4.4 Graphite(O):(n, n’)

Considering carbon as a promising elemental constituent of explosives and
good candidate of PGNAA because of the strong 4.44 MeV line from the *C(n,
n/ ) reaction a pure carbon sample (graphite) was chosen for investigation.
Graphite block was irradiated for 1200 seconds with DT neutron. The prompt
gamma-ray spectrum of a 7.6 cm thick rectangular graphite target with back-
ground is shown in Figure (4.10). The carbon gamma line at 4.43 MeV and its
tirst escape at 3.91 MeV (SE) can be observed in sample spectrum above the
background. Such lines were not observed with earlier case of urea irradiation

with thermal neutrons. It can also be noted down that the strong peak at 4.44
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MeV and 2.22 MeV recorded in background spectrum , the source of back-
ground 4.44 MeV gamma line arised from the fast neutron interaction with
polyethelne (CH,),, used as shielding material for BGO detector. The hydro-
gen capture line 2.2 MeV was due to some of the fast neutrons moderated in
the bulk shielding or target material and get captured in polythene. However

the SNR ratio for 4.44 MeV obtained was again less than one.

44.5 Urea:(n, n"v)

Urea sample spectrum acquired with D-T neutron is shown in Figure (4.11).
The various gamma lines corresponds to different elements observed were
Carbon (*2C) — 4.44 MeV, its first escape(SE) -3.92 MeV, Nitrogen (**N) - 5.12
MeV and Oxygen (*°O) - 6.13 MeV, its first escape (SE) — 5.62 MeV and 6.91
MeV above the background. Carbon line intensity is not as strong as observed
in case of graphite that is because of small amount of carbon ( 800 gm ) in urea
in compare to that in graphite. Thus, the SNR this case is still poor. The nitro-
gen line at 5.12 MeV peak intensity is very small even though the content of
nitrogen is nearly 47% in urea that means nitrogen of 1.8 kg amount present in
~4kg urea. That is due to small cross-section (~45 mb) of fast neutron of (n, n
/ v) reaction [163]. It can be noted that oxygen peak at 6.13 (5.62 (SE)) and 6.91
MeV were also observed in the background, that is possibly due to interaction
of fast neutrons with oxygen composition of BGO.

The C, O and N are significant component elements of urea and the relative
intensity of characteristic gamma-ray energies (C,O,N) present in the sample
can be used to determine the quantity of elements in sample. Since the knowl-
edge of the ratio of these elements and analysis the peak of energy is consid-
ered to be key factor to distinguish the benign and illicit material [5]. However,
in this experiment the background intensity is very high and the element’s in-
tensity above the background is quite small. Therefore it is quite difficult to

calculate the quantitative value of these elements with required accuracy.
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Figure 4.10: DT neutron induced prompt gamma spectrum of graphite sample (red) with
background (black)
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Figure 4.11: DT neutorn induced Prompt Gamma Spectrum of Urea sample (red) with back-
ground (black)

Table 4.4: Signal (S) to Background (B) of different photopeaks.

PGNAA Sample elements Peak Energy S/B

Method (MeV)
TNA Urea H 2.22 1.7740.01
N 10.83 7.6+0.98
Salt Cl 1.16 0.64 +0.01
1.95 1.01+0.01
6.11 0.58+0.01
6.62 0.3140.004
Iron Fe 6.018 0.0940.01
7.631 0.69 +0.01
FNA  Graphite C 4.44 0.36 +0.006
Urea C 4.44 0.16 £0.003
N 5.12 0.15 £ 0.004
O 6.13 0.28-+0.006

6.91 0.023+0.003
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4.5 Summary

The present work has demonstrated the detection of elemental signature of hy-
drogen, nitrogen, chlorine and iron elements with TNA via (n, ) reaction us-
ing D-D NG and inelastic signatures (n, n/ 7y) of Carbon, Nitrogen and Oxygen
elements could detected using FNA with D-T neutron . The most challenging
task however, has been the detection of high energy gamma rays 10.83 MeV
from small amounts of nitrogen ( 1.8 kg) in urea using 3” x 3” BGO gamma de-
tector. This is important in view of threat material detection which are rich in
nitrogen. Inspite of low neutron yield of D-D NG and small amounts of nitro-
gen, the nitrogen signal detected in urea is of reasonable intensity with good
SNR of 7.6. The prominent chlorine lines detected from NaCl sample indicate
the possibility of TNA with DDNG for application of chlorine based narcotics
detection. However in this case the SNR was not as good as of nitrogen. Also
the capture lines of Fe detected could provide useful information’s about the
surrounding or structural materials.

Inelastic signatures of C, O and N in urea observed with FNA, which could
not be detected with TNA, due to their threshold reaction. However, the in-
tensities of C, O and N element lines recorded were not high above the back-
ground and have shown poor SNR, much less than one.

In the present experiment the main difficulty faced was high background
gamma rays emitted from the surrounding materials or structural materials of
system during neutron irradiation. A method for improvement of SNR has

been discussed in next chapters 5-6.



CHAPTER 5

Modelling of Associated Particle Imaging

5.1 Introduction

As discussed in chapter 4 the PGNAA based conventional neutron interroga-
tion methods TNA and FNA have shown one of the enabling technology for
elemental detection in bulk. FNA is an improvement over TNA in respect
to multi-element detection such as C and O elements having threshold reac-
tion, which are important for explosive detection. However, study of FNA has
showed two major drawbacks (1) poor imaging capability and (2) high back-
ground due to DT neutron’s interaction with surroundings, since DTNG emits
neutron in all direction. One way to reduce huge effect of high background
is to reduce the volume that is irradiated by DT neutron source, that means
collimating the DT neutron source as well as shield the gamma detectors. To
collimate DT neutron source, one require a large shielding and it will make
system bulky. The equivalent to a tightly collimated beam of neutrons can be
obtained by tagging the neutron with the associated alpha particle created by
the D-T reaction. The method, known as associated particle imaging.

APl is a three-dimensional, imaging technique for determining the location
and chemical composition of hidden materials such as drugs or explosives.
The technique is based on the use of fast neutrons produced by accelerating
deuterium ions and bombarded onto a tritium target. This reaction produces
neutrons and alpha particles of 14.1 and 3.5 MeV energies, respectively. The
two particles are correlated in space and time relative to the production site in
the tritium target and this correlation is used to tag a specific fraction of the
neutrons that are used for imaging. The neutrons within this “beam” defined
by the detection of correlated alpha particles (known “Tagged neutrons”), in-

teract with the nuclei of the object under interrogation and can produce gamma
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Figure 5.1: Schematic view of the DT tagged neutron production and nuclear reaction initiated
by tagged neutrons.

radiation ( Figure 5.1). The measurement of the time difference between the de-
tection of the alpha particle and the detection of the gamma radiation provides
a measurement of the distance traveled by the neutron before it scattered from
a nucleus in the interrogated object. The energy spectrum of the gamma rays
provides a method of identifying the nuclear species that the neutron scattered
from, thus the type of material within the object. A schematic representation
of the technique is shown in Fig (5.2). Hence, in contrast to traditional neutron
interrogation techniques, APl is a self-collimating method where the alpha par-
ticles are used to determine the position and direction of the neutrons emitted
[45]. Since neutrons are emitted isotropically from the source, the alpha parti-
cles limit the background noise by selecting events that are caused by tagged
neutrons only.

The implementation and to develop a complete API system with maximum
true positives, various parameters needs to be studied thoroughly. These in-
clude detector response, detector geometry arrangement, data set generation
of pure elemental spectra, algorithm development for spectral analysis and 3D
image construction of the inspected object. As a first step towards develop-
ment of API System, a computer simulation can provide fast and effective esti-
mation of different parameters and theirs dependencies for a configuration of
experimental device. To facilitate the design and construction of a prototype

lab based API system, a simulation model was developed using the Geant4
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Figure 5.2: Schematic representation of Associated Particle Imaging Technique.

[107]. Tagged neutron beam was modeled and neutron induced gamma was
measured with an array of BGO gamma detectors. To incorporate the physi-
cal response of the BGO in simulation, the energy deposited in BGO detector
was smeared and matched with experimentally measured (FWHM) resolution.
Simulations were implemented in different stages. In the first step detectors’
elemental response was simulated for different elements (C, N, O, Al and Fe).
These elemental responses take the realistic spectral features of 14.1 MeV neu-
tron interaction into account and their individual intensity from a measured
gamma ray spectrum of a sample containing mixture of them can be correctly
determined. In the next step various benign and explosives samples were irra-
diated and their spectra were decomposed /unfolded with linear combination
of reference data set of pure elements to extract the individual element’s C,
N and O contribution. Finally an explosive (1 kg RDX) placed inside a con-
tainer filled with metallic / organic matrix was simulated to study the effects
of matrix material on detection capability of the system.

This chapter present the modeling of API technique with BGO detectors
in Geant4 environment for (a) generating tagged neutrons, their transport and
interactions within a bulk to induce characteristic gamma emission and their
detection, (b) quantitative analysis of different sample spectra with pure ele-

mental spectra, (c) effect of matrices on sample spectra and (c) 2D- 3D image
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reconstruction of the interrogated object using the neutron and gamma-ray

time of flight information.

5.2 Simulation

Simulation studies were carried out with Geant. The version G4.10.01p.02 was
used in this work. It provides a Monte Carlo based programming environment
for simulating problems of production and transport of radiation through dif-

ferent materials [133],[Appendix C].

5.2.1 Gamma response of BGO detector

Response of gamma detector play significant role in spectrum analysis as well
as in quantitative analysis of complex spectra. To incorporate the detector re-
sponse in the simulation, BGO detector was modelled as a 3'x 3~ cylindrical
vessel filled with BGO material, encapsulated in an aluminium casing of 1 mm
thickness. A monoenergetic point source of gamma-rays was positioned at 10
cm distance (same distance as in experiments) from detector face and gamma-
rays were directed onto the cell along its symmetry axis. The amplitude of
the signal was provided by a sensitive-detector class which recorded the total
energy deposited in BGO volume. The simulations were performed with dif-
ferent energies 0.511 MeV, 0.662 MeV, 1.170 MeV & 1.330 MeV and 4.44 MeV.
While performing the simulation it is essential to apply some corrections to
match the simulated spectrum to that of experimental spectrum. The major
correction is for the effect of energy resolution observed in the experimental
spectrum which depends on the energy of the photon. The experimentally
measured energy resolution was taken into account as (FWHM/E,) = 0.095
(E,)"/2, where E, is gamma energy in MeV. It was obtained by adjusting the
width of the 0.662 MeV peak in the simulated spectra to match this peak width
in the experimental spectra of '*7Cs. It was further used for other energies of
0.511 MeV, 1.170 MeV & 1.330 MeV and 4.44 MeV and compared with their ex-
perimental spectra. Experimental spectra of different energies were acquired

with a BGO detector of size 3”x3” using different gamma sources of **Na
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Figure 5.3: Comparison of Simulated and Experimental Gamma response of BGO detector at
different energies.

(0.511 MeV ), ¥7Cs (0.662 MeV), °Co (1.170 MeV & 1.330 MeV)) and an iso-
topic neutron source of ?*' Am-?Be for 4.44 MeV. The details of these gamma
sources have been provided in the Appendix A and the experimental setup
has been described in next chapter 6.

Figure (5.3) presents simulated and measured energy spectra of different
gamma energies 0.511 MeV, 0.662 MeV, 1.173 MeV, 1.330 MeV and 4.44 MeV. It
shows that simulated spectra are in close match with experimental result ex-
cept at 4.44 MeV energy. The full width at half maximum (in %) obtained from
simulated spectra at different energies are listed in Table (5.1). The experimen-
tally measured energy resolution (~ 5.8 %) at 4.44 MeV is slightly higher than
that of simulated spectra 4.6 %. This is because Am-Be source emits neutrons
with typical neutron spectrum including photons of energy 4.44 MeV. In sim-
ulation only 4.44 MeV gamma was simulated and the neutron part was not
taken into account. Also the presence of neutron spectrum as well as gamma
background due to interaction of neutrons with surrounding material makes
experimental spectrum quite different from that of simulated one particularly

at lower energy region.
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Table 5.1: Energy Resolution of BGO detector at different energies

Source  Energy (MeV) FWHM (%)

*2Na 0.511 13.31+0.05
137Cs 0.662 11.68+0.08
Co 1.173 8.77+0.07
1.330 8.23+0.07

241 Am-Be 4.44 4.56+0.09

5.2.2 Modelling of Tagged Neutron with BGO

Tagged neutron beam in API was modeled with an isotropic point source us-
ing Primary Generator Action class invoking two particle guns, one produc-
ing a 14.1 MeV neutron and the other producing a 3.5 MeV alpha particle at
same time and in opposite directions. The size of the tagged neutron beam
is defined by an alpha detector’s dimension (5x5 ¢cm? ) and its position (13
cm) from the tritium target. In this simulation, X-Y plane is determined by
the alpha detector and the z axis is determined by its perpendicular plane in
the direction of neutron towards the experimental volume. 14.1 MeV neutron
source particles were tracked towards sample (cube having side length of 25
cm) placed at 65 cm (center of object) with respect to source position. An array
of 16 numbers of BGO detectors were arranged in a square geometry around
the sample placed at 30 cm distance from the object center and is vertically
aligned as shown in Figure (5.4). These detectors were defined to be sensitive
to record the necessary hit informations. The energy and time of the particle
hitting at any of the detector were recorded to build the energy and time spec-
trum respectively. To be specific, the time here refers the total flight time of
neutron from the start of neutron emission, its interaction with the sample and
generation of a gamma-ray (or scattered neutron) to its hitting in the gamma
detector. In similar way (x,y) position of the associated alpha particle emitted
with tagged neutron were recorded from position sensitive alpha detector. The
simulated geometry (Figure 5.4) was designed to approximate the geometry of
experimental API set up at laboratory.

In the first step, different samples viz. graphite (for C), liquid nitrogen (for

N), water (for O), Aluminum (Al) and Iron (Fe) were simulated and a data set
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of neutron induced gamma spectra of pure elements were generated. In the
second step the various benign (urea, melamine) and explosives (RDX, TNT
and Ammonium nitrate) samples were simulated and spectra were acquired.
Table 5.2 details the list of materials of the simulated objects. Further to study
the matrix effect and to detect hidden explosive, a container of size 30 cm %30
cm x 50 ecm (W x H x L) was simulated with an explosive target of 1 kg RDX
(cube of 8.2 cm) placed at its center (65 cm from neutron source). The explo-
sive was surrounded with matrix material that fills all the remaining container
volume. Wood and iron were used as filler material with an average density
of 0.1 and 0.2 gm/cc.



100

5.2. SIMULATION

Table 5.2: List of the samples used in the study.

Samplel Element Density (g cm ™)
Graphite C 2.23
Water H>,O 1.0
Lig. Nitrogen N 0.806
Aluminum Al 2.7
Iron Fe 7.86
Lig. Oxygen O 1.141
TNT C;HsN304 1.654
RDX C3HgNg Og 1.82
Urea CH,N>O 1.32
Ammonium Nitrate H;N-,O5 1.72
Melamine C3sHgNg 1.574
Wood matrix C2.59H5_05N0.5501_6 0.1-0.2

Table 5.3: Main characteristics gamma signature of different elements on interaction with 14.1

MeV neutron (taken from [163][151

D

Elements E(MeV) Reaction
(o[mb])
C 4439 (187) 2C(n, n') 2C
o) 274(38) 0(n, n'y) 10
310(22) °O(n, ay)3C
3.68(58) 1°O(n, ay)3C
3.85(34)  60(n, a)*C
4.44 (40) °O(n, n’ay)'?C
6.13 (148)  °O(n, n'7)1%0
6.91(47)  °O(n, n'y)*%0O
N 163 (21)  “N(n, n'7)“N
230 (41)  YN(n, n'7)“N
444 (54)  UN(n, t9)'C
512 (45) YN(n, n'7)"N
7.03(32)  “N(n,n'7)"“N
Al 1.81(184)  YAl(n, dv)
221 (145) 27Al(n, n'7)2"Al
3.00 (111) ?7"Al(n, n'v)?"Al
3.20(32) %"Al(n, n'y)*" Al
Fe 0.85 (620)  5Fe(n, n’y)°°Fe
1.24 (290) °57Fe (n, n’)**Fe

1.69(54)

%6Fe(n, n'vy)°Fe
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5.3 Results, Analysis and Discussion

5.3.1 Energy and Time Spectra of water sample

Before proceeding for actual simulation, a test sample of water was simulated
and its energy and time spectra were recorded as shown in Figure 5.5. Time
spectrum shows one prominent peak (T1) around followed by a broad and
smaller peak (T2). The first dominant peak (T1) corresponds to the neutron
induced gammas from sample and second broad peak (T2) is the result of neu-
trons scattered from sample and the reaching at gamma detector. Hence the
energy spectrum have contributions from sample as well as of scattered neu-
trons. To get neutron induced gamma spectrum of sample as well a scattered
neutrons, one needs to put suitable gate on time spectrum accordingly. We
have put a 5 ns time window around T1 (11-16 ns) peak and respective time
correlated energy spectrum (E_T1) obtained as shown in Figure 5.5b. In the
same figure, energy spectrum (E_T2) corresponds to the time T2 (> 16 ns) and
energy spectrum (E_Total) when no time window was applied has also been
shown for sake of comparison. It can be observed that scattered neutrons have
significant contribution in energy region below 2 MeV and minimal contribu-
tion in the higher region. On the other hand sample spectrum (E_T1) has sev-
eral gamma peaks (discussed in next section) in the region of 2-8 MeV. Hence
via appropriate time window sample gamma spectrum can be extracted from

total energy spectrum without contribution of scattered neutron.
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Figure 5.5: Simulated water sample spectra (left) Time Spectrum and (right) Energy spectra
obtained when, (E_Total) - no time window applied, (E_T1) - with 5 ns (11-16 ns) time window
and (E_T2) with a time window above 16 ns.

5.3.2 [Elemental Spectra

This section deals with study of 14.1 MeV neutrons induced inelastic gamma
rays on C, N, O, Al and Fe elements. List of the main characteristic gamma
lines of these elements with 14.1 MeV neutrons are presented in Table 5.3 with
their cross section and type of reaction. The C,O and N elements are of impor-
tance in material identification and their unique ratios C/O, N/O decide the
nature (explosive or benign) of the investigated material. The elements Al and
Fe were studied as they are structural materials and their contributions cannot
be ignored.

In the simulation geometry water sample was replaced with choice of ma-
terial (graphite (C), liquid oxygen (O), liquid Nitrogen (N), Aluminum (Al)
and iron (Fe) (Table 5.2). The time correlated energy spectra (obtained with
a time window selection, as explained in the previous section 5.3.1) of differ-
ent samples are shown in Figure(5.6). The major peaks observed in different
spectra were labeled to highlight the characteristic gamma signatures of the
respective element. These are 4.44 MeV from carbon, 1.63 MeV, 2.30 MeV, 4.44
MeV, 5.12 MeV, 7.03 MeV from nitrogen, 2.74 MeV, 3.08 MeV, 3.68 MeV, 3.85
MeV, 4.44 MeV, 6.13 MeV, 6.91 MeV from oxygen 1.81 MeV, 2.21 MeV, 3.0 MeV
from aluminum and 0.84 MeV, 1.24 MeV, 1.69 MeV from iron.

8000
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Figure 5.6: Simulated elemental gamma ray spectra of C, O, N, Al and Fe as reference spectra
for analysis of complex spectra .
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Figure 5.7: Simulated time correlated energy spectra of investigated samples (Left) TNT, Urea
sample and (Right) Ammonium Nitrate (AN), Melamine and RDX.

5.3.3 Complex Sample Spectra

After successful generation of reference data set of pure elements, the sam-
ple spectra of benign and explosives were analyzed. Sample studied were
Urea, Melamine, RDX, TNT and Ammonium nitrate. Simulated spectra of
these materials are shown in Figure (5.7). The simulated spectra of TNT, Urea
and RDX has shown the elemental signatures of all three elements C, N, O.
while Melamine spectrum shows no oxygen peak (6.13 MeV) due to absence
of oxygen element. Similarly in Ammonium nitrate, carbon is absent, hence
no carbon peak - 4.44 MeV should be observed. But in the spectrum a low in-
tensity peak at 4.44 MeV has been observed that is due to from contribution of
oxygen (**O(n, n” a)'?C) and nitrogen "N(n,t7)'?C elements of Ammonium

nitrate.

5.3.4 Analysis of sample spectra and CNO element’s contribu-
tion

To identify the sample from gamma spectrum, the contribution of carbon, oxy-
gen and nitrogen elements have to be extracted from the spectrum. To deduce
these individual element’s contribution, the sample spectrum (S) was fitted

with a spectrum (I/). The I/ fit is obtained by linear combination of simu-
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lated pure elemental spectra or say responses (R).
' =Y "aR = aC*" +aN"" + a0 4 .. (5.1)
=0

Where, C*™, O*™ and N*™ are the simulated pure elemental spectra of C, O
and N, respectively. The a;’s are the corresponding coefficient of fitting. The
three coefficient parameters (or more depending on the number of elements
chosen) are set as unknown and were obtained by minimizing the chi square
of fitting x*. The coefficients ( a,’s) corresponding to the smallest x* were taken
as the optimized fitting parameters and least squares algorithm was used for
x? minimization. The ratio of az/a; and a»/a; gives O/C and N/C chemical
ratios, respectively. As an example of the fitted sample spectrum and its de-
composed C, N and O element spectra are shown in Figure 5.8. The ratio of
integral counts of element spectrum (decomposed) to the integral counts of the
titted spectrum gives elemental fraction of that particular element in the inves-
tigated sample. The calculated fraction of C, O and N in different samples is
given at Table 5.4 and their actual values used in the simulation provided at
Table 5.5. Based on these values (C, O, N), Figure 5.9 presents the positions of
the investigated samples using triangle diagram [164]. The triangle diagram
corresponds to a barycentrical representation of the C, N and O fraction, where
each sample is a point based on C,N,O values [165]. Since triangle diagram oc-
cupies two dimensional (2D) space, it simplify the analysis by transforming
the 3D coordinates (C,N,O) into 2D coordinates (X,Y) using following (5.2) re-
lations [166].

V2(N +0.50) v6(0.50)

X="Ccin+to Y~ cini0O

(5.2)
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Figure 5.8: (Left) Fitted spectra of Urea with decomposed portion of carbon, nitrogen and
oxygen element (right) Snap shot of the GUI developed for spectrum fitting with a linear com-
bination of pure elements.

Table 5.4: Calculated composition of C, N, and O elements via fitting the simulated spectra of
different investigated samples

sample C(%) N (%) O (%)
RDX 18.92 39.62 41.46
TNT 4345 17.55 39
Urea 21.75 5412 24.13
Melamine 29.23 70.77 -
Ammonium - 40.26 59.74
Nitrate

Table 5.5: Chemical composition (weight%) of explosives and benign materials used in the
simulation

Material C (&%) H %) N (%) O (%)
RDX 1622 272 37.84 4322
TNT 37.02 222 1850 42.26
Urea 19.98 6.7 46.64 26.65

Melamine  28.56 4.8 66.64 -
Ammonium - 5.0 35.01 60
nitrate
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Figure 5.9: Triangle diagram of the carbon, nitrogen and oxygen proportions, showing ele-
mental composition of C, O and N extracted (green dot) from simulated spectra with actual
values (red dot) used in the simulation for different investigated samples.

5.3.5 Effect of Matrix Material

Surrounding materials in the threat material detection is of utmost importance,
it generates the background against which the threat material signal has to be
identified. Threat materials are usually contained within small volume inside
large volume (truck, car etc) of variable matrices. We have studied the influ-
ence of organic and metallic matrix material on the hidden threat material’s
spectrum and its effects on API method to identify hidden threat material. To
study the matrix effects, simulations were carried out for 1 kg RDX hidden in-
side container with remaining volume filled with of a matrix (iron or wood).
The sample (RDX) was placed at the center of the container and simulation
was run for case of average matrix density of 0.1 and 0.2 gm cm™* and without
matrix material. The results (Time and time correlate energy spectra of RDX)
are reported in Figure 5.10). Time spectrum shows an intense peak around 13.5
ns that is corresponds to the sample position hidden in container.

The time correlated (obtained with time window selection of 12.8 -14.4 ns
on time spectrum) energy spectra of RDX in presence of wood matrix (Fig-
ure 5.11), shows the carbon (4.44 MeV) and Oxygen (6.13 MeV) gamma peak
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Figure 5.10: Time spectrum of hidden RDX inside a container filled with and without matrix
of (left) wood and (right) iron .
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Figure 5.11: Time correlated energy spectra of 1kg RDX in presence of matrix (left) wood
(right) iron.

intensity high, in compare to the case when RDX sample spectra was taken
without wood matrix. This additional contribution is the result from wood
(having similar element composition) that surrounds the RDX and its com-
plete removal is difficult. This contribution has increased with increase of ma-
trix density (0.1 to 0.2 gm cm ™). In case of iron matrix there is no such effect
at carbon (4.44 MeV) and oxygen (6.13 MeV) energy line, in RDX energy spec-
tra was observed that is because the 14.1 MeV neutron induced iron lines are
mostly lies in lower energy region Figure(5.6) followed by a continuum. The
C, N, O element’s contribution (in %) of RDX obtained for the case of iron and

wood matrix are provided in Table 5.6.
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Table 5.6: Calculated C, N and O element’s contribution from simulated spectra of 1kg RDX
hidden inside a matrix

Matrix Matrix C N @)
Type density (gm/cc) (%) (%) (%)
Iron 0.1 16.8 41.87 41.33
Iron 0.2 14.28 45.7 40.03

wood 0.1 38.28 2237 39.34

wood 0.2 473 1289 39.8

O % Actual

Calculated
-+ lron matrix
@& wood matrix

C N

Figure 5.12: Triangle diagram of the carbon, nitrogen and oxygen proportions, showing el-
emental composition of C, O, and N extracted from simulated spectra of RDX placed inside
a container filled with iron (plus “+”) or wood(red dot) matrix with actual values(green dot)
used in the simulation. Here a=0.1gm/cc and b=0.2 gm/cc are matrix density.
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Figure 5.13: Reconstructed images (3D, 2D ) of neutron interactions for the case of RDX (1kg)
hidden inside container filled with iron matrix of density 0.1 gm/cc. (Top) when no time
window selected (Bottom) with a condition of 1.6 ns time window (12.78 -14.4).

Extracted element contribution of C, N and O for RDX energy spectra in
presence of matrix material is shown in Figure 5.12. The CNO point in case
of iron matrix (”+”) lies close to actual point (green dot) of RDX in plot while
for wood (red dot) matrix (even for 0.1 gm cm™* ) the point (CNO) lies far the
from actual values. It indicates the high detection possibility of hidden RDX

(1kg) in metallic matrix while for organic matrix it would be quite difficult.

5.4 2D and 3D imaging of interrogated object

Position sensitive alpha detector measures the x-y coordinates of the alpha par-
ticle which allows determining time and direction of neutron escape. ROOT
[134] based algorithm was developed to reconstruct 2D-3D images of the in-
terrogated object. It utilizes the principles of euclidean geometry and the ge-
ometrical correlations between an alpha and the tagged neutron to track the

neutron direction. In addition to that time stamping of gamma-rays as reg-
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istered by Geant4 and the known velocities of the 14.1MeV neutron (5.12 cm
ns~ ') and gamma-rays (30 cm ns™') were used to reconstruct the exact loca-
tion of neutron interaction point in 3D space. The constructed images (3D, 2D)
of hidden RDX (1 kg) inside iron matrix (0.1 gm/cc) container are shown in
Figure 5.13 with and without time window.

The reconstructed 2D and 3D images correctly reveal the location of the
interrogated object placed 65 cm away from the neutron production site along

with its length of 8.2 cm.

5.5 Conclusions

API based neutron interrogation was modelled successfully in Geant4 with an
array of BGO (37X3”) for explosive detection and image reconstruction to lo-
cate the position of the interrogated object. The methodology and different
aspects of API technique were studied. Data set of response spectra of pure
elements (C, O, N, Al and Fe) were generated and used for complex sample
spectra analysis using linear combination of these reference data. The simu-
lated spectra of benign (urea, melamine) as well as explosive (RDX, TNT, AN)
samples were analyzed for determination of their C, N, O elemental composi-
tions. The calculated values found to be close to the actual values in respective
samples and it has shown the novel and reliable approach of API for identi-
tication of different samples. The results of matrix study have indicated that
API system in the given configuration, would be able to detect hidden explo-
sive (1 kg RDX) inside a container filled with an iron matrix of density 0.1- 0.2
gm cm?, while in organic matrix the detection of hidden explosive would be
difficult even at density of 0.1 gm cm ~3.

In conclusion, this studies has provided the groundwork for analysis of
gamma-ray spectra utilizing detector’s elemental responses measured with
tagged (14.1 MeV) neutron in the actual geometry of API and image recon-
struction of object’s location under inspection. Future work will be focus on

implementation of API technique with inhouse developed D-T NG.



CHAPTER 6

Implementation of Associated Particle Imaging

The work on API was further extended by implementing it and system de-
velopment. The API, technique was realised with a laboratory based inhouse
developed D-T NG and a system was designed, assembled and tested within

the course of this doctoral work.

6.1 Introduction

As discussed in the Chapter 5, in contrast to traditional neutron interrogation
techniques, APl is a self-collimating 3-D imaging method where the alpha par-
ticles are used to determine the position and direction of the neutrons emitted
[45, 104]. Since neutrons are emitted isotropically from the source, the alpha
particles limit the background noise by selecting events that are caused by neu-
trons emitted in the direction of the interrogated object. This can be termed as
electronic collimation. This method provides effective suppression of back-
ground by spatial and time discrimination of events.
The major components required for implementaion of API technique and
to produce the complete system are
1. A D-T Neutron Generator
2. Position sensitive alpha particle detector
2. Gamma-ray detector or array of gamma-ray detectors
3. Data acquisition system
4. Hardware and Software for data acquisition, processing and analysis.
Under the programme of Tagged Neutron based API System develope-
ment, a laboratory based D-T neutron generator of neutron yield 10°® n/sec has

been developed at BARC. D-T neutrons were tagged with a position sensitive
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alpha detector (8 X 8 matrix of YAP:Ce crystals) and the tagged neutron in-
duced gamma rays were detected with a BGO gamma detector in coincidence
with alpha particle. The system’s performance was evaluated with benign and
explosive simulants.

This chapter presents important attributes of implementation of API tech-
nique and system development using inhouse developed DTNG followed by
detail description of its major components including DTNG, tagging detectors,
gamma detectors, Front-End-Electronics to perform coincidence and spectro-
scopic measurements and software development to manage data acquisition,
processing and analysis. After that various experiments of system character-
ization and experimental results for C, O, N elemental signature detection in
benign and explosive simulants performed using one gamma detector have

been presented.

6.2 Experimental Set-Up

At the initial stage, to demonstrate the tagging of D-D/D-T neutron, we have
installed a system for the production of tagged neutron beams at PURNIMA
D-D/D-T neutron generator facility, BARC. This study was performed in col-
laboration with Prof. Giuseppe Viesti, University of Padova, Italy and his
co-workers [167]. On the basis of their past experience on the production of
tagged neutron beams of DT neutron through the associated particle technique
[96], there was an interest to extend the study of such technique with D-D neu-
trons produced in the ?H (*H, n) *He reaction. The energy of about 800 keV of
the *He recoiling nucleus associated with D-D neutron makes detection more
critical. On the other hand, lower energy of D-D neutron beam will induce a
much lower background rate. NIM based Front-End-Electronics and YAP:Ce
crystal(14 pixels) as tagging detector brought from Padova University were in-
stalled and tested with both the reactions (D-D and D-T) of NG for tagging
of D-T and D-D neutron [168]. The photograph of the system is given in Fig-
ure 6.1. The detail of the experiments and results are reported in the reference
[168].
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Figure 6.1: NIM based Front-End-Electronis (b) Schematic of Tagging detector and (c)
Photograph of the experimental setup showing coupled tagging detector with DT NG

Table 6.1: Important specifications of Neutron Generator

Neutron Energy 14.1 MeV
Maximum neutron

Yield(in 4pi) 108 ns~!
Alpha Detector YAP(Ce)
Maximum Beam current 200 pA

Maximum high voltage 150 kV

Later on we have developed our own Tagged Neutron based API system.
A dedicated DTNG was developed for this, since the PURNIMA DD/DT neu-

tron generator was a common facility for various applications at BARC.

6.2.1 Neutron Generator

A neutron generator with a built-in position sensitive alpha-detector is a key
component of the API system. In this work we have used a laboratory based
DTNG inhouse developed at BARC. The design and major components of this
DTNG is similar to that of Purnima Neutron Generator as detailed in chapterl,
except that it is a 150 kV deuteron accelerator with maximum neutron yield of
10® n/sec of DT neutron with the tritium target. The photograph of NG is
shown in Figure6.2 and major specifications of NG are given at Table 6.1.

To improve the signal to background ratio, API which is a timing technique
uses coincidence between alpha and gamma and reduces the contribution of

the random coincidences arising from background. The technique tracks an
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tron Generator

Figure 6.2: Neutron Generator with Alpha Detector

individual neutron to an interaction site and then a gamma-ray from the inter-
action site to a gamma detector. If two neutrons are produced in a coincidence
window, the system has no way to know which neutron produced the gamma
ray. In this technique, the time from neutron production to gamma detection
is less than ~ 100 ns. The production of neutrons which go in the direction of
the target (object) must then be kept below about 10° n sec™!. Therefore, the
total neutron production (in 4 pi) must be kept in the 107 -10° n sec™! range.
The operation of the NG was optimized at 60 - 80 kV High Voltage and 50
- 90 ;A beam current setting to have neutron output ~ 1-3 x 107 n sec™* for

experiments.

6.2.2 Alpha Detector (YAP:Ce)

As a tagging detectors we have used 64 YAP:Ce crystals (Table 6.2) arranged in
an array of 8 x 8 matrix coupled to a multianode PMT. Each crystal has square
shape with size of 5.8 mm x 5.8 mm, thickness 0.5 mm and crystals are held on a
stainless steel grid made by electro-erosion. It was manufactured by CRYTUR
[169]. The crystals are read by Hamamatsu H8500 multianode PMT (Table 6.3)
with an effective area of 49x49 mm?, which provides 64 independent anodes
matching the crystals geometry [170]. The crystals and the PMT are mounted

on opposite sides of a vacuum flange equipped with a sapphire window of 4
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Table 6.2: Proprties of YAP:Ce detector

Density 5.37 g/cm3
Refractive index 1.93
Light output (percentage Nal) 40
Decay time (fast) 25/30 ns
Wavelength of maximum emission 370 nm

Table 6.3: Hamamatsu H8500 PMT characteristics.

Type 8 x 8 Multianode
Anode Size 5.8 mm x 5.8 mm
Effective Area 49 mm x 49 mm
Spectral response 300 to 650
Wavelength maximum response 400
Photocathode Material Bialkali
Window Material Borosilicate glass
Structure Metal channel, 12 dynode
Max. Applied Voltage -1000 V
Gain 1.5 x 10°
Transit Time Typ. 6ns

mm thickness. The crystal’s surface is coated with a layer of 1mg/cm? to pro-
tect the YAP:Ce detectors from light and scattered deuterons and additional
thin SiO, layer to prevent oxidation. The photograph of position senstive al-
pha detector assembly and the schematic of the reaction chamber is shown in
Figure 6.3.

A chamber was designed to couple the alpha detector with NG. It holds
tritium target at 45 degree with respect to the d* beam direction (axis) and a 90
degree port for alpha detector as shown in Figure 6.3. With this provision the
alpha crystals are at a distance of about 12 cm from the tritium target and each
crystal subtends a solid angle of about 0.019% of 4 7. Based on the position
and dimension of the alpha detector, the tagged neutron beam cone at 1 meter
distance from the tritium target will be approximate to 42 cm (lateral position,
x- and y-axis)) that means an object of size 42 cm diameter can be scanned at a

time in x-y plane.
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Figure 6.3: (a) Multi pixel YAP:Ce detector and (b)Reaction Chamber for alpha detector to
couple with NG .

6.2.3 Gamma detector:BGO

A right-circular cylinder (BGO ~v-detector) of size 3 inch x 3 inch used for
gamma spectra measurements. It was the same BGO detector used for PGNAA
experiments ( ch 4) and modelled in API simulation ( ch5). As described ear-
lier the BGO detector was chosen because of its high efficiency for high energy
gamma-rays detection and the fact that it is less sensitive to neutron radiation
damage as compared to other detectors such as Nal, HPGe etc [knoll2010]. The
details of comparison for different gamma detectors is provided in the chap-
terl. The detector was shielded from direct source neutrons by using a neutron
shield of 65 cm, made of iron, boron-loaded polyethylene and lead material
combination. The gamma-ray detector was placed inside a lead cave, 10 cm
thick on each side. The front and rear of the detector were usually unshielded.
Figure 6.4 shows the gamma-ray detector inside lead cave.

The energy and time resolution are important parameters for any gamma
detector considered for use with the associated particle technique. The time
resolution directly affects the spatial resolution of the system that can be ob-
tained by the technique. The energy resolution is important for interpreta-
tion of complicated gamma energy spectra and for improving SNR for weak

gamma-ray peaks on a significant continuum background. The experimental
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measurements of energy and time resolution of BGO is provided at section 6.4.

6.3 Front-End Electronics

The read-out of system (alpha and scintillator) in time and energy measure-
ments are usually performed using standard Nuclear Instrument Module (NIM)
electronics. However, the number of channels (64YAP:Ce + gamma detectors)
and the count rate expected in this system demanded a solution based on high
density cards, as those built in VME standard. VME bus is a computer archi-
tecture. The term VME stands for “VERSA Module Eurocard” and was first
defined in 1980 by a group of manufacturers. Unlike NIM standard, the use of
VME bus allows direct communication between different boards hosted in the
same crate: each board is identified by a logical 32 bit address (base address)
defined by a switch on the board itself. The first board of the crate acts as con-
troller of data flow. In each board, a set of readable memory registers contains
the data. Another set of writeable registers is available for committing instruc-
tions or writing down configuration parameters. The possibility to operate all
the boards from the controller is of great advantage because it results in vari-
ous levels of automation of an experiment. In our configuration, the controller
board is connected to a PC and driven by a dedicated software interface devel-

oped especially for this configuration including different n-number of boards.

Figure 6.4: Electronics and BGO detector
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The VME based electronics modules [171] of electronic set-up are listed below:
1. One 21 slot VME crate

2. Six 16 channel Constant Fraction Discriminators (CFD Mod. V812)

3. Two 16 channel Charge ADCs (QDC Mod. V792)

4. One 128 channel 100ps Time to Digital Converter (TDC Mod. V1190)

5. One Programmable Trigger Unit (TRG V1495) with custom firmware for
FPGA (Field Programmable Gate Arrays)

6. One VME to PCle Optical Link Bridge (Mod. V2718 + Mod. A3818)

7. One 22 channel splitter and delay box (custom design)

8. Cable adapters and optical fiber

The first four CFDs (0-63 ch) were used for alpha (marked as CFD0-CFD3) and
last two (CFD4,CFD5) for gamma (see the Figure6.5). Effectively the system
with these modules can accomodate at the maximum 64 alpha channels and
32 gamma channels. However in this present study we have demonstrated the

system’s performance with 64 pixels of YAP:Ce and only one gamma detector.

6.3.1 Principle of operation

The neutron from DTNG hits the sample and induces prompt gammas. For
each neutron, an alpha particle is emitted in opposite direction,this particle is
detected by the embedded 64 pixel alpha tracker whose outputs are connected
to first four CFDs. The ECL digital output of the CFDs (2x fan-out) feed chan-
nels 0-63 of the TDC and 64 inputs of the Trigger Logic implemented in the
FPGA of V1495. One or more adjacent pixels can be fired by the alpha particle,
event data from TDC allow for reconstruction of the neutron direction (X-Y
coordinates) and for the calculation of the Start Time (TO) of time spectrum.
The neutron induced gammas are detected by a BGO detector whose output
is splitted into two branches. One branch goes into another CFDs (CFD4 or
CFD5) that feed the TDC and the trigger logic as for the alpha signals. The
other branch of gamma signal goes into a 150 ns delay line ( inside delay box)
and then into the QDCs for the energy measurement. The delay line is nec-
essary in order to fit the pulses into the integration gate that arrives from the

trigger logic with some latency. The diagram of the electronic Set-Up is shown
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Figure 6.5: Block Diagram of Electronic SetUp

in Figure6.5.

Trigger Logic (V1495): The trigger logic implemented in the FPGA of the
V1495 (custom firmware developed by CAEN [171]) looks for the coincidence
between alphas and gammas in a programmable time window and generates
the integration gate signal for the QDCs and the trigger for the TDC. Figure
6.6 shows the block diagram of the trigger logic. Alpha and gamma signals
coming from the CFDs (ECL) enter inputs A, B and D of the V1495 module,
it is possible to mask (in other words disable) each channel individually. For
testing purposes, it is possible to emulate alpha and gamma signals by means
of the test inputs E[1] and E[0] respectively. After the mask, the OR of the
alphas is used to start the coincidence gate, if any gamma arrives within the
coincidence gate, then the integration gate for the QDCs (which corresponds
also to the trigger for the TDC) is activated. In order to keep the event acqui-
sition synchronized in different boards (2 QDCs and 1 TDC), the trigger logic
uses the busy signals from those boards as a veto for the trigger/gate gener-
ation, so that it never happens that one trigger is accepted by one board and
not by another one. Besides the trigger logic that generates the gate signal, the
FPGA provides also some utilities such as a certain number of rate meters that
counts the number of pulses of a given signal in a programmable time slot (~ 1
sec), so that the DAQ software can read the value of the counters and calculate

the relevant frequency of the signals. The rate meters are reported in the block
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Figure 6.7: V1495 Front Panel 1/0s [171].

diagram as RM[i] in a cyan box. The V1495 mounts a 8 channel NIM/TTL I/O
expansion (A395D) that is used to generate the gate/trigger and other monitor
signals as reported in the next Figure(6.7). The Trigger Logic implemented in
the FPGA of the V1495 is controlled by a set of registers that can be accessed.
Another most important module is USB bridge. A USB bridge model
CAEN V2718 provides standard connection with the computer, with a max-
imum transfer rate of 30 MB/s . This module placed in the first position on
VME-crate provides interface between computers and the VME, it takes care of

the conversion from software commands to the VMEbus hardware language.
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Figure 6.8: Experimental Set Up

6.3.2 Data Aquisition Software

Data Aquisition Software is a C based program that performs the following
operations: It opens one or more configuration files (text files) that contain all
the parameters for the acquisition and perform the following operations

1. Open the connection from the PC to the VME crate through CAEN VME
bridges (V2718).

2. Open the VME boards (CFDs, QDCs, TDCs and Trigger Unit).

3. Configure the boards writing the relevant registers with the parameters read
from the Config file.

4. Start the acquisition (enable Gate/Trigger generation in the trigger unit).

5. Read events from the boards in synchronized manner.

6. Cumulate the energy and time correlation histograms of all the channels
with the value calculated for each event.

7. Manage the energy and time calibration.

8. Print few statistics (trigger rate, data throughput, rate meters, etc.) to con-
sole (Figure 6.9).

9. Plot histograms using gnuplot/ROOT as a plotter engine.

10. Save histograms and events to output files.
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Figure 6.9: Rate meter output.

6.4 Experimental Measurements

Before performing actual experiments, various measurements necessary to char-

acterised the system were performed as described in this section.

6.4.1 TDC Calibration

At first test pulse signals were used and time spectra were acquired to verify
proper operation of electronic modules. A pulse of amplitude 1 volt and width
of 40 ns generated from a pulse generator, splitted into two pulses corresponds
to alpha and gamma signal. The alpha signal is connected to Alpha-Channel
n0.30 (input 14ch of the CFD1) and the gamma signal connected to Gamma-
Channel no 4 (channel 4 of the splitter and delay box, whose outputs goes into
the input 4 of the CFD5 and the input 4 of the QDCO0). The typical signals
observed from V1495 are shown at Figure (6.10). In this test, the delays of 0,
25,50 and 75 ns were added /set in the gamma line and data were acquired in
coincidence mode as shown in Figure (6.11-6.12). The alpha distribution shows
that the only one alpha ch30 has been fired out of 64 pixels, as expected. The
channel to time conversion for TDC is obtained At = Ac x 0.098 ns/channel,
where Ac is the number of channels considered. The time spectrum found to
have a spread (FWHM) of 0.16+0.01 ns (Figure 6.12) for pulse signal from a

pulser.
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Figure 6.10: Typical Signals from V1495: Yellow=alpha, Green=gamma, Pink=CoincWindow,
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Figure 6.13: Energy spectra of %°Co and Am-Be.

6.4.2 Energy Resolution of BGO

The energy resolution of the system is almost entirely determined by the res-
olution of the BGO detector. Energy spectra of BGO for various gamma en-
ergies at 0.511 MeV (**Na), 0.662 MeV (*37Cs), 1.17 MeV-1.33 MeV (*°Co) and
4.44 MeV (Am-Be) were acquired in direct spectroscopy mode (no coincidence
mode) with the VME electronics as described above. The 4.44 MeV is the en-
ergy of the 270" ~ transition in '*C, an isotope produced in the reaction of
a-particles with Be in a AmBe neutron source [172].

2L s Am — 2793 Np + o

9 Be+ta — PC +n +y

The measured energy resolution (FWHM) was less then ¢E = 5.8% (FWHM) at
E, =4.44 MeV as described in the chapter 5. Finally the detector was calibrated
with the 1.17 MeV, 1.30 MeV of °°Co and 4.44 MeV from Am-Be source [172].

Typical energy spectrum of “°Co and Am-Be are shown in figure (6.13).

6.4.3 Time resolution of BGO

The time resolution of BGO detector was studied by measuring -y coinci-
dences with a ®°Co and neutron-vy coincidences from Am-Be source. A plastic
scintillator of 2 inch x 2 inch coulped with 2 inch PMT used as a reference de-
tector. Two detectors were 21 cm apart and time spectra of -y coincidences

in ®°Co as well as n-y coincidences in Am-Be source were measured. Because

—— Am-Be|
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Figure 6.15: (Left) Time correlation spectrum of n-y and -n coincidences using AmBe source
and (right) the energy spectrum of AmBe acquired in this coincidence mode.

of the considerably low ~ efficiency of the small plastic scintillator the ®°Co
source was placed as close to the reference detector. The measured time spec-
tra are presented in Figure (6.14-6.15). A sharp peak of coincidences of 1.17
keV and 1.33 keV transitions of ®®Co observed and time resolution (FWHM)
obtained close to 4.2 & 0.05 ns. The Figure 6.15, depict the time spectra of the
coincidences measured with AmBe source and its respective energy spectra.
There two peaks in time spectrum are mainly n-y and y-n coincidences result-
ing, first peak from the detection of a neutron in plastic and gamma in BGO
and the accompanying, broader right peak is the result of the opposite situa-
tion when neutrons triggered a stop signal in the gamma detector. The FWHM

of first peak was around 3.8 & 0.05 ns.
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Figure 6.16: (left) Experimental arrangement for beam profile measurement and (right) its
schematic representation.

6.44 Tagged Beam Profile Measurement

In order to map the tagged neutron beam geometry, a beam profile measure-
ment was performed using a neutron detector (plastic) in coincidence with
alpha particle detector (alpha detected in any of the 64 pixels). The plastic
scintillator of 2 inch x 2 inch placed at about 107 cm from the tritium target as
shown in Figure 6.16. A scan along the x and y axes (horizontal and vertical
directions) was performed in step of 5 cm. The parameters recorded were total
alpha count rate (per second) detected by alpha detector (all 64 pixels) in sin-
gle mode (no coincidence required) and alpha - neutron coincidence event rate.
The total alpha count rate was 150 kHz and kept constant for the experiment.
The measured a-neutron coincidence rate was plotted as function of neutron
detector’s position as shown in Figure6.17 and Figure6.19 for horizontal and
vertical scan respectively. The Full Width at Half Maximum (FWHM) of the
tagged beam profile found to be of the order of Ax ~ 45+ 2 cm and Ay ~ 46+
2 cm at about 107 cm.

The distribution of the alpha pixels fired /detected in coincidence with neu-
tron at different positions of neutron detector has shown in the figure (6.18-
6.20) at few positions (£ x or y ). This distribution indicate that different alpha
pixels got fired (in coincidence) with respect to different position of the neu-
tron detector. Also, the number of fired alpha pixels (color intensity) increases
as position of the neutron detector moves towards the center of tagged neutron

beam.
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Figure 6.18: Distribution of alpha pixels detected/fired in coincidence with neutron at differ-
ent positions of neutron detector in horizontal scan. The color represents the number of times
a pixel fired.
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Figure 6.19: a-neutron coincidences rate as a function of the vertical position of neutron de-
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Figure 6.21: Energy and time distribution of graphite block obtained setting a gate on the E,
=4.44 MeV (including its first escape).

For example at £3 position the number of alpha pixels fired were more then
that of at £7 position. Similar behaviour has also been observed in vertical

direction as neutron detector moves from top (+Y) to bottom (-Y) Figure(6.20).

6.4.5 Time Resolution of System

An important point in characterization of the system is the determination of its
timing properties and such characteristic depends upon the depth resolution
(z-axis) along the neutron flight path direction. The achievable overall time res-
olution of the system was determined by detecting characteristic y-rays from
a graphite block (15x15x15cm?) bombarded with tagged neutron. In this ex-
periment, the BGO detector was used in coincidence with the 64 alpha pixels.
The a-v coincidence time distribution obtained via setting a gate on 4.44MeV
v-rays (including its first escape at 3.92 MeV) energy peak as shown in Figure
6.21 (no background subtraction).

The FWHM of time spectrum peak corresponds to it =4.8 + 0.1 ns, which
translates into a position resolution of ~ 25 cm. This, in turn is a combina-
tion of the timing resolutions of both the alpha and gamma detectors, and the

contribution of sample geometry.

1400
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6.5 Experiments with Samples

In order to evaluate performance of the system, measurements have been done
with real benign material following simulants of explosives (containing C,N,O
elements). Different objects investigated were Graphite (C), Water (H,0O), melamine
(C3HgNg) and explosive simulants (C4, RDX) using one BGO gamma detector.

The sample is centred in the middle of the tagged-neutron beam and the
BGO gamma detector was placed close to the sample but outside the tagged-
neutron cone.Note that with one BGO detector, several-hour acquisitions re-
quired to have sufficient counting statistics. However, we have to perform the
experiments with data acquisition time of 10-25 minutes for each sample, due
to constraint of limited allowed tritium target utilization at NG. Hence, within
this short period to have reasonable counting statistics and to demonstrate the
system’s capability for elemental signature detection in the investigated ma-
terial, we have chosen sample (3-10 kg) size and the experimental geometry
(distance and size of the sample) was such that all 64 alpha tagged neutrons
intercept the sample so as to improve counting statistics.

The low-energy threshold was fixed to 1 MeV during the measurements
with actual samples in the laboratory, because the gamma rays of the main

elements of interest (C, N, O) are located mostly above this energy.

6.5.1 Casel: Pure Element Spectra

Graphite (C)

A graphite block of 10 x10x37 cm™® placed at 118 cm from tritium target in
tagged neutron beam, irradiated for 10 minutes. The oo — « coincidence time
and gamma energy spectra were recorded in coincidence of all 64 alphas. The
count rate of total alpha was ~270 kHz, gamma rate ~ 1.2 kHz at BGO and
alpha-gamma coincidence event rate ~ 65 Hz observed from rate meter of
trigger logic (V1495). The background data was also collected for the same
time without sample. Figure 6.22 (a) presents a a-y coincidence time spec-
trum for graphite and background. Figure 6.22 (c) shows plot of time versus

energy of graphite sample. The two-peaks structure of the time spectrum su-



131 6.5. EXPERIMENTS WITH SAMPLES

perimposed on the flat background is clearly visible in Figure 6.22 (a). The flat
part of the spectrum corresponds to the random a-v coincidences. The main
prominent coincidence peak (around 960 ch) corresponds to the detection of
prompt gamma rays produced in the reaction '*C(n,n"y)"*C for interaction of
the tagged neutrons with the sample. The second peak following the main
peak is due to tagged neutrons scattered inside the sample and detected by the
detector.

Figure 6.23(left) reports measured energy spectra of sample which includes
all these contribution. To minimize the random and the scattered-neutron con-
tribution in the energy spectrum of the sample a window on time (900-1025
ch) spectrum has been chosen.

To demonstrate this fact, Figure 6.22(b,d) present a selected time window
(ch=900 -1025 ch) around sample peak and the associated time corelated en-
ergy spectra is shown in Figure 6.23(middle). The difference spectrum (Figure
6.23(right)) was obtained subtracting the background spectrum from the sam-
ple one.

From the background subtracted spectrum (Figure 6.23) one can see a clear
twin peak feature from the carbon line of 4.44 MeV with its single escape (SE).

The Figure 6.24 shows the energy spectrum for the time gate on random
background and the gate on scattered neutron regions separately. These spec-
tra are moreover smooth, without any trace of carbon line at 4.44 MeV. Thus
this analysis illustrate the principal advantages of the API method for identi-
tication of material via elemental signature detection with enhanced SNR and

locating the position of investigated object by slicing the time spectrum.
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Note that in the next step graphite was replaced with different sample (wa-
ter, melamine and explosive simulants) and time and energy spectra for each
were measured. Time spectra of these samples were similar in nature having
random background, sample peak and scattered neutron region, hence only

energy spectra of these sample were reported here and discussed .

Water (H,O)
Next to obtain pure element spectra of oxygen, Water (H,O) sample was inves-
tigated. Following the similar approach (as in case of graphite ) the measured
energy spectra of water sample are presented in the Figure(6.25). The oxygen
spectrum is quite complex in compare to graphite, because a number of states
can be excited via 14.1 MeV neutron-induced reactions, as reported in[95, 151]
[173]. Major gamma lines observed in the spectrum are 2.74, 3.10, 3.68, 3.85,
6.13 and 6.91 MeV. Effectively, these prompt gamma-rays are produced via
different nuclear reactions: the E, = 2.74, 6.130 and 6.91 MeV gamma rays are
produced in the *O(n, n"y)'®O reaction. The other gamma rays at 3.10, 3.68
and 3.85 MeV are produced in the °O(n,a)'*C reaction. Similarly, the E,=

4.44 MeV gamma ray is emitted following the 'O(n, n’ay)'*C reaction.



135 6.5. EXPERIMENTS WITH SAMPLES

- m?ﬁ_
A = Y
B c F
S F 3.
8400;— uso:—
BE- -
ME C
= 0
B E
20 .
150 -
E 20—
100~ c |
sHE- 10 ’ . |¥
= R R RN IR I I C ‘ | | ‘ ‘ ||-|I
1000 2000 3000 4000 5000 5000 7000 B0y 0amal o i o e 0 - o
Energy (KeV) Energy (KeV)
W =
2 > > = >
c r L 3 v =% D g
3 C ) @3> Ve o>
S 0 sa o~
O 40— o Mo w ™ H
- = © E- Nk :
L ' ] H X P~
C ™ ™ 0 G 0
C a2 &
- - —
*E o
0
20
10—
Ob— o | L cl L
2000 3000 2000 5000 5000 7000 BOOO

Energy (KeV)

Figure 6.25: Energy energy spectra with (black) and without (red) water sample when (left)
no time selection (middle) with a time window on sample peak and (right)difference spectrum
obtained subtracting the background spectrum from the sample one.
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Table 6.4: SNR for C,O0 and N evaluated from graphite, water and melamine spectra.

Peak Energy (MeV) |  SNR
4.44 (*C) 6.5+0.56
5.12 ("IN) 2.2+0.15
6.13 (°O) 3.24+0.35
6.91 (°O) 3.3+0.42

6.5.2 Case2: Complex Sample Spectra

Melamine (C3HgNg)

In practical the sample spectra are more complex then having only one element
as discussed above and in this case Melamine sample was studied. It contains
a high percentage (66.6 %) of N and can be used as explosive simulants. The 4
kg melamine powder sample was irradiated for 20 minutes and the measured
energy spectra are presented in the Figure (6.26). The spectra have the charac-
teristic gamma-rays equal to Ey = 4.44 MeV with its single escape (SE) for C
and , =2.30 MeV and 5.12 MeV for N that constitute the melamine sample.
The gamma rays of energy 2.30 MeV and 5.12 MeV are produced from the reac-
tion N(n,n"y)N of tagged neutrons with nitrogen elements of melamine. It
proves the capability of the system to detect multielements present in complex
sample.

The signal-to-noise ratios were evaluated for the elements C (4.44 MeV
from graphite), O (6.13 and 6.91 MeV of water) and nitrogen (5.12 MeV from
melamine). Where signal was integrated counts under peak area subtracted
from the integrated background counts under the same area. The ratio of sig-

nal to background is provided in the Table 6.4.



137 6.5. EXPERIMENTS WITH SAMPLES

1] ~ L
‘E'ﬂ[][l— Do
3 F E =
S 3
O 1200 8™E
C 160 —
1000[— =
ol e
o 100 —
800 — wE
mf— =y
C 0E
200{— d
C aE
Ll v b by vy by by by by 0:|\III|\I\I|\I\I|II\\‘Ill\‘lll\l\l\
1000 2000 3000 000 5000 8000 0 8000 1000 2000 3000 4000 5000 6000 7000 8000
Energy (KeV) Energy (Kev)
W —_—
120 — = —
£ 3 U Ly
2L =23 S 2«
Cinf— o x [
el 3E gl
S S a |
B [17]
80— N o >
C e 3 0~
- ® 9 S Z
60 — - <
- (o]
- oL
ol n
20
[i] T R R |- r’Lrnl-‘ﬂJLLr
2000 3000 4000 5000 5000 8000

Energy (KeV)

Figure 6.26: Energy energy spectra with (black) and without (red) Melamine (C3HgNg) sam-
ple when (left) no time selection (middle) with a time window on sample peak and (right)
difference spectrum obtained subtracting the background spectrum from the sample one.
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Figure 6.27: Water and graphite sample placed together one behind another inline at a dis-
tance.

6.5.3 Case3: Locating two objects placed in combination

Water and Graphite Sample

In order to test the capability of the system to identify the hidden materials
with different elemental compositions, a water can (5 Liter) was positioned in
front of the graphite block (10(depth) x 20(width) x 35 (height)) cm—* as shown
in Figure 6.27.

The water sample was placed at 107 cm from target and graphite at 45 cm
far away from water sample. Based on system’s spatial resolution ( in z-axis
~ 24cm), minimum distance of ~ 24 cm required between two samples and
being the samples of larger dimension, we kept them apart at a distance of
45 cm (center-to-center distance). The time and energy spectra, acquired with
the “water + graphite” samples, are presented in Figure 6.28. The two peaks
with centroid at 956 ch and 1045 ch were observed. Difference between the
centroids of the two time peaks (Ach = 90 ch) translates to the neutron fight
path difference (Ach x 0.098 ns per ch x 5.12 cm nsec™!) of 45 cm from the
center of the water sample to the center of the graphite sample.

The data were further processed offline via putting a suitable time window
( from 925-1025 ch) on first peak as well as on second peak (from 1007-1070
ch) one by one and respective time corelated energy spectra were obtained as
shown in Figure 6.29. Background subtracted these spectra were shown in next

Figure 6.30. It was observed that with time window on first peak the time co-
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Figure 6.28: (left) @ — 7 time spectrum and (right) energy spectrum of “water+graphite”
sample with background (red).
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Figure 6.29: Time corelated energy spectra for selected time window (left) T1 (925 -987) ch
and (right) T2 (1007-1070 ch) with background (red).

related energy spectrum contain major gamma lines at 2.74 MeV, 3.10 MeV, 3.85
MeV and 6.13 MeV, which are from neutron interaction with oxygen element
present in water. On the other hand the energy spectrum obtained with time
gate on second peak, shows only one major energy line at 4.44 MeV (with its
tirst escape 3.92 MeV), are neutron induced gammas from carbon element of
graphite sample.

Hence it confirms presence of water and graphite sample at different loca-

tions corresponds to first and second time peak respectively.



140 6.5. EXPERIMENTS WITH SAMPLES

L] "

2 160

Sa Backgromnd g Backgromnd

8 subtracted water 8 140 sublracted graphite

=1
=3

=
III|III|III|III|III|III|III|III|

Linal PP AR S il AR il

=

v e L b NI L B L R B Ll
2000 3000 4000 5000 6000 7000 1000 2000 3000 4000 5000 6000 7000

=
=
=

L
800D

Energy (KeV) Energy (KeV)

Figure 6.30: Background subtracted energy spectra of (left) water and (right) graphite .

Table 6.5: Simulant of C4( or Plastic military explosive [174].)

simulant [Simulant material | Mass (g) | Element | Mass(g)
Melamine 51.6 H 2.5
C 14.7
N 34.4
Sand 75.4 Si 35.2
@) 40.2
Polyethylene 7.3 C 6.3
H 1.0
Graphite 0.9 C 0.9
Total 135.2

6.5.4 Case4: Simulants of Explosive

In order to perform test with explosive, a mixture of Sand (silicone oxide),
Melamine, Polyethylene and Graphite materials were used to prepare simu-
lants of C4 (or Composition C-4 a plastic explosive) as described in Table 6.5.
The simulants have similar elemental (C,N,O) composition but not chemically
bonded as in actual explosive material. To represent the 100 gm of C4 ex-
plosive, 135.2 g of this simulant to be prepared. We have used 5.4 kg of this
simulant to represents 4 kg of C4 . Similarly we have prepared simulant of
RDX (3.6 kg) using Sand and Melamine. The simulants were irradiated for 25
minutes, the recorded energy spectra with one BGO are reported in the Fig-
ure (6.31-6.32). From the background subtracted spectrum we have observed
the characteristics gamma at E, = 4.44 MeV of carbon, E, = 6.13 MeV of oxy-
gen and E, = 2.3 MeV and 5.12 MeV of nitrogen elements constitute of C4 as



141 6.5. EXPERIMENTS WITH SAMPLES

= 160 —
300 & e r
£ F = 140
S s =
g E =] C
E Qo
O 700 F
800 100~
500 8ol
A0 50—
300 r
= an—
200 C
E 20
100 E
:JllIII|IIII|IIII|IIII|IIII|IIII|IIII - IIIIlIIIIlllllllllllllllllll

0 1000 2000 3000 4000 5000 6000

1000 2000 3000 4000 5000 B000 7000 8000

Energy (KeV) Energy (KeV)
O @ o C4_simulant
[ = Fanl -
g F 5% 2
Bk . 8E T
3 F £ SE Ei
ST T S L
- ~
40 [
30
20
= m
oml A LA P
2000 3000 2000 5000 6000 7000 800D
Energy (KeV)

Figure 6.31: Energy energy spectra of C-4 simulant (black) and background (red) (left) no
time selection (middle) with a time window on sample peak and (right)difference spectrum
obtained subtracting the background spectrum from the sample one.

well as in RDX spectra Figure 6.32. The spectra illustrate the sensitivity of the
tagged neutron method to the elemental content of the explosive.

Eventhough, the counting statistics are not as good as required but it is suf-
ticient to indicate the presence of C, O, N element’s fingerprints in the sample
spectra. These results provides a confidence of the system’s ability to provide
the C, O, N elemental signature in explosive like samples and thus its suitabil-
ity towards application of chemical explosive detection.

Further a comparison study was performed and experimental energy spec-
tra of melamine and RDX simulant were compared with GEANT4 simulated
(Chapter 5) as shown in Figure 6.33. The simulated spectra were scaled to ex-
perimental 4.44 MeV peak intensity for comparison. The general shape of the

melamine spectrum, in particular the possible photo peaks and their relative
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Figure 6.32: Energy energy spectra of RDX simulant (black) and background (red) (left) no
time selection (middle) with a time window on sample peak and (right)difference spectrum
obtained subtracting the background spectrum from the sample one.
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Figure 6.33: Comparison of simulated and experimental energy spectra of (left) Melamine
and (right) RDX simulant.

intensity w.r.t to carbon peak (4.44 MeV) is quite satisfactory with simulation
except at 2.3 MeV. The significant discrepancy at 2.3 MeV gamma line of ni-
trogen has also been observed from other researchers [95, 175] and that is at-
tributed to the lack of precision in the evaluated cross section data of nitrogen.
In the case of RDX, overall simulated and experimental spectra are in close
agreement except at energy 1.8 MeV and 2.8 MeV, that is due to Si present
in the RDX simulant sample prepared from benign materials including sand
(SiOs). From the litrature [151, 173] it can be found that the Si element has the
prominent prompt gamma line at 1.78 MeV and 2.84 MeV on interaction with
14.1 MeV neutron.

6.6 Conclusion

API based neutron interrogation system has been developed and character-
ized using an array of 8x8 matrix of YAP:Ce crystals coupled to a laboratory
D-T NG. The system was integrated with VME based Front-End-Electronics
for data acquisition and processing. The experiments were performed with
the system at laboratory conditions for benign and explosive simulants using
one BGO detector. The overall time resolution of the system achieved was 4.8
ns, which corresponds to spatial resolution of 25 cm in the flight path of tagged

neutron direction (z-axis). This could be further improved using y-detector of
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better time resolution, since present BGO has shown quite poor time resolu-
tion. The dimension of the tagged neutron beam measured at 107 cm was
around 46 cm that defines the maximum x-y dimension (perpendicular to the
tagged neutron beam direction ) of an object that can be scanned at a time.

Proof-of-concept laboratory experiments have been successfully performed
to demonstrate the efficacy of the API system for C,O,N elemental analysis of
pure and complex sample spectra with high SNR. Using the information of
alpha-gamma coincidence time distribution, an object of interest was located
by means of its characteristic prompt gamma-ray emission signals. The char-
acteristics gamma lines of C (4.44 MeV) and O (6.13 MeV etc) element were
obtained from graphite and water sample in 10 minutes acquisition and the
SNR obtained for C (4.44 MeV and O(6.13 MeV) were 6.5 and and 3.3 respec-
tively. We could locate and identify the two samples ( water and graphite),
when placed together inline at a distance using time information and char-
acteristics prompt gamma spectra. In the next step melamine and explosive
simulants of C4 (and RDX) were investigated. Despite the poor statistics , it
is possible to discern these signatures above the background in the 25-minutes
acquired energy spectrum. The recorded characteristic gamma lines at 4.44
MeV (*2C), 6.13 MeV (*°O) and 2.3 and 5.12 MeV (*?N) in their complex energy
spectra have proven the system’s capability towards application of explosive
detection. The close agreement of the general shape of experimental and sim-
ulated energy spectra (of melamine and RDX) in particular the possible photo
peaks and their relative intensity w.r.t to carbon peak (4.44 MeV) validates the
simulated model developed for tagged neutron method. Based on these re-
sults and conclusions, it can be directed to proceed towards development of
the field deployable system.

Under the future plan, the present proof-of-concept work need to extend
further with an array of gamma detectors to increase the sensitivity of the sys-
tem and adequate data representation within 10 minutes and further valida-
tion of simulated results. Apart from the hardware part, the development of
analysis and decision making software tools are equally important and neces-

sary for identification of threat from benign material.



CHAPTER 7

Summary and future scope

7.1 Summary of thesis

Neutron interrogation techniques offer unique capabilities towards non-intrusive
and non-destructive inspection in comparison to X-ray/gamma based tech-
niques. These techniques span the range from being few single specific el-
ement to multiple element and direct imaging with time of flight technique
or transmission based imaging. A broad range of applications are possible
with these techniques. This thesis work has focused on neutron interrogation
techniques of Fast Neutron Radiography and Associated Particle Imaging for
imaging and detection of materials composed of light element, in bulk. Par-
ticulary for the materials with elemental composition of C, N, O which are the
key elements of high explosives. The fast (~ MeV) neutrons are suitable for in-
terrogation of medium (luggage) and large (cargo containers) scale objects. A
detail simulation study on these techniques were performed to thoroughly un-
derstand the methodology, their potentials and limitations. These techniques
were then implemented using in-house developed Neutron Generator. Apart
from these developments, D-D/D-T Neutron Generator was characterized and
detection tools were developed for real time D-D/D-T neutron monitoring.
It includes associated particle based neutron detector and optical fiber based
miniature neutron detectors.

The following is a summary of the work done in the thesis:

1. Characterization of D-D/D-T Neutron Generator
The thesis work commences with characterization of in-house developed
D-D/D-T NG. It operates either in D-D or D-T mode producing monoen-

ergetic neutron of energy 2.45 MeV or 14.1 MeV. Neutron emission rate
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of the NG is an important parameter for their characterization and exper-
imental data analysis. The neutron yield of NG measured with foil acti-
vation technique was 1x 109 for D-T neutron and 3x107 n/sec of D-D
neutron. Foil activation technique being an offline method, it provides no
information about any variation in neutron flux over the exposure dura-
tion. Real time monitoring of neutron emission rate is necessary to main-
tain a stable neutron output during the experiments. For this purpose an
Associated Particle based Neutron Detector was developed using passi-
vated ion implanted planar silicon detector, it is based on charged par-
ticle detection associated with D-D/D-T neutron emission. It was cal-
ibrated with foil activation method and has been successfully used for
PGNAA experiments.

Performance of the Associated Particle based Neutron Detector degrades
with usage time due to radiation damage particularly with regular expo-
sure of high energy DT neutrons. To overcome this, a fiber based minia-
ture (~ mm), fast neutron detector was developed for DT neutron moni-
toring with ThO,+ZnS (Ag) scintillator. However, at first a thermal neu-
tron detector with °LiF+ZnS (Ag) was developed, as °Li has high cross
section °Li (n,«) for thermal neutron in comparison to (n,f) of DT neutron
with #2Th, ensuring high probability of successful development of such
miniature detectors. The sensitivity of thermal and fast neutron detector
was 3x10 *cps and 3.6 x 10 %cps per unit neuron flux of thermal and D-T
neutrons respectively. The performance of thermal neutron detector was
investigated with thermal neutron flux profile measurements across the
experimental channels in a sub-critical reactor system. The fast neutron
detector was tested for neutron emission profile measurement of a D-T
neutron generator and was used as neutron monitor for the Fast Neutron

Radiography experiments

. Fast Neutron Radiography: FNR

Simulation study of FNR with 14 MeV for wide range of samples includ-
ing polythelene, graphite, metallic (Al, Fe) and lead ( high Z) material has

been carried out. Results of step wedge configuration have shown high
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transmission (73% ) capability of 14 MeV neutron in thick (100 mm) lead
and holes of size 1 mm or larger in such slabs can be imaged. The results
also reveal that the presence of hydrogenous material HDPe, which is a
low Z material encapsulated by thick lead could be imaged with FNR,
if the thickness of the masked material (lead) is not more then 100 mm.
The case of configuration where number of materials HDPe, Graphite,
Al, Fe, Cd and Pb (from low to high Z ), placed concentrically in in-
creasing order of their atomic number was investigated. The simulation
results have provided the possible combinations of low (HDPe/C/Al)
and high Z (Fe/Pb) materials which could be used for imaging with 14
MeV neutrons. Effectively, the study has provided insight towards un-
derstanding of the potentials and limitations of the FNR with respect to
different sample configurations. Based on simulated results, the experi-
ments were carried out for experimental imaging of composite structure
made up of HDPE-Lead. To implement the FNR, we have designed an
experimental setup with D-T NG having yield ~2x 10° nsec!. Imaging
with such moderate source intensity and source spot of 20 mm, was a
challenge. In this regards an iron collimator with inlet aperture (D) of 10
mm, L/D 43 (L=length of the collimator) and Electron Multiplying CCD
camera used in combination with thick plastic scintillator. The experi-
mentally obtained images of test specimens (step wedge, holes in step
wedge) have shown the high transmission (70% in 100 mm lead) of DT
neutrons through thick and high density objects. The reasonable contrast
images of 5 mm hole in HDPe masked with lead block of thickness 0-100
mm demonstrated the capability of the FNR system for imaging of low

Z material masked with a thick layer of high Z material.

Eventhough FNR has shown a promising method for imaging of thick
objects especially for shielded complex samples containing mixed low-
Z/high-Z materials but elemental informations could not be obtained.
For elemental detection, a study of PGNAA was performed with con-

ventional techniques.
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3. Elemental detection in bulk with PGNAA

The starting point of our study was demonstration of PGNAA with D-
D/D-T NG, based on neutron induced element (C, O, N, H, Cl and Fe)
specific gamma signature detection in investigated objects. The finger-
print of these elements were exploited using traditional TNA and FNA
nuclear techniques, which are based on prompt gamma emitted via ther-
mal neutron capture (n,7) and inelastic scattering reaction respectively.
TNA method was executed using D-D NG. The detection of 10.8 MeV
high energy gamma rays from small amounts of nitrogen present in urea
was a difficult and challenging task, however, inspite of low neutron
yield (~ 3 x 107 nsec™') of the D-D neutron generator, the nitrogen sig-
nal could be detected with good SNR ~7. Since most of the explosives
are nitrogen rich containing compounds, therefore, this technique can be
used to identify such materials that contain nitrogen. On the other hand
the detection of prominent chlorine lines in NaCl with SNR =0.6, indicate
the capability of TNA method for application of chlorine based narcotics
detection. Although the concentration of nitrogen is a good indicator
of explosives, the combinations of oxygen and carbon should be con-
sidered as well. The additional information about the concentration of
oxygen and carbon can be used to discriminate among different materi-
als using relative elemental ratios such as O/C and N/C. However, TNA
method has shown no signature of C and O elements due to their thresh-
old reactions. In this context, FNA was studied as a limiting case of TNA
and experiments were performed using D-T NG. The energy spectra of
urea has provided signatures of C (4.44 MeV), O (6.13 MeV)and N (5.12
MeV) elements but with poor SNR < 0.3. In the present experiment,, the
main difficulty faced was the high background due to neutron interac-
tions with surrounding materials. To improve the signal to noise ratio
it is possible to shield these neutrons, which makes system bulkier and
as a result system footprint is large. To overcome this we have adopted

alternative approach of Tagged Neutron based API technique.
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4. Associated Particle Imaging: API

To facilitate the design and construction of a prototype laboratory sys-
tem, a simulation model has been developed, using the Geant4 toolkit.
This simulation work has established the toolkit environment for (a) gen-
erating tagged neutrons (b) their transport and interactions within a sam-
ple to induce emission and detection of characteristic gamma rays and (c)
2D - 3D image reconstruction of the interrogated object using the known
velocities of 14.1 MeV neutron (5.1 cm ns™') and gamma-rays (30 cm
ns~!). The techniques was modelled using an array of BGO gamma de-
tector and it’s physical response was incorporated in simulation to have
realistic spectral features in APIL Different aspects of API were studied
: a data set of pure elements (C, O, N, Al and Fe) spectra was gener-
ated, simulated spectra of various benign (urea, melamine) and explo-
sive (RDX, TNT, Ammonium Nitrate) samples were studied and ana-
lyzed. The elemental contributions (weight fraction) of C, N, O from
sample spectra were determined using linear combination of reference
set of pure elements spectra generated via simulation in same configu-
ration. The result of matrix study indicated that tagged neutron based
API system, could detect hidden explosive (1 kg RDX) inside a container
tilled with an iron matrix of density 0.1- 0.2 gm cm 3, while in organic
matrix it is quite difficult even at average matrix density of 0.1 gm cm
~3. The reconstructed 2D and 3D images correctly reveals the location
of the interrogated object. To summarize, these studies have provided
the groundwork for analysis of gamma-ray spectra utilizing detector’s
elemental responses measured with tagged (14.1 MeV) neutron in the

particular geometry of APL

Further, API technique was implemented and realized using in-housed
developed D-T NG at BARC. The API system was developed using a
8x8 matrix of YAP:Ce crystals coupled to the NG in a designated manner
and integrated with VME based Front-End-Electronics for data acquisi-
tion cum processing and a BGO detector. The overall time resolution of

the system achieved was 4.8 ns, which corresponds to spatial resolution
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of 25 cm in the direction of flight path of tagged neutron (z-axis). This
could be improved using gamma detector of better time resolution, since
the time resolution of the present BGO gamma detector was quite poor.
The tagged neutron beam dimension measured at 107 cm was ~46 cm
that defines the maximum x-y dimension (perpendicular to the tagged
neutron beam direction) of an object that can be scanned at a time. The
performance of the system was investigated with benign and explosive
simulants using a 3" x3” BGO detector. Proof-of-concept laboratory ex-
periments have been successfully performed to demonstrate the efficacy
of the API system for detection of key elements -Carbon, Nitrogen and
Oxygen (necessary for identifying explosives) with high SNR. The char-
acteristics gamma lines of C (4.44 MeV) and O (6.13 MeV etc) element
could obtained with signal to noise ratio of 6.5 and 3.3 respectively, from
pure sample (graphite and water) spectra acquired in 10-15 minutes. The
system has shown the ability to locate and identify the two samples ( wa-
ter and graphite), placed together inline at different distances using a-y
coincidence time information and characteristics prompt gamma spectra.
In case of complex sample spectra of melamine and explosive simulants
of C4 (and RDX) despite the poor statistics, it was possible to discern sig-
natures of C(4.44 MeV), O(6.13 MeV) and N(2.3 and 5.12 MeV ) clearly
above the background. It emphasizes the system's capability towards
application of explosive detection based on signatures of prime C,O,N
elements. The comparison of experimental and simulated energy spectra
(of melamine and RDX) has shown the close agreement in their general
shape in particular, the possible photo peaks and their relative intensity
w.r.t to carbon peak (4.44 MeV) and this way it validates the simulated
model developed for API technique.

Based on these results, the work can be proceed further towards devel-

opment of the field deployable system.
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7.2 Future work

The directions on which further research will be focused on the following:

1 Improvement of sensitivity and time resolution of the API system using
an array of gamma detectors with better time resolution < 2 ns. The
present study has been demonstrated at laboratory scale, it will be ex-
tended into a fully engineered scanning system for field deployment.
Benchmark experiments for validation of simulated results and software

tools will also be developed.

2 The FNR system developed is at initial stage, mainly dealing with physics
concepts and demonstration of feasibility experimental results. From
the perspective of future potential applications of fast neutron imaging,
the performance of the whole setup could be further optimized with an
improved design of collimator geometry, imaging detector setup using
ZnS(Ag) loaded thin plastic screen in place of thick plastic scintillator.
Other approach could be the use of high intensity NG with smaller source
spot which will enable to have large L/D and hence there is improvement

in the image quality.

3 Alternative applications of API and FNR techniques based system could
be explored. For instance Tagged Neutron Method could be applied to
search for narcotics, landmines (in addition to find conventional explo-
sives), which are also comprised of light nuclides and have unique ele-
mental ratios. There are other fields that may benefit from FNR such as
imaging of nuclear stockpile stewardship and fissile materials imaging

using high energy neutrons.
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APPENDIX A

Foil Activation and HPGe Gamma Spectrometry

A.1 Foil Activation Technique

Foil Activation technique has been used to measure neutron yield of DD/DT
NG [109].

Principle

Consider a target isotope X of mass m and nuclear density N being irradiated
in a neutron flux (¢) to yield another isotope Y with nuclear density n(t). Iso-
tope Y undergoes gamma decay with decay constant (\) during and after irra-
diation. Activation foils are irradiated for time t; followed by a cooling period
of t; and counting time duration of t;. Let o be the activation cross-section for
reaction X — Y. Then the density of Y isotope n(t), is governed by the following

equations:

o = Nogp —An(t) for 0 <t <ty (A.1)

= —n(t) for t1<t

The soultion of these equations are given as;

n(t) = N§¢(1 —e ™M for0<t <ty (A.2)
n(t) = n(t)e M) for ;< t (A.3)

Let A be the atomic mass number of X, a; the isotopic abundance, N4 the Avo-
gadro’s constant, P, the number of photo-peak counts,  the photo-peak effi-
ciency, I, the v-ray intensity of photo-peak of interest, and (2 the solid angle.
Then the neutron flux @ is given by Eq A.4:
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A.1. FOIL ACTIVATION TECHNIQUE

Table A.1: Parameter values used for the neutron flux calculation using Aluminum Activation

Parameter Value Relative Error (%)
A(gm) 26.98 na
A(sec™t) 1.221x1073 0.13
N4 6.02x102%3 5x10-¢
m(gm) 0.22 -
o(cm?) 7.16x1072%6 3.07
a; 1 na
L, 0.7184 na
n(843.76 KeV) 0.038 0.3

Table A.2: Parameter values used for the neutron flux calculation using Copper Activation

Parameter Value Relative Error (%)
A(gm) 62.93 na
A(sec™! 1.185x1073 0.021
N4 6.02x102%3 5x1076
m(gm) 0.28 -
o(cm?) 4.603x1072° 4.25
a; 0.692 na
L, 1.956 na
n(511 KeV) 0.02 0.35
i) P AN (A.4)

- Namoa; L,nQ(1 — e~ M1)e=Mz2(1 — e=Xs)

The neutron flux has been calculated using equation A.4. The different pa-

rameter values used for the neutron flux calculation with Al,Cu and F foil are

listed in table A.1,A.2 and A.3.

The reaction cross-section data for the above reactions were taken from ENDF/B-

VILO library [111] and physical constants from [112].

Table A.3: Parameter values used for the neutron flux calculation using Fluorine Activation

Parameter Value  Relative Error (%)
A(gm) 18.99 na
N4 6.02x10% 5x10-6
m(gm) 0.23 -
o(mb) 55.8 4.84
a; 1 na
L, 1.934 na
n(511 KeV) 0.02 0.35
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A.2 ~v-ray spectrometry

The neutron induced v-ray activity was measured with High Purity Germa-
nium (HPGe). HPGe detector used in the experiment was a p-type vertical
coaxial. The relative efficiency of the HPGe detector is 30% (compared with
a 3" x 3" Nal crystal) and energy resolution at 1332 keV of %°Co is 1.90 keV.
Detector was operated at 2.8 kV (negative) High voltage and the signal from
the detector was processed with a charge-sensitive pre-amplifier. The output
signal of pre-amplifier was shaped and amplified by a spectroscopy ampli-
tier. The pulse height spectrum was recorded with 4k MCA (MCA -4K, Oxford
make). The HPGe detector was covered with a 10 cm thick layer of lead having
lcm inner layer of SS, to shield HPGe from background gamma.

The energy calibration and photo-peak efficiency curve of HPGe detec-
tor was performed using ?*Eu gamma point source within energy range of
121-1408 keV. Eu is widely used in efficiency calibration because of its multi-
gamma peaks and good branching ratio of each peak as listed in Table (A.4).
Pulse height spectrum of Eu-152 acquired with HPGe is shown in figure (A.1).
The photo-peak efficiency as a function of energy was measured for different
detector-to-source distance. The measured photo-peak efficiencies were least
square fitted with the following function.

i=2
Inn = Z a;(InE)’ (A.5)
i=0
Where, E is the photon energy. a;’s are the unknown coefficients.
The least square fitted photo-peak efficiencies (solid line) at distance 1.5 cm,

4.5 cm and 7.5 cm are shown in the Figure(A.2).
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Figure A.1: Pulse height spectrum of Eu-152
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Table A.4: Eu-152 gamma source

Energy Abundance

(KeV) (%)

121.79 28.37
244.72 7.53
344.27 26.57
410.97 2.23
443.91 3.13
778.89 12.97
964.01 14.63
1112.11 13.55
140854  20.85

L 7edm

Energy (Kev)

Figure A.2: Photo-peak Efficiency of HPGe detector for detector-source distance of 1.5 cm, 4.5

cm and 7.5 cm.
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Table A.5: List of isotopic Neutron Sources used in the thesis.

Sources Reaction Average Alpha Average Neutron
Type Energy(MeV) Energy(MeV)
23¥PuBe (a,m) 5.49 4.5
241 AmBe (a,n) 5.48 5.0
#2Cf  Spontaneous fission NA 2.1

Table A.6: List of Gamma Source used in the thesis work

Nucleide Gamma Half Activities

Energy (MeV)) Life uCi(KBq)

137Cs 0.662 30.17 1.8(66.6)
Co 1.17,1.33 5.27 1.0(37)

22Na 1.275 26 2.0(74)




APPENDIX B

Characterisation of 5 Liquid Scintillator Detector

Organic Liquid Scintillators are widely used for the detection of fast neutrons
in a mixed field of neutron and gamma-ray because of their fast time response,
high detection efficiency and excellent neutron-gamma discrimination. The
organic Liquid Scintillator detectors are sensitive to neutrons as well as to
gamma radiation, where the neutrons interact mainly through recoil protons
while -rays interact via Compton electrons. If the light output response func-
tion of a detector and the exact reaction cross-sections are precisely known,
the efficiency of a detector can be determined reasonably well by a Monte-
Carlo simulation. The efficiency which is a function of the incident neutron
energy and threshold is essential for obtaining the accurate neutron spectrum.
The response function for the Liquid Scintillator detector using different type
or make of scintillators have been reported [176-178] in the past and it has
been observed that the response function depends on the scintillator type and
size of the detector. The response of liquid scintillators is a complex function
of not only the particle’s energy, but also the type of particle along with its
unique ionization mechanism [179]. The response of the organic liquid scin-
tillator to particle energies is nonlinear except for electrons [180]. The gamma
or electron energy response of a LS detector with standard gamma sources is
important for 1) energy calibration, 2) estimation of effective neutron detec-
tion thresholds and 3) determining the accurate neutron detection efficiency.
In the present study, characterization of a 5” x 5” size LS detector in terms of
response function and efficiency was performed. The electron light output re-
sponse of LS detector was investigated with standard '*"Cs and **Na gamma
sources and compared with the simulated results. The neutron response of the

detector was measured with mono-energetic neutrons (neutron energy (En) =
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2.45MeV and 14.1MeV) from D-D/D-T NG. To compare the experimental data
of electron and neutron response, the geometry of the detector was modeled
with GEANT4. The paper is organized as follows: In section two the details
of experimental set- up consisting of sources, detector, data acquisition and
methodology. The third section describes the experimental results along with

the simulated n-y response while the fourth section summarizes the findings.

Experimental methodology and Set-Up

Gamma and Neutron Sources

We have used standard gamma sources *?Na and '*’Cs for gamma response
study while the neutron response study was carried out with mono-energetic
neutrons of 2.45 MeV and 14.1 MeV produced from D-D/D-T neutron genera-
tor.For the D-D experiment the d+ ions (current 120.A) were accelerated up to
70 kV and in case of the D-T, these parameters were 154A and 50 kV. During
the experiment the detector was placed at distance 100 cm from the neutron
emitting target at the 90 degree angle with respect to D+ ion beam. The study
was extended further for Time-of-Flight and efficiency calculation using con-
tinuous neutron spectrum of energies (1-10 MeV) from a *?Cf spontaneous

tission neutron source of strength 2000 neutrons/s.

Experimental setup

The cylindrical liquid scintillation detector was coupled to a 5 inch photo-
multiplier tube (ETEL-9390KB), and a negative bias of 1000 Volt was applied to
the photo-multiplier tube (PMT.) The anode signal of the PMT was fed to the
input of a 4-channel pulse shape discriminator(PSD) module (Mesytec MPD4)
[181, 182]. This module provides pulse-height, pulse-shape and trigger signals
for neutron and gamma-rays. The walk, threshold and gain of each channel
were optimally adjusted through the control software through an usb interface.
The pulse-height and pulse-shape signals from MPD4 were fed to Analog-to-

Digital Convertor (ADC). The data were collected on event-by-event basis us-
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Figure B.1: Block-diagram of the TOF experimental setup

ing a CAMAC-based DAQ system. In the first set, the experiment was carried
out with gamma sources for electron response and in the second set the neu-
tron response was measured with D-D/D-T neutrons.

Next, a T-O-F experiment was set up for the measurement of prompt fis-
sion neutron spectra of**Cf, via coincidence with fission fragment. In the T-O-
F experiment, an ionization chamber with 22Cf source embedded inside was
used as a reference detector and ionization chamber was placed at a distance
of 75 cm from the neutron detector. The ionization chamber, which acts as a
trigger detector for fission fragments consists of an anode and cathode each
having 4.5 cm diameter separated by a distance of 3 mm using a Teflon insu-
lator ring. A positive voltage of 500 V was applied to the anode. The fission
fragment deposits its energy in the active region of the fission chamber. The re-
sultant ion-electron pair drifts towards the respective electrodes and constitute
an electronic signal for further processing to obtain the deposited energy and
timing information. The time output of ionization chamber was fed to timing
tilter amplifier (TFA) and output of TFA to Constant Fraction Discriminator
(CFD), which provides a logic output when the input signal exceeds a preset
threshold value. Logic output of the CFD was used as the start of a time to
digital converter (TDC) unit in the CAMAC. Hence, the start signal for the T-
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O-F measurement was generated from the ionization chamber. The stop signal
was provided by neutron detector via trigger output of PSD. The energy sig-
nal from ionization chamber was given to the ADC after processing through
a spectroscopy amplifier for the fission fragment energy loss pulse-height. A
gate and delay generator (GDG), triggered by the CFD output of the ioniza-
tion chamber provided the master gate for the ADC as well the TDC for data
acquisition. The block-diagram of the T-O-F experimental setup with detector

is shown in Figure B.1.

Experimental results and simulation

B.0.1 Gamma Response

In the gamma response measurement, the sources were placed approximately
15 cm from the face of the cylindrical scintillator and were aligned with the
cylinder’s axis of symmetry and the detector was exposed to 0.662 MeV gam-
mas from ¥"Cs and 0.511, 1.274 MeV gammas from *Na. The background
was measured for the same acquisition time and subtracted in the offline data
analysis. Since there is no distinct photo-peak in organic low-Z scintillators,
in order to calibrate the measured light output with the actual energy of the
recoiling electron, the channel numbers of the Compton edges of different
gamma sources were recorded. The energy calibration of neutron detector
is obtained with relating the position of the measured Compton edge to the
maximum energy of the Compton recoil electron. The position of the Comp-
ton edge (in channel) was determined from the measured light output spec-
trum at half height of maximum peak position [183]. Thus, the energy cali-
bration of the scintillator in terms of the equivalent Compton electron energy
(in energy units denoted by keVee) was obtained. The measured pulse-height
spectra for *Na and '¥"Cs gamma source are shown in Figure B.2. The ex-
perimentally measured light output response of detector for gamma sources
were compared with simulated one. The simulations were carried out us-

ing GEANT4. The gamma and neutron responses were simulated using the



170

standard electromagnetic-interaction package and hadronic physics list QGSP-
BIC-HP which provided high-precision data-driven models for neutron inter-
actions below 20 MeV. Material components of the scintillator were H and C
(ratio of atoms is 1.23, density of the scintillator is 0.874 gcm™*. The scintillator
is modelled as a 5” x 5” cylindrical vessel having a wall of 0.5 mm thick alu-
minum. The amplitude of the signal was provided by a sensitive-detector class
which recorded the total energy deposited in the liquid scintillator volume.
The data were analyzed using the ROOT analysis software. For the purpose of
the gamma response simulation, a point source of gamma-rays was positioned
along the cylindrical symmetry axis of the detector cell at a distance of 15 cm
from the face. The gamma-rays were directed onto the cell along its symmetry
axis. The energy deposit was then converted to the light output based on the
following equation (1) [184]. The light output (L) is proportional to the elec-
tron energy (Ee) and can be written as

L(Ee) = Lee = k*Ee (1)

To match it with the experimental resolution the electron light output (Lee),

was smeared by the following function Eq.(2),
Lsm = Lee + R(c1) + R(c2) Lee (2)

Where, Lsm =smearing function, R (¢) is random number sampled from a nor-

mal distribution that has centroid at zero and having a standard deviation .
The values of 01 and 2 were fixed as 0.01 MeV and 0.077 MeV"5 respectively
to match the experimental data.

The measured and simulated detector response functions for 0.662 MeV,
0.511 MeV and 1.274 MeV gammas are shown in Figure B.2. Small variations
at the lower energy region could be attributed to the ambient background in

the experiment that was not modeled in the simulation.

B.0.2 Neutron Response

For the neutron response measurement the detector was exposed to mono-
energetic neutrons of energy 2.45 MeV and 14.1 MeV from neutron generator.
The detector was placed at 100 -150 cm from the target at a height of target
center and data were collected. The 2D plots of pulse-height vs pulse shape
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Figure B.2: Comparison of measured and simulated gamma responses of LSD for (left) 137Cs
(0.662 MeV), and (right) ?2Na (0.511, 1.274 MeV)
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Figure B.3: (left) 2D plot of pulse-shape vs. pulse-height of 2.45 MeV neutron.

acquired via PSD were obtained for all the three cases. One of the 2D plots is
shown in Figure B.3 for D-D case. The neutron events were selected from the
2D plot of pulse-shape parameter versus the pulse-height (energy light output)
and projected it on an axis. The neutron pulse-height of the PSD-selected neu-
tron events for D-D and D-T are shown in Figure B.4. The neutron response of
the detector was reproduced from simulation and the response function was
determined. As described in the subsection 3.1, for simulation the cylindri-
cal detector cell was exposed to a neutron point source (2.45MeV /14.1MeV)
from a distance (100 cm for 2.45 MeV and 150 cm for 14.1 MeV, the same as
used in the experiments) and deposited neutron energy in the sensitive de-

tector medium was converted to the light output. The relation used for the
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Figure B.4: Experimental (black) and simulated (red) neutron response of LS detector for
neutron energy (left) 2.45 MeV and (right) 14.1MeV.

conversion of deposited energy to the light output (electron energy equiva-
lent) over a wide energy (0-14.1MeV) range is given by,

L = 0.025Ep + 0.030Ep2 (0<Ep <8 MeV) ... (3)

=0.4Ep - 1.04 (8 < Ep < 14.1 MeV)

Where, Ep is the energy of the recoil nucleus. To match with the experimen-
tal resolution the simulated light output (L), was smeared by the function of
equation2. The simulated response functions for 2.45 MeV and 14.1 MeV neu-
trons are shown in Figure B.4 with the experimental response. It was found
that the neutron response function for 5” x 5” LS can be described well with
the prescription of Batchelor et al [185]. On comparison, the shape of the sim-
ulated spectra (expressed in electron energy equivalent) at neutron energies of
2.45 MeV and 14.1 MeV, match well with the experimental one except at lower
pulse-height regions, as shown in Figure B.4. The variations at the lower en-
ergy region could be attributed to a poor separation of neutron and gamma
pulse-shape signals and therefore some contamination due to gamma at these

low energies would be expected.

B.1 Evaluation of Detector Efficiency

We have simulated the detector efficiency over an energy range from 1 to 10

MeV. The knowledge of intrinsic efficiency, which is a function of the incident
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Figure B.5: Geant4 simulated efficiency curve at different energy threshold (keVee- electron
energy equivalent).

neutron energy and threshold, is essential for obtaining the neutron spectrum.
The neutron detection efficiency is sensitive to the detection bias which is set
in terms of electron equivalent energy. Hence the efficiency was simulated at
different threshold energies of 20, 40, 60, 80, 100,120 keVee, as shown in the Fig-
ure B.5. The evaluated efficiency curve was further verified and implemented
to the measured neutron spectra of 2>Cf via T-O-F. Experimental results of
the T-O-F experiment, the 2D plot of pulse-shape vs pulse-height, 2D plot of
Pulse-shape vs T-O-F, fission energy spectrum and T-O-F are presented in Fig-
ures (B.6, B.7). The efficiency corrected neutron energy spectra were compared
with the FREYA [186, 187] generated theoretical neutron spectra of *2Cf as

shown in Figure B.8.
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Figure B.6: 2D plot of (left) pulse shape vs. the pulse-height and (right) Pulse-shape vs T-O-F
for 2°2Cf
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Figure B.7: (Left) Pulse-height spectra of fission fragment of 2°2Cf and (right) Typical Time-
of-Flight spectrum.
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Figure B.8: Comparison of efficiency corrected experimental (black) and theoretical (red) neu-
tron energy spectra of 2°2Cf.
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Conclusions

A detailed study of n-y response and efficiency measurement has been car-
ried to characterize a 5x 5 size liquid scintillator detector. The gamma re-
sponse study performed using standard gamma sources of *Na and '*"Cs
was found in good agreement with simulated light output response for the
gamma energies 511, 662 and 1275 keV. The measured neutron response at
mono-energetic neutrons of 2.45 MeV and 14.1 MeV showed good agreement
with the GEANT4 simulations and the response function was evaluated. Over-
all it was found that the light output function for the detection of neutrons by
the liquid scintillator over an energy range from 1 to 14 MeV could be de-
scribed successfully with the analysis proposed by Batchelor et al. The study
was further extended for efficiency calculation that predicted the efficiency
over a wide energy range of neutrons via Monte Carlo simulation at thresh-
old bias of 20 - 120 keVee. The efficiency corrected measured neutron energy
spectrum of 2*2Cf agrees well with the theoretical spectrum and reasonably

explains the validity of the predicted efficiency.



APPENDIX C

Monte Carlo Simulation Code : GEANT

A detailed simulation study of the API and FNR imaging techniques is nec-
essary to get first hand information and apparatus performance. Similarly
the evaluation of response matrix of liquid scintillator, detector modeling is
required. The simulations were performed using GEANT4 toolkit [107] and
each system was modelled with approximate geometry of real experimental
set up as explained in respective chapters. Detail description of Geant4 sim-
ulation code and ROOT analysis software has been provided at the websites
https:/ /geant4.web.cern.ch/ and https:/ /root.cern.ch/ respectively. However,
a brief introduction of the Geant4 simulation code [133] and ROOT analysis

software [134] used in the thesis is discussed here.

C.1 GEANT4: History and introduction

GEANT4 (GEometry ANd Tracking) is a toolkit for simulating the passage /
transportation of particles through matter using Monte Carlo methods. The
toolkit is developed at CERN under a worldwide collaboration of physicists
and software engineers. The first version was released in December 1998. Ini-
tially designed for applications in the field of high energy particle physics, it
has spread to many other fields, including particle physics, nuclear physics,
accelerator design, space engineering and medical physics. It is based on
object-oriented technology and implemented in the C++ programming lan-
guage [133]. A certain number of versions have been released since, and the
one used in this thesis research work was version 9.6 (2011) and geant4.10.01.p02
(2014) [108]. Geant4 simulates the transportation of particles through the mat-
ter. Therefore it provides all the tools needed to build an experimental set up

such as geometry, tracking, detector response. The GEANT4 system allows to:
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e Describe an experimental setup by a structure of geometrical volumes.

e Generate fundamental particles of interest with their properties such as

position, energy etc.

e Transport particles through the various regions of the setup, taking into
account geometrical volume boundaries and physical effects according to

the nature of the particles themselves and their interactions with matter.
e Record particle trajectories and the response of the sensitive detectors.

e Visualize the detectors and the particle trajectories.

Geant4 is not an executable but a collection of C++ based libraries organized
in classes. Major features the Geant4 includes are handling geometry, tracking,
detector response, run management, visualization and user interface. Geome-
try is an analysis of the physical layout of the experiment, including detectors,
absorbers, etc. and considering how this layout will affect the path of parti-
cles in the experiment. Tracking is simulating the passage of a particle through
matter. This involves considering possible interactions and decay processes.
Detector response is recording when a particle passes through the volume of a
detector and approximating how a real detector would respond. Run manage-
ment is recording the details of each run (a set of events), as well as setting up

the experiment in different configurations between runs.

C.2 Program Description

The main program consists of several steps, most of them performed through
calls to GEANT subroutines. Setting up a Geant4 simulation, there are three
mandatory classes to be implemented and derived from the base classes of
Geant4: G4VUserDetectorConstruction, G4VUserPhysicsList and G4VUser Pri-
maryGeneratorAction. GEANT4 classes used in the program are:
DetectorConstruction: it defines the spatial configuration or geometry of
the setup i.e. materials and their properties, geometry and volumes of interest

to be studied by GEANT4. It has number of volumes. Each volume represents
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an object with its shape and its physical characteristics, except the largest vol-
ume Called World volume, which in fact is a virtual volume and contains all
other volumes in the detector geometry. A small volume can be placed in a
big volume; we call this big one mother volume and the small one “daughter”
volume. A coordinate system of the mother volume is used to specify where
the daughter volume is place.

PhysicsList is the class defining particles and physical processes to be taken
into account.

PrimaryGeneratorAction is used to generate primary particles. The Particle-
Gun class is designed to create a beam of particles by defining their type, po-
sition, direction of motion and kinetic energy. At present it was used to shoot
particle from one point in a defined direction and then modified to achieve
more complex situations (different energy distributions, directions etc.).
EventAction divides the simulation by primary event. It allows getting all the
data subsequent to a single primary neutron. Event is the main unit of simu-
lation. An event represents the whole process of an incident particle from its
emission from the particle gun through interactions with the target particles if
applicable to coming to rest in or leaving the detector system. The number of
events is set before each run.

RunAction is dealing with the entire simulation. It is therefore very similar to
EventAction but on a broader basis. Run is the largest unit of simulation in
GEANT4. One Run represents performing the simulation once. It consists of
a sequence of events. Conceptually, a run is a collection of events which share
the same detector conditions.

SDetector Sensitive detector is a user-defined class derived from G4VSensitive
Detector, for extracting information from the physics simulation. It gives the
user a handle to collect simulated quantities for example: energy deposited,
position, time information etc.

Analysis: storage of all the useful data in n-tuple using root (see the section
C.3).

Modelling of the API mathod was more involved and complex, a brief descrip-

tion with extracts of programme is given below for understanding purpose:
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Definition of Setup Geometry and Materials

The layout of geometry set up, material composition, sample and detector po-
sition were already defined in the Chapter 5. Here the sensitive elements de-
fined were the 16 BGO detectors. Extract of the code for material definition,
sensitive detector (BGO) placed in world volume:

Code snippet:

SRR A A A A A A A A A A
G4Material BGO=new G4Material("BGO”,density=7.13*g/cm3,ncomponents=3);
BGO->AddElement(Bi, natoms=4);

BGO-> AddElement(Ge, natoms=3);

BGO->AddElement(O, natoms=12);

G4ThreeVector positionTarget = G4ThreeVector(0,0,(dis+10.+20.+dz)*cm);
solidTarget = new G4Tubs(”Target”,rin*cm,rout*cm,dz*cm,0.*deg,360.*deg);
logicTarget = new G4LogicalVolume(solidTarget,BGO,”Target”,0,0,0);

logicTarget->SetSensitiveDetector(targetSD);

G4VisAttributes* VisAttl = new G4VisAttributes(G4Colour(1.0,0.0,1.0));
physiTarget = new G4PVPlacement(0, positionTarget, logicTarget, "Target”,
logicWorld, false, 0);

Ao o o o o o o o o ok ok

Production of Neutrons and Particles

In order to simulate the alpha and neutron in primary generator a point source
emitting neutron of En = 14.1 MeV and o= 3.5 MeV paticles, placed at origin
of (0,0,0) in world volume. The three components of the momentum (p,,) of
neutron are: p,, py, p-- For each neutron, the program generates an a-particle
with momentum ( p,) components of -p,, -p, and -p.. z-axis is chosen as the
the emission direction of tagged neutron beam towards object and the emis-

sion angle of the emitted neutrons has been set in order to hit and cover the
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whole sample volume.

Code snippet:

T I .
void PrimaryGeneratorAction::SetDefaultKinematic()

G4ParticleTable* particleTable = G4ParticleTable::GetParticleTable();
GA4String particleName;

G4ParticleDefinition* particle

= particleTable->FindParticle(particleName="neutron”);
particleGun->SetParticleDefinition(particle);
particleGun->SetParticleEnergy(14.1*MeV);
particleGun->SetParticlePosition(G4ThreeVector(0,0.*cm,0.*cm));

void PrimaryGeneratorAction::SetDefaultKinematic2()

G4ParticleTable* particleTable = G4ParticleTable::GetParticleTable();
GA4String particleName;

G4ParticleDefinition* particle

= particleTable->FindParticle(particleName="alpha”);
particleGun2->SetParticleDefinition(particle);
particleGun2->SetParticleEnergy(3.5*MeV);
particleGun2->SetParticlePosition(G4ThreeVector(0.*cm,0.*cm,-60.*cm));
particleGun->SetParticleMomentumDirection(G4ThreeVector(ux,uy,uz));
particleGun2->SetParticleMomentumDirection(G4ThreeVector(-ux,-uy,-uz));
G4double cosTheta = 1.0-(1.0-rbyl)*G4UniformRand(), phi = CLHEP::twopi*G4UniformRan
G4double sinTheta = std::sqrt(1. - cosTheta*cosTheta);

G4double ux = sinTheta*std::cos(phi),

uy = sinTheta*std::sin(phi),

uz = cosTheta;

36 3 24 o 3 o 36 o 3 o 2 o 3 3 3 o 3 o 3 3 33 3 o 3 3 3 3 3 3 3 3 3 o 3 3 3 o 3 o 3 o 3 3 3 3 e o e o e S e S e e S S ko
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Physics List

The gamma and neutron interactions were simulated using the standard electro-
magnetic interaction package and hadronic physics list QGSP_BIC_HP which
provided high-precision data-driven models for neutron interactions below 20
MeV. A complete description of the Geant4 physics models can be found at
[188].

Storage and Analysis of Data

The information about the arrival time of gamma and neutrons at any of the
BGO detectors and the energy deposited have been stored in a n-tuple with 20
parameters. All the n-tuple have been converted into root files and analyzed
with the ROOT package [134], C.3. By using the information stored in the n-
tuple the conditions on vy-ray energy spectra and on time spectra can also be
set for data anlysis. Also location of the gamma ray origin can be reconstructed

using known velocities of 14.1 MeV (5.12 cm ns™') and ~-ray (30 cm ns™1).

C.3 ROOT

ROQT is an object-oriented analysis framework for data processing developed
at CERN [134]. It provides all the functionalities needed to deal with big data
processing, statistical analysis, visualisation and storage. It is mainly written
in C++. It save data (and any C++ object) in a compressed binary form in a
ROOT file, the ROOT files are self-descriptive. ROOT provides a data struc-
ture, the tree, that is extremely powerful for fast access of huge amounts of data
- orders of magnitude faster than accessing a normal file. Powerful mathemat-
ical and statistical tools are provided to operate on your data. The full power
of a C++ application and of parallel processing is available for any kind of data
manipulation. Data can also be generated following any statistical distribution
and modeled, making it possible to simulate complex systems. Results can be
displayed with histograms, scatter plots, fitting functions. It has provision of

build your own application and compile it. ROOT provides different ways to
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create a graphical user interface (GUI).

In summary, the GEANT4 is a powerful and suitable tool for imaging ap-
plications and image reconstruction using ROOT. FNR and API imaging tech-
niques were successfully modelled in GEANT4 toolkit and the simulated re-
sults were used as a platform for implementation of these techniques. Geant4
is also an important tool for study of detector response with various options
and to estimate characteristic observables such as energy resolution. The gamma
response of the BGO gamma detector and n-y response of liquid scintillator

were successfully modelled.
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