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Abstract

This thesis documents a proof-of-concept study of a novel, scintillator based,

coded-aperture approach to neutron detection. Developments presented in this

document suggest that coded-aperture approach, previously mainly associated

with photon detectors, can be adapted for a small scale neutron detector. This

work represents an innovative, scintillator based approach for small scale radiation

detector aimed at nuclear decommissioning applications.

A novel pixelated plastic scintillator was designed and built in this work. Scin-

tillator cells (2.8 × 2.8 × 15 mm each), build of EJ-299-34 plastic were manu-

factured and arranged into a 13 × 13 array. The plastic scintillator which was

used in this research was sensitive to both gamma and neutron fields. Experi-

mental data were obtained for various solid scintillator samples and a comparison

of a number of pulse shape discrimination techniques was performed. Prior to

the experimental work, a simulation based study identified potential candidates

for the scintillation material, as well as characterised the mixed-field environment,

provided by 252Cf at Lancaster University, UK. Suitable coded-aperture materials

were also computationally identified, and were subsequently used to manufacture

a tungsten coded aperture, based on modified uniformly redundant array design

technique.

Pixelated nature of the coded-aperture based approach to radiation imaging

allows the lateral resolution of the image to be improved, without affecting the

signal-to-noise ratio. The focal point of this technique is located in the coded-

aperture design and the scintillator. Modulation properties of the rank-7 coded

aperture, made of tungsten using additive manufacturing techniques, were inves-

tigated. The experiment was performed using 137Cs gamma-ray calibration source

at Lancaster University. Data obtained were subsequently used to perform the

localisation of the point source used in this study. The idea of using tungsten

coded aperture for dual-particle imaging was also simulated using Monte Carlo

techniques (MCNPX) prior to the experimental work.

The pulse shape discrimination performance of the pixelated organic plastic
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scintillator was investigated. The scintillator was exposed to a mixed-field environ-

ment provided by 252Cf and its performance was compared to that of a cylindrical

plastic sample. Tests were also carried out in moderated neutron and gamma-ray

fields of 252Cf. Suitable pixelated photodetectors, together with associated readout

electronics circuitry, were also identified.
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Chapter 1

Introduction

1.1 Nuclear Decommissioning

As of April 2018 there are 449 commercial nuclear reactors operating worldwide.

In the United Kingdom alone there are currently 15 operating nuclear reactors,

30 permanently shut down nuclear reactors, 26 in decommissioning process or

decommissioned, with 2 reactors currently being built (Hinkley Point C-1 and C-2)

[1]. Other sources list further 9 planned power plants, with the planned reactors for

Sellafield and Moorside sites now cancelled [2]. The currently operating reactors

account for approximately 21% UK’s electricity production. However, 14 out of

total 15 reactors are scheduled to be shut down within the next 10 years [2].

Regardless of the type of the nuclear reactor, large amounts of nuclear waste

are produced in the process of power generation. Moreover, commercial facilities

within the power station site become contaminated. The first, and crucial, step of

the clean-up process of a nuclear facility is the radiological characterisation, which

has a huge impact on the success and duration of the decommissioning process.

It identifies the contamination level of the affected areas of a nuclear facility,

enabling determination of the radiation fields and requirements for conditioning

of the contaminated areas, as well as for the transportation of the radioactive

waste [3]. Therefore, decommissioning process of nuclear power station can last for

many decades, if the techniques used for characterisation (e.g. radiation detection,

localisation and imaging) are not of sufficient quality. Sellafield alone (formerly

Windscale and Calder Hall), which is currently undergoing decommissioning, is
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estimated to take over 100 years before the decommissioning process is completed

[4]. Even when the decommissioning is deemed complete, it may take hundreds

of years before the land can be used again in a reasonable way, as predicted for

Dounreay site [5].

The enormity of the scale of the decommissioning issue at Sellafield has be-

come clearer when a white paper was released by the government in the early

2000’s. British nuclear legacy was identified therein. However, not much has been

achieved due to delayed administration handling. Currently, the term Nuclear

Legacy encompasses all nuclear waste, that was ‘put away’ before long term stor-

age solution is found, predominantly at Sellafield where most of UK nuclear waste

is currently stored [6]. Before the nuclear waste can be transported to a permanent

storage places, type of radiation emitted must be identified.

Britain’s commitment to nuclear power (the current deadline for the comple-

tion of Hinkley Point C-1 is 2026) ensures that nuclear waste management and

identification of radioactive substances in the nuclear waste will remain essential

for decades to come. Despite living in the period of Nuclear Renaissance, it is

no longer viable to build new nuclear facilities without making provisions for the

afterlife of the nuclear site. The aforementioned Nuclear Legacy in the UK is a

result of the attitude, where what happens with the nuclear power plant after its

operation is somebody else’s problem [3].

In order to address the issue that has been neglected for many years, many

technology branches have combined their efforts. For instance, robotic engineer-

ing is used to support radiological survey of the vast area. Recent advancements

in robotic technology and artificial intelligence (AI) allow a controlled or an au-

tonomous machine to perform a radiological assay in places difficult (or dangerous)

to access for manual workers [7, 8]. Regardless of the immediate application area,

at the heart of every detector technology, there is a type of sensitive medium which

directly interacts with the particle(s) of interest. These can be directly detected

by by the state-of-the-art analogue electronic devices, or further transduced before

being digitised. The progress in the field of digital signal processing enables not

only to perform detailed off-line analysis of detected signals, but also implement

digital filtering with ease, which was previously restricted to the analogue domain.
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1.2 Nuclear Detection and Imaging

The design complexity of a nuclear power plant requires that different detection

techniques be employed to perform decommissioning tasks in various parts of the

nuclear site. Moreover, the difficulty of the process is further increased in places

such as Sellafield, whose role was changing in time - from a nuclear power plant

producing Pu for nuclear weapons programme, through commercial nuclear power

station, to eventually spent fuel reprocessing and nuclear decommissioning site.

As a result, a range of radiation detectors for specific particle types needs to be

utilised to address all the areas of the site. These include fast electron sources

such as beta particles, heavy charged particles such as alpha particles as well as

uncharged radiation sources such as gamma-ray photons and neutrons.

Since neutrons are at the heart of the chain reaction, the immediate area

around the reactor is most likely to be affected by this type of radiation. However,

transport of nuclear fuel can also leave traces of neutron radiation in other areas of

the nuclear sites. Controversial reports suggest the level of negligence at Sellafield

led to a situation where large amounts of contaminated material have overfilled

the storage ponds. As the ponds are gradually cleaned of the radioactive sludge

and contaminated equipment, it is of vital importance to have the radiation field

fully characterised before a decision is made about active human involvement in

the clean-up process.

Furthermore, neutrons pose a serious threat to the human life, as they can

penetrate through many layers of protection clothing (even military degree) and

attack the living tissue. Therefore, it is essential, from the safety viewpoint, that

all the areas within a nuclear power site be accurately characterised. Different

types of sensitive detectors can be used for such application, but detectors capable

of detecting or rejecting strong gamma-ray fields (background, secondary gamma-

radiation) are preferred.

For many years, 3He based neutron detectors were the preferred choice. These

are capable of detecting thermal neutrons and are virtually impervious to gamma-

ray photons. As they are only capable of detecting thermal neutrons, H-rich

material is required to modulate the energy spectrum of the surrounding field,

so that the modulated neutrons can be detected by 3He. However, since 3He is
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obtained as a by-product of 3H production for thermonuclear weapons, world’s

3He supply has dropped as a result of the ongoing global efforts to denuclearise.

At the same time, the demand for 3He based neutron detectors has been growing

steadily following the terrorist attacks in the USA in September 2001 [9].

Following that, an ongoing search for a suitable replacement began. An exten-

sive analysis of the available alternatives has been presented in 2010 by Kouzes

et al. [10]. It considers different types of detectors (gas, liquid, solid), taking

into account properties such as neutron detection capabilities, handling safety,

operational safety, insusceptibility to other particle types, and target application.

Another study performed in 2016, together with currently intensified efforts to de-

velop safe, solid organic detectors represents current trends in the field of neutron

detection [11, 12]. However, it should be noted that the primary effort in those

studies was to identify a method providing best neutron detection performance

for certain applications, such as nuclear proliferation and decommissioning.

Combining such detectors with conventional camera enabled nuclear imaging

to be performed. It allowed nuclear sites to be characterised, providing an im-

age of radioactive hotspot locations. However, there are certain drawbacks to the

technologies currently used to perform site characterisation. Identification pro-

cess may take a long time, as commonly used detectors and imagers require a slow

process of scanning to be completed before the results are obtained. Further infor-

mation about the differences between the numerous imaging techniques currently

employed and future possibilities are presented in chapter 3.

1.3 A novel approach to neutron detection based

on pixelated, organic plastic scintillator and

tungsten coded aperture

The overall aim of the research described in this thesis was to present a proof-

of-concept study of a novel scintillator based coded-aperture approach to neutron

detection. The main focus of the work was placed on the design and testing of

the key elements of a complete system, which can be built based on the concepts
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illustrated in this work.

The concept presented in this study encompasses a system based on an organic

plastic scintillator capable of neutron identification by the means of pulse shape

discrimination (PSD). Ongoing research into solid scintillators sees the material

being constantly improved with regard to its neutron/gamma detection capabili-

ties [13]. However, its adaptation as a pixelated very small scale detector has not

been previously investigated. Based on numerous Monte Carlo simulation studies,

presented in this thesis, a small scale pixelated scintillator was built and tested. It

was developed using Eljen’s EJ-299-34 (currently replaced by EJ-276 [14]) scintil-

lator blocks. Each block was designed as 2.8 × 2.8 × 15 mm block, to allow easy

size matching with available pixelated photodetectors - position sensitive photo-

multiplier tubes (PSPMTs) or silicon photomultipliers (SiPMs). Pixelated plastic

scinitllator consists of 169 blocks arranged into a 13 × 13 array of single blocks,

with the overall size of 39.52 × 39.22 mm. Each block is separated from one an-

other with a TM3M reflective film, providing up to 98% cross-talk separation. For

the purposes of this research, characterisation of this scintillator was performed

within the fields produced by 137Cs and 252Cf radionuclides.

Neutron detectors currently used in nuclear decommissioning applications, util-

ising solid organic scintillators (plastic or crystal), tend to be built from a single

block of the sensitive material. The localisation of the interaction within the

scintillator is then achieved by methods such as time of flight (TOF), position

sensitive detectors (PSPMTs, SiPMs) or exploitation of internal effects occurring

in crystal scintillator. In any of the listed cases, there exists the possibility of mis-

classification of the interaction location, or more precisely, detection of the event

within the scinitllation medium. Therefore, in this work the pixelated scintillator

was developed, which provides an additional information about the localisation of

interaction in two dimensions. This information can be used on its own, or as a

primary method in multi-modal systems. The scintillator was built using Eljen

Tehchonlogy’s EJ-299-34 material.

Following an extensive literature review and number of Monte Carlo simula-

tions (chapter 3 and 5), a material for the coded aperture, based on both W and

Cd, was determined. However, due to health reasons associated with Cd exposure,
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as well as the small scale of the coded aperture, the machining of the part was very

challenging and eventually using such composition for the coded aperture had to

be avoided. As a result, it was decided to have the coded aperture build with

only W. It was necessary to adjust the part’s dimensions, as its original design

was deemed not manufacturable. The outer dimensions of the coded aperture, as

well as those of the single opening, were designed to match the scintillator’s di-

mensions. However, due to manufacturing constraints the dimensions of the single

opening were reduced from 2.8 mm to 2.5 mm. This novel part was produced using

the latest additive manufacturing technologies. This type of apertures are only

rarely used in neutron/gamma detection applications, as they are predominantly

utilised in single particle detectors, where they are used to either modulate the

energy spectrum of the particles (neutron detection application), or fully block

the incoming particles on the opaque elements of the aperture (gamma-ray detec-

tors). In this work, the potential of dual-particle detection using this method is

presented.

A particle (neutron or gamma-ray photon), which managed to pass through

the coded-aperture layer, is likely to interact within the scintillator, where it pro-

duces fluorescence (proportional to energy decay rate of the particle). The flu-

orescence is then collected via photo-detector and transduced into an electronic

signal. Throughout the work completed in this research, ET Enterprises 9107B

single channel photomultiplier tube (PMT) was used. Despite the continuous ad-

vancement and research into new photo-detection techniques (PSPMTs, SiPMs),

there is always a trade-off between the factors such as the complexity of readout

electronics required, electromagnetic interference immunity, light saturation level

of the detector. Having extensively analysed the listed properties, it was decided

to perform all the experimental work in this research using the ET Enterprises

9107B PMT.

The electronic signal generated from the PMT, as a result of an interaction

of a neutron or gamma-ray photon within the scintillator, is then to be digi-

tised. As a result various pulse shape discrimination (PSD) methods can be easily

implemented in the digital domain. There are many variables that differentiate

digitisers. However, there are two main factors often cited when digitisers are con-
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sidered, which stay in close connection to the quality of the PSD obtained; these

are sampling frequency and bit resolution. During the research completed for this

thesis, two digitisers of different sampling rates as well as different bit resolutions

have been tested.

Generally, the higher sampling rate results in better PSD quality (separation),

which comes at cost of lower bit resolution. However, the higher effective sampling

rate has far greater impact on the PSD performance of the detector system than

the increased bit resolution. This is exemplified in this thesis, where initial scintil-

lator testing (chapter 5) was performed with 150 MS/s 14-bit resolution digitiser,

and all the following experimental work (chapter 7,8) was performed using 500

MS/s 12-bit digitiser. Initial testing of three scintillator samples suggests that if

the intrinsic PSD capability of the scintillator is of sufficient quality, the sampling

rate of the digitiser can be as low as the quoted 150 MS/s. However, if the intrin-

sic PSD capability of the scintillator is not of adequate quality, sampling rate of

the digitiser needs to be increased to obtain the expected results. In this work,

the initially tested samples (research sample of plastic scinitllator from Lawrence

Livernmore National Laboratory and single stilbene crystal) present very good

PSD performance across the entire energy spectrum of neutrons. The material of

pixelated plastic scintillator (EJ-299-34) can be easily formed into blocks (due to

higher solid content) at the cost of PSD performance. As a result, it was neces-

sary to increase the sampling rate of the digitiser, because the 150 MS/s digitiser

proved unable to separate neutrons from gamma-ray photons within the pixelated

plastic scintillator.

Experimental work described in this thesis was fully performed at Lancaster

University, Lancaster, UK (chapter 5,7,8). As described more extensively in chap-

ter 5, because of the way 252Cf source is stored at Lancaster University, the energy

spectrum of the radionuclide is modulated. Given the nature of the experiments

performed, the arrangement at Lancaster University makes the neutron detection

somewhat more difficult, due to the modulation provided by the steel tank and

water. It was considered during the PhD to perform the experiments at other lo-

cations where “bare” sources are available. However, it was concluded that more

strenuous experimental conditions at Lancaster University will ensure optimal op-
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eration of the system in most demanding environment.

In summary, a novel scinitllator based coded-aperture neutron/gamma detec-

tion imaging system has been designed and its main components built and tested.

This system shows a great potential to provide a much improved neutron/gamma-

ray detection performance with regard to the resolution of the obtained image,

owing to the pixelated nature of the plastic organic scintillator.
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1.6 Outline of each chapter

� Chapter 2. This chapter stipulates the underlying science of the research

performed to complete this thesis. Concepts discussed include particle in-

teractions with matter, neutron/gamma detection methods, digital imaging

methods in nuclear applications.

� Chapter 3. This chapter presents an extensive literature review performed

to identify the current methods and technologies utilised within the field of

coded-aperture based neutron imaging systems. Initially, application areas

of coded aperture imaging methods within nuclear detection research have

been reviewed, with focus placed on neutron detection applications. Possi-

ble novel applications of coded aperture approach for neutron detection in

nuclear decommissioning have been suggested through Monte Carlo simula-

tions.

� Chapter 4. In this chapter a further review of scintillators capable of neu-

tron detection is presented. Here the emphasis is placed on the scintillating

crystals, including both organic and inorganic crystals. Mechanisms respon-

sible for detection of neutrons scintillating crystals are defined, and promis-

ing candidates listed. A comparison between organic crystal and plastic

scintillators, based on practical results, is also included in order to exem-

plify the superiority of organic crystals when fast neutrons are targeted.

� Chapter 5. This chapter describes a set of experiments performed with
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three different types of solid organic scintillators to identify the most suit-

able candidate for the overall system. Three scintillators were exposed to

the same neutron/gamma field produced by 252Cf at Lancaster University

and their neutron/gamma separation performance assessed. Three PSD al-

gorithms applied in the digital domain have been compared, and the suit-

ability each algorithm was judged based on the results the separation quality

obtained and computation time required to obtain the result.

� Chapter 6. In the similar way to the experiment performed in chapter

5, here the experimental set-up of the previous chapter was tested within

the modelled environment using Monte Carlo simulation code. Comparably

to chapter 4, three scintillators were tested to assess their neutron/gamma

detection capabilities. Following that, simulation based investigation into

the most suitable coded aperture material was performed. Following a brief

literary review, three compositions of 113Cd and W were investigated, and

the most fitting identified.

� Chapter 7. Following on from the preceding chapter, in this part the results

of a practical experiment aiming at investigating the modulation properties

of a tungsten coded aperture are presented. The aperture was manufactured

based on the simulation work described in chapter 6. Modulation capabilities

of the aperture, as well as its source localisation potential, were assessed and

thoroughly discussed.

� Chapter 8. In this chapter the final part of the system was practically

tested. Pixelated plastic scintillator, comprising of 169 plastic blocks (2.8

× 2.8 × 15 mm each) arranged into 13 × 13 array, was investigated with

regard to its neutron detection capabilities via pulse shape discrimination

techniques. Two distinguished fast signal digitisers were utilised to collect

the raw data. Digitisers’ performance was compared in the context of the

digitiser’s sampling rate influence on the quality of the particle separation.

Performance of the scintillator within modulated neutron/gamma-ray envi-

ronment is also assessed.

� Chapter 9. In this chapter the aims of this project are revisited. Most

11
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important achievements of this thesis are assessed and final conclusions are

drawn.

� Chapter 10. This chapter is dedicated to the possible future directions of

the project executed.

12



Chapter 2

Background

2.1 Particle interactions with matter

Neutrons, neutrinos, X-ray and gamma-ray photons are all classified as uncharged

particle. As they are electrically neutral, they need to interact with matter and

produce electrically charged particle, so that they can be detected. Therefore,

in order to identify how uncharged particle of interest (neutron or gamma-ray

photon) can be detected, charged particle interactions are described first, and

followed by consideration of uncharged particles.

2.1.1 Charged particles interactions

Charged particles interactions with matter are primarily governed by coulomb

forces, and are comprised of two main particle groups - fast electrons and heavy

charged particles. The former are defined as particles, whose mass is equal to

or greater than one atomic mass unit. Coulomb forces attract positively heavy

charged particles (e.g. alpha particle) to the electrons orbiting the target atom

when the two are in close proximity. As a result of coulomb forces interaction

between the heavy charged particle and orbiting electrons, a pulse is sensed by one

of the electrons and, depending on the proximity of the two interacting particles,

the electron can be either raised to a higher orbit/shell (excitation) or struck of

the atom completely (ionisation).

Detection of heavy charged particles is of particular importance for thermal

neutron detection following neutron capture reactions (n,α) on isotopes with high

13
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thermal neutron cross-sections, such as 10B and 6Li. When organic scintillators

are loaded with high thermal neutron cross-section isotopes (10B,6Li), α particles

resulting from thermal neutron interactions are characterised by the energy decay

rate, which is proportional to the kinetic energy of the interacting particle. The

same property is responsible for fast neutron/gamma discrimination in organic

scintillators. The differences in the rate of energy decay can therefore be used to

separate slow neutrons, fast neutrons and gamma-rays, provided the intrinsic sep-

aration capability of the sensitive detector is sufficient. Neutron reactions utilised

for neutron detection are further discussed in chapter 4.

2.1.2 X-ray and gamma-ray photons interactions

Both X-ray and gamma-ray photons could be described as massless, uncharged

particles. The main difference between the two particles is the origin of the photon.

X-rays are photons emitted from the electron shells, whereas gamma-rays are

attributed to the interactions with the atomic nucleus. Also, lower energy photons

(up to approx. 100 keV) are often classified as X-rays with higher energy particles

being classified as gamma-rays [15]. Regardless of the classification of the photons,

they interact with matter predominantly in three possible ways: Photoelectric

absorption, Compton scattering and Pair production. Energy of the gamma-ray

photon relates to the probability of the type of reaction the photon may undergo,

as shown in Figure 2.1.

Photoelectric absorption - often also called Photoelectric effect - as the name

suggests, causes the disappearance of the gamma-ray photon when it interacts

with the target atom. The gamma-ray photon can either raise one of the bound

electrons to a higher energy level in the atom or result in a photoelectron being

ejected. The energy of the ejected photoelectron is given by Equation 2.1, where

Eb is the binding energy of the photoelectron on its original shell.

Ee− = hv − Eb (2.1)

The photoelectric absorption is the dominant type of interaction for the low en-

ergy photons (X-ray photon region). However, typical gamma-ray photon energies

of radioisotopes encountered in nuclear applications fall into Compton scattering

14



Chapter 2. Background

Figure 2.1: Relative importance of three main gamma-ray interaction types, pre-

sented as a function of energy [16, p. 712]

interaction region. In this effect, the incident gamma-ray photon undergoes an

interaction with one of the electrons of the target material. Trajectories of the

particles involved in the process are shown in Figure 2.2.

When the incident photon interacts with the atomic electron, some of the

photon’s energy is transferred to the Compton electron (often also called recoil

electron). Energy of the Compton electron is dependant on the scattering angle,

and can vary from zero to a very large part of the incident photon energy. It

is impossible for the incident photon to transfer all its energy to the Compton

electron. The relationship between energy of incident photon and the scattered

photon is defined in Equation 2.2.

hv′ =
hv0

1 + hv0
m0c2

(1− cosϑ)
(2.2)

The probability of the incident photon interacting with the target atom is

proportional to the number of electrons available within the atom. Therefore,

the higher the atomic number of the target, the higher the probability of inter-

action between the incident photon and target’s electrons via Compton scatter-

ing. This is also the dominant type of gamma-ray photon interaction in organic
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Figure 2.2: Trajectories for the incident photon, scattered photon, and the scat-

tering electron [16, p. 675].

neutron/gamma scintillation detectors which are capable of PSD. As atoms of

H interact mostly via Compton scattering with the incident gamma-ray photon

above 10 keV, this type of interaction is exploited to infer the incident gamma-ray

photons [17]. Compton scattering has also been applied to gamma-ray anisotropy

studies in organic scintillators [18].

As presented in Figure 2.1, the highest energy range is dominated by Pair

production effect. This interaction is only energetically impossible for gamma-ray

photons, whose energy is lower than 1.02 MeV (double the rest-mass energy of

an electron). The probability of pair production occurring is small at the photon

energy only slightly exceeding 1.02 MeV. However, as the energy increases into

hundreds of MeVs, Pair production becomes the dominant type of interaction.

It is also more likely to occur in materials with higher atomic number. The

incident gamma-ray photon of the sufficient energy disappears, and gives rise to

an electron-positron pair. The excess energy (above 1.02 MeV) is transformed into

kinetic energy and shared between the electron-positron pair. The two particles

will eventually annihilate producing two annihilation photons [19].

16



Chapter 2. Background

2.2 Neutron interactions

Similarly to gamma-ray photons, neutron carries no charge. As such, neutron can-

not interact with matter through coulomb forces. It is also the most penetrating

form of radiation, which can travel through different types of material without

any interaction. A comparison of penetration capabilities of all radiation types

is shown in Figure 2.3. Neutrons can only undergo a strong interaction with a

nucleus of an atom of the target material.

Figure 2.3: Material penetration capabilities of different radiation types with ex-

ample stopping materials.

Neutron classification based on neutron energy differs between literary sources.

Therefore, for clarity, classification presented in Table 2.1 will be used throughout

this thesis. It should also be noted that this research focuses on fast neutron

detection. However, significant emphasis is also placed on thermal neutrons, as

these are often used to detect fast neutrons in applications where the latter ones

are thermalised before being detected via thermal neutron sensitive detector.

Depending on the target material, as well as kinetic energy of the incident neu-

tron, neutron interactions with matter can be split into scattering, absorption and

transfer. Probability of the occurrence of the specific type of neutron interaction

is defined by cross-section for every isotope. Neutron cross-section (e.g. elastic,

capture) is measured in barns, where 1 barn equals 10−24 cm2. As fast neutrons

are more likely to undergo elastic scattering with light atoms, such as 1H, their

elastic cross-section will be greater than of those isotopes, such as 6Li, which are
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Table 2.1: Neutron classification based on its kinetic energy [20, p. 308].

Neutron class Neutron energy

Cold neutrons 0.0–0.025 eV

Thermal neutrons 0.025 eV

Epithermal neutrons 0.025–0.4 eV

Cadmium neutrons 0.4–0.6 eV

EpiCadmium neutrons 0.6–1 eV

Slow neutrons 1–10 eV

Resonance neutrons 10–300 eV

Intermediate neutrons 300 eV–1 MeV

Fast neutrons 1–20 MeV

Ultrafast neutrons > 20 MeV

more likely to capture thermal neutrons. It follows that neutron capture cross-

section is greater for isotopes such as 6Li than for lighter atoms, as the mentioned

1H. Example total cross sections of some isotopes relevant to this work are shown

in Figure 2.4.

Figure 2.4: Total cross-sections of selected isotopes generated using ENDF/B-

VIII.0 libraries.
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Cross-sections presented in Figure 2.4 suggest that 113Cd exhibits the high-

est interaction probability, in the region of thermal neutrons, of all the isotopes

plotted. These interactions, predominantly radiative capture reactions, produce

a large number of gamma-ray photons when a neutron interacts with 113Cd nu-

clei. As organic scintillators are often sensitive to both neutrons and gamma-ray

photons, it is undesirable to increase the gamma-ray field unnecessarily.

From the perspective of this research, 1,2H and 184W isotopes are of greatest

interest. It can be observed that 1,2H atoms present fairly consistent scattering

probability across neutron energy spectrum, which is the most likely interaction

that is going to take place in an organic scintillator. On the other hand, 184W

atoms are known for gamma-ray stopping due to its high atomic number. Its

elastic cross-section suggests that it can also be utilised to scatter intermediate

and fast neutrons (subject to the previously mentioned increased gamma-ray field).

2.2.1 Neutron scattering

There are two distinguishable types of neutron scattering. Elastic scattering is

of particular importance for fast neutron detection. When an incident neutron

undergoes elastic scattering (usually with light atom, such as hydrogen), it does

not disappear, but is loses some of its energy as a result of a collision with nucleus

of the target atom. The result of this interaction is normally recoil nucleus and

the scattered neutron, as shown in Figure 2.5. Recoil nucleus are often referred to

as recoil protons, and devices utilising this interaction type to detect fast neutrons

recoil proton detectors.

The amount of kinetic energy transferred from the incident neutron to the recoil

nucleus depends on the scattering angle θ between the direction of the incoming

neutron and recoiling nucleus. If the incident neutron is deflected only slightly,

the angle θ, between the incident neutron direction and the recoil nucleus, is close

to 90°, and the transferred energy is close to zero. This is caused by only a slight

interaction between the incident neutron and the target nucleus. In case of a direct

collision, the scattering angle is close to zero and the transferred energy close to

maximum. The energy of the recoil nucleus is defined in Equation 2.3.
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Figure 2.5: Elastic scattering diagram.

ER =
4A

(1 + A)2
(cos2θ)En; (2.3)

The other type of neutron scattering is referred to as inelastic scattering and

is likely to occur when the incident neutron energy is sufficiently high. As a result

of this interaction, the recoil nucleus is left in an excited state, which quickly

returns to a stable state through the emission of gamma-ray photon. Therefore,

this interaction is not desirable for PSD based detectors as it increases the number

of gamma-ray photons that need to be separated.

2.2.2 Neutron absorption

In comparison to neutron scattering, there are also two types of neutron absorption

interactions namely nuclear fission and radiative capture. The former constitutes

the basis of nuclear power generation, where atoms with high fission cross-sections

(such as 235U, 239Pu) are bombarded with thermal neutrons. These are captured

by the target isotopes, briefly turned into excited state, and then split into two

lighter isotopes, and thus initiating chain reaction. High fission cross-section for

thermal neutrons of these isotopes can therefore be also utilised for thermal neu-

tron detection. Pulses induced as a result of fission interactions can also be very
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easily detected, as Q-value for these interactions is very high (approx. 200 MeV)

[19].

The other type of neutron capture interactions, when combined with specific

transfer reactions, can be utilised to detect thermal neutrons. Radiative capture

is often denoted as (n,γ) which results in a loss of the incident neutron, and is

accompanied by a release of gamma-ray photons. In case of organic scintillator,

the most likely scenario includes a radiative capture through hydrogen atom. The

resulting gamma-ray photon of relatively high energy is likely to escape the scin-

tillator without interaction. However, if the organic scintillator is loaded with one

of high capture cross-section isotopes such as 10B or 6Li, energy of the incident

neutron can be modulated to such level that virtually all thermal neutrons will

be captured on the loading isotope. This type of neutron capture interaction is

associated with a release of heavy charged particle (e.g. α particle, proton), which

gives rise to another pulse of light in the organic scintillator, and thus can be

detected.

2.2.3 Transfer reactions

As indicated in the previous paragraph, transfer reactions can be useful for neutron

detection because they result in release of heavy charged particle. These then give

rise to another pulse of light, which can be further used to infer the origin of the

interaction. Some examples of transfer reactions are 10B (n, α), 6Li (n, α) and

3He (n, p). Q-values for these reactions are considerably lower than for nuclear

fission, and PSD still needs to be utilised to separate different types of particles.

However, these reactions are preferred, when compared with nuclear fission based

detectors, as the detection medium due to safety reasons.

2.3 Neutron detection methods

The most important classification related to neutron detection methods is the one

based on the targeted neutron energy. The separation line is often drawn between

slow and fast neutron detectors, as presented by Knoll [19]. Slow neutron detectors

primarily exploit radiative capture reactions, whereas fast neutrons are detected

21



Chapter 2. Background

predominantly through elastic scattering with a proton. Regardless of the type

of reaction used to detect neutron of a specific energy, three main types of neu-

tron detectors can be differentiated. These are gas-filled detectors, semiconductor

devices and scintillators.

2.3.1 Gas-filled detectors

These detectors, which include ionisation chambers, proportional and Geiger-

Mueller counters, exploit the ionisation of the gas particles within the detector.

When radiation passes through a gas detector, ions are produced as a result. These

can then be easily detected and counted, provided appropriate detection method

was used.

Gas-filled detectors in neutron detection applications have targeted both slow

and fast neutron energy regions. Given the neutral nature of neutrons, they can

only be detected through an interaction where a charge particle is produced. The

charged particle can be then multiplied in the gas and subsequently detected.

Prime examples of gas-filled detectors include BF3 and 3He proportional counters,

which utilise slow neutron reactions.

These devices have been highly popular due to their good neutron detection

efficiency. However, efficiency of BF3 based detectors is closely linked to the size

of the detector, which is required to be large enough to avoid the wall effect. It

occurs when the interaction takes place too close to the wall of the detector and

not all of the reaction energy is deposited in the gas [19]. Moreover, problems

with toxicity and temperature limitation (BF3) and high production cost of 3He,

led to an ongoing search for alternative approaches [10].

Another approach has seen high efficiency proportional counters lined with

high neutron cross-section isotopes. It allows the walls of the counter to be lined

with e.g. 10B. Although this approach addresses some of the issues associated

with BF3 detectors (toxicity, temperature limitations), neutron detection efficiency

and gamma discrimination capabilities are reported to be inferior when compared

to BF3 devices [19]. Further discussions related to detectors, utilised reactions,

gamma-ray sensitivity and associated problems are presented in chapters 3 and 4.
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2.3.2 Semiconductor devices

In a similar way to the lined gas-filled detectors, isotopes with high thermal neu-

tron cross-section, such as 10B, can be used to cover standard charged particle

detector, e.g. semiconductor device. As a result of an interaction, the incident

particle causes a charged particle to arise, which then in turn deposits its energy

in the semiconductor detector [19]. In order to target wider energy spectrum

polyethylene lining can be used [21].

Semiconductor devices offer the advantage of requiring less energy to produce a

pair of charge carriers in comparison to gas-detectors (approximately a factor of 10

less). They are also characterised by higher density (1000 larger than gas), which

leads to a larger initial charge signal. However, there is no mechanism for internal

multiplication in semiconductor devices [22]. As a result, the output signals are

very small and very susceptible to external electronic noise. Therefore, dedicated

electronics is required to extract the weak signal.

Most of semiconductor devices used to be based on silicon p-n junction diodes

[23, 24]. Recent technological development led to broader adaptation of cadmium-

zinc-telluride (CZT) detectors, which continues to improved [25]. However, semi-

conductor radiation detection devices remain expensive, due to the purity of the

raw materials required, and can only be manufactured in small volumes [22].

2.3.3 Scintillation detectors

Scintillation detectors are an example of a well-established neutron detection meth-

ods and are perceived as viable alternatives for 3He based devices [26]. The draw-

back of using scintillators for neutron detection is that many types are sensitive

to both neutrons and gamma-ray photons. As a result, pulses induced by incident

particles need to be discriminated so that they can be correctly classified. There

are numerous methods allowing reliable particle separation, which can be applied

both in time and frequency domain [27, 28, 29].

The most basic classification divides scintillators into organic and inorganic

detectors. Inorganic scintillation detectors operate primarily in the area of slow

neutron interactions (due to the content of high thermal neutron cross-section iso-
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topes), whereas fast neutrons are mostly detected using pure organic scintillators.

Some organic scintillators (both liquid and plastic) are loaded with high thermal

neutron cross-section isotopes to address the difficulty of finding a suitable candi-

date for the complete energy spectrum. Different types of scintillation detectors

are discussed in detail in chapter 3 and chapter 4.

This document focuses on fast neutron detection using solid organic scintil-

lators, which are produced using a solution of carbon and hydrogen. Incident

neutrons interact with hydrogen nucleus via elastic scattering resulting in recoil

protons. These are capable of raising π-electrons in the scintillator to one of the

excited electronic states. When a π-electron is excited, a pulse of visible light

(often referred to as luminescence) is emitted when the π-electron returns to the

ground electronic state. The length of the pulse varies depending on the type of

the scintillator.

As organic scintillators are sensitive to both neutron and gamma-ray photons,

the latter are responsible for the emission of light pulses resulting from Compton

scattering interactions in the scintillator. The visible light emitted, from either

neutron or gamma-ray interactions, can be converted into electronic pulses via

suitable photodetector. These can be subsequently processed to exploit the differ-

ences in the shape of the pulse between neutrons and gamma-ray photons which

originate in the dissimilar ionising densities of each particle type. This is described

in more detail in chapter 5.

2.4 Neutron energy spectra of the chosen ra-

dioactive isotopes

Simulation and experimental work performed as a part of this PhD project uses two

radioactive isotopes which produce mixed-field environments: 252Cf and 241AmBe.

Since this study primarily focuses on neutron detection, modelled neutron energy

spectra of 252Cf and 241AmBe are presented in Fig. 2.6. 252Cf was modelled using

Watt spectrum distribution, whereas 241AmBe was based on source calibration

specification from the Reference neutron radiations as presented by British Stan-

dard Institution [30]. Both spectra are shown as a function of neutron energy flux,
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as measured in MCNPX simulation package.

(a) (b)

Figure 2.6: Neutron energy spectra of a) 252Cf and b) 241AmBe.

As can be observed from the neutron energy spectra presented in Fig. 2.6,

neutron distribution and average energy values for each isotope are dissimilar.

The average neutron energy for 252Cf is approximately 2.1 - 2.5 MeV (Fig. 2.6a),

whereas neutron energy spectrum of 241AmBe averages at approximately 4.5 MeV

(Fig. 2.6b). It should also be noted that neutron production process is different

for each isotope.

2.4.1 Neutron production mechanism

252Cf is a spontaneous fission source which is constantly in an excited state. There-

fore, its atoms are constantly splitting, thus producing neutrons. Each fission event

is accompanied by the release of gamma-rays when the atom splits. On average

there are 3.767 neutrons and 7.980 gamma-rays produced in a single fission event

[31, 32]. In a practical situation it may sometimes be required to focus the exper-

iment on single particle emission/detection. This can be easily achieved through

the application on the appropriate shielding.

The other radioactive isotope which was used in this study, 241AmBe, produces

neutrons as a result of an interaction between alpha particle emitting isotope, such

as 241Am, with a light isotope, such as Be. The reaction between the alpha particles

emitted by 241Am and 9Be is presented in Equation 2.4.

4
2α + 9

4Be 1
0n + 12

6C
* 12

6C + 4.44 MeV (2.4)
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As a result of the interaction between 241Am and 9Be a fast neutron is produced,

as well as 12C∗ which de-excites through the release of a gamma-ray photon of 4.44

MeV. 241AmBe source produces approximately 1.14× 106 neutrons per second [33].

As expected, the lifetime of such neutron emitter is dependent upon the half-life

of the alpha particle emitting isotope. Together with 252Cf, 241AmBe represent

the most common, laboratory neutron sources.

2.4.2 Gamma-ray emission

There are approximately twice as many gamma-ray photons as there are neutrons

released during a fission event occurring in the isotope of 252Cf (3.767 neutrons

and 7.980 gamma-rays). Energy of gamma-rays produced is measured in hundreds

of keV. In contrast, 241AmBe produces primarily 4.44 MeV gamma-ray photons,

which accompany the reaction occurring between 241Am and 9Be.

2.4.3 252Cf at Lancaster University

Due to safety concerns, radioactive sources are normally stored in shielded envi-

ronments to minimise their harmful influence on staff working with or in a close

proximity of these sources. Since neutrons are best modulated through light atoms,

such as hydrogen, hydrogen-rich materials are most suitable for such applications.

Therefore, 252Cf source at Lancaster University, when not used, is stored in the

centre of a water-filled stainless steel tank. This is depicted in Fig. 2.7 where

position 1 reflects the location of the source, when in stored position.

The radioactive source can be pneumatically moved to the exposed position,

marked with position 2 in Fig. 2.7. This is the position which is normally used

for experiments in order to maximise the number of neutrons unaffected by the

shielding. However, a large number of neutrons reaching the detector will be

modulated through the interactions with the water atoms in the tank. Therefore,

the experimental set-up of Lancaster University was modelled and the resulting

spectrum computationally measured. Graphs presenting the modulated spectrum

of 252Cf at Lancaster University are presented in Fig. 2.8.

It can be observed that the peak flux in the modulated environment has moved

down the energy scale on the x-axis to approximately 0.7-0.8 MeV, as shown in
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Figure 2.7: Side view of the water-filled steel tank with the radioactive source

(252Cf) at Lancaster University. A typical experimental set-up is also presented,

with the distances used clearly marked. (Please note, the presented diagram is

not to scale).

(a) (b)

Figure 2.8: Modulated neutron energy spectra of 252Cf at Lancaster University

where a) presents the modulated spectrum, and b) a comparison to an unmodu-

lated spectrum for equal number of total particle histories.
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Fig. 2.8b. This can have a profound influence on the performance of an organic

scintillating detector, as these are primarily targeting energy region of fast neu-

trons. In line with Table 2.1, neutrons of energy 1 MeV and higher are classed

as fast neutrons. Moreover, the measured energy flux is approximately 20 times

lower when compared with the unshielded source as shown in 2.8a.

2.5 Readout electronics

This thesis focuses on the work performed with solid organic scintillators. Solid

organic scintillators, including single stilbene crystals and various types of plastics,

were utilised in the experimental work performed in chapters 5, 7 and 8. As men-

tioned in the previous section, neutral particles must first undergo an interaction

which produces charged particles that can be detected. These then need to be

digitised to perform further processing. In this section the most important parts

of typical readout electronic systems for scintillator based detectors are described.

2.5.1 Photomultiplier tubes

The weak light produced in a scintillator, as a result of an interaction between

the incident particle and the scintillation medium, needs to be converted to an

electrical signal. The most commonly used photodetector is a photomultiplier tube

(PMT). A schematic of a PMT with a scintillator attached, and a path taken by

an incident particle, is presented in Figure 2.9.

As presented in Figure 2.9, when an incident particle (neutron or gamma-ray

photon) interacts within a scintillator, it gives rise to a very weak light signal

(typically a few hundred photons). This weak beam of visible light is then con-

verted to low energy electrons (sometimes referred to as photoelectrons) through

the photocathode. The charge of the photoelectrons is insufficient to produce the

required electrical signal and needs to be amplified. This is achieved through the

electron multiplication stage of a PMT, where focusing electrodes direct the low

energy electrons onto the first dynode and each electron is multiplied. Depending

on the number of stages in a PMT, a scintillation pulse may produce between 107

and 1010 electrons.
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Figure 2.9: Schematic of a photomultiplier tube (PMT) with a scintillator at-

tached.

When choosing a PMT for a specific scintillator, characteristics such as effi-

ciency must be considered. Typical efficiency of a photocathode is 20-30%, which

is also dependant on the wavelength of the incident photon. Therefore, wave-

length characteristics of the scintillator and PMT must be matched to maximise

efficiency.

2.5.2 Digitising electronic systems

Improvements in the field of digital electronics over the recent decades led to

the development of fast semiconductor devices, such as digital signal processors

(DSP) and field programmable gate arrays (FPGA). Both approaches have been

successfully employed to process digital signals produced by organic scintillators

[34, 35, 36]. Since these devices can operate at high frequencies, they can offer

many benefits related to the reduction of data processing time, as initial pulse

analysis can be performed on the processor.

Before the signals produced by a PMT can be processed on an FPGA or a

DSP chip, they need to be converted from the analogue domain to discrete digital

signals. This is typically achieved through analogue-to-digital converters (ADC),

which sample the incoming analogue signal at a set frequency with a defined

resolution. Both characteristics have a significant impact on the performance of

the complete detector.
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The minimum sampling rate of a digital signal is defined by Shannon-Nyquist

Theorem, which says that the sampling rate should be at least twice the frequency

of the waveform. The optimal sampling frequency for a detector based on organic

scintillator has been closely studied in literature [37, 38], and is further discussed

in chapter 8. Generally, there will be a low frequency cut-off point which is suffi-

cient to transfer enough information about the pulse shape to perform necessary

processing [37]. In a similar way, there will be a high sampling rate cut-off where

further increase does not introduce any significant improvement to the system [38].

Other characteristics to be considered when searching for a suitable ADC are

its bandwidth and resolution. Resolution of an ADC may have a significant im-

pact on the performance of a digisiting system, if large energy ranges are to be

investigated [39]. However, it is often the case that higher resolution of an ADC is

achieved at the cost of a lower sampling rate. Literature suggests that on average

sampling rates of between 250-1000 MS/s and resolutions between 8-12 bits offer

good detector performance [37, 40].

2.5.3 Field Programmable Gate Arrays

Field Programmable Gate Arrays (FPGA) offer a significant advantage over typ-

ical microprocessor system, due to the way they execute instructions. Micropro-

cessor systems, such as DSP, are examples of sequential execution with single

instruction being executed per machine cycle. FPGAs allow parallel execution

of multiple instructions on programmable parallel logic blocks. This allows fast

processing of the data arriving from high sampling rate ADCs. As such, FPGAs

propose a suitable solution for many real-time systems. Therefore, FPGAs find

their place across many nuclear instrumentation applications [41, 42, 43].

One of the most important advantages of using an FPGA in a digitising system

is that it can act as a buffer between a fast ADC and other electronic devices (e.g.

microcontroller, PC) which perform further processing of the digitised data. The

link between FPGA and further processing unit will normally be realised using

slower communication protocols, so that the unit - such as PC - will be capable of

handling the speed of the data transfer. Therefore, depending on the application

and the choice of the unit for further data processing, overall system can either

30



Chapter 2. Background

perform the data analysis in real time or store the data for off-line analysis.

A combined system comprising an ADC and FPGA chip samples the analogue

signal arriving at the ADC input and the discrete digital value is compared to a

trigger level set on the FPGA. If the new ADC value exceeds the trigger level,

its value is stored in a buffer and transmitted for further processing. It is usually

useful to store a number of samples before the trigger level is exceeded, in order to

avoid pulse pile-up situation. Once triggered, FPGA will normally store a defined

number of discrete values in one trigger window. In an organic scintillator, it is

often approximately 200-300 ns, which normally covers a time period before and

after the pulse.

For the purposes of the experimental work documented in this thesis two digi-

tiser systems have been used. One was a standard single channel FPGA based

digitiser operating at 150 MS/s, whereas the other one was sampling at 500 MS/s.

In the case of the former, it was developed by Balmer [39] and was subsequently

used for solid scintillator characterisation work documented in chapter 5. This

digitiser system was further developed in the course of this project to allow dual-

channel operation for a pixelated detector [44].

2.6 Digital signal and image processing

When working with digital signals, converted from the analogue domain, it is

impossible to avoid electrical noise. Electrical noise can be defined as random and

undesired changes in the electrical signal which occurs in all electronic circuits.

As described in preceding sections, signals generated by radiation detectors are

often weak and transient-like. Therefore, an exposure of the detector to low level

of electrical noise can lead to an incorrect interpretation of the analysed data.

The most common and inevitable type of noise is Johnson-Nyquist noise. It is

often referred to as thermal noise, because it is caused by random thermal motion

of charged particles in an electrical conductor. It is an example of white noise,

whose amplitude remains unchanged across the whole frequency spectrum (with

an exception of very high frequency regions). In contrast to white noise, flicker

noise (or 1/f noise) is an example of a pink noise, where the intensity of the noise
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is conversely proportional to the frequency. The final type of noise that should

be noted in electrical signals is short noise. This type of noise does not depend of

frequency and is caused by random current fluctuations. These changes originate

in the way electrical charge carriers behave in a conductor. In a similar way, short

noise can be observed in photon counting applications, when light is considered

as a particle.

2.6.1 Digital signal filtering

The weak and transient-like pulses generated by radiation detectors carry a lot

of information about the origin of the interaction of the incident particle. For

instance, pulse height information can be used to obtain the energy spectrum

of the investigated system. In the case of solid organic scintillators, the rate of

the signal decay (in the tail of the pulse), can be exploited to classify the pulse

as either produced by neutron or a gamma-ray interaction. Therefore, it is of

vital importance that the noise levels are as low as possible to not distort the

information therein. As noise influence is unavoidable, filtering techniques can be

used to reduce the noise levels. However, these should be applied with care so

that as much as possible of the original information is retained in the signal.

Filters applied in the analogue domain used to take a form of a low-pass filter

which would stop high frequency noise from appearing on the output signal. Tra-

ditionally, such filters were built using resistor-capacitor integrator circuits whose

charge collection time would be in the order of tens of microseconds. Owing to

the advantages of technological advancement, the same techniques can now be

implemented with ease in the digital domain.

Depending on the complexity of the filter implemented, filtering can be ei-

ther implemented directly at first stage processing (FPGA or DSP) or at further

processing stage (e.g. PC). The former is favourable for real-time applications,

whereas the latter is confined to off-line processing. Although the computational

overhead associated with complex techniques may have a profound impact on the

choice of the processing platform, it is rarely directly related to significant quality

improvements [45].

In this thesis the moving average filter was used to perform signal processing
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whenever digital signals were analysed. The main reason for the popularity of

this filter in digital signal processing is its capability of random noise reduction,

while maintaining a sharp step response. The moving average filter is a special

example of a non-recursive finite impulse filter (FIR) whose output depends on the

number of current and previous values (samples), as well as on the weight of the

coefficients. It is also quite universal, as it can be applied to almost any frequency

response characteristics. Its computational overhead is also low, permitting it to

be easily incorporated directly into an FPGA chip.

2.6.2 Image processing techniques

Similarly to the electrical noise occurring on the output signals of the radiation de-

tectors, optical noise can cause distortions in imaging applications. Subsequently,

the location of the radioactive source can be incorrectly assessed and pose a seri-

ous threat in nuclear safety applications. Details of imaging devices typically used

in nuclear safety applications are presented in chapter 3. Therein, an in-depth

explanation of the term signal-to-noise-ratio (SNR) is presented, which is a rela-

tion of the signal measured and unwanted interference. Given that some noise is

unavoidable, SNR of any imaging system should be kept as high as possible.

When coded-aperture based imaging systems are considered in general optical

applications, the amount of noise appearing on the resulting image is primarily

determined by the geometry of the coded aperture. It is assumed that the aperture

is built of a material that is fully opaque to the particles emitted by the object

being imaged (e.g. visible light). As such, the aperture can be designed using

techniques based on two-dimensional convolution techniques, which enables the

SNR to be improved in comparison to other techniques used in nuclear imaging

applications, such as single opening collimators.

Standard two-dimensional convolution uses kernel, also called filter, which is

utilised to, for instance, make the image smoother. Assuming that the object to

be convoluted is represented as a two-dimensional array, the kernel is formed by

another two-dimensional array of the same or smaller size which represents a delta

function. An example of a kernel is presented in Figure 2.10, with the impulse of

the delta function marked in the centre of the array. The result of the convolution
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is obtained by matrix multiplication of the object array with the kernel array. In

Figure 2.10, an example 13 × 13 array is presented with a single opening in the

centre of the array. Mathematically all but the centre cells would be filled with

zeros, with the centre being one. The kernel array is moved cell by cell of the

object array, with the impulse of the filter array always matching the currently

filtered cell of the input array.

Figure 2.10: An example of a 13 × 13 kernel with a single opening in the centre.

The application of this simple kernel results in a higher resolution image, which

allows more details of the object to be recognised. Depending on the application,

the design of the filter can be different and reveal more details of the object

(sharpen) or hide some details (blur). The effects of convolution can be easily

reversed by using deconvolution. In the reverse process, the difference between

the two arrays (object array and the resulting array) can be exploited, i.e. optical

noise can be ignored, paving a way to a high resolution image of the object.

This concept has been successfully adopted in radiation imaging applications

where different types of filters were investigated. In case of radiation imaging,

convolution is realised through the coded aperture, which is built using a certain

pattern defined for the filter used. There, filters consist of a defined pattern of

transparent (ones) and opaque (zeros) cells, which either block or allow a particle

to pass. Similarly to standard convolution, the resulting image can be deconvo-

luted where an impulse response is expected in ideal conditions. Further details

about types of filters used in radiation imaging applications, as well as compu-
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tational based examples in the field neutron detection, are discussed in chapter

3.
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3.1 Abstract

Scintillator based coded-aperture imaging has proven to be effective when applied

for X- and gamma-ray detection. Adaptation of the same method for neutron

imaging has resulted in a number of propitious systems, which could be poten-

tially employed for neutron detection in security and nuclear decommissioning

applications. Recently developed scintillator based coded-aperture imagers reveal

that localisation of neutron sources using this technique may be feasible, since

pulse shape discrimination algorithms implemented in the digital domain can re-

liably separate gamma-rays from fast neutron interactions occurring within an

organic scintillator. Moreover, recent advancements in the development of solid

organic scintillators make them a viable solution for nuclear decommissioning ap-

plications as they present less hazardous characteristics than currently dominating

liquid scintillation detectors. In this paper existing applications of coded apertures

for radiation detection are critically reviewed, highlighting potential improvements
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for coded-aperture based neutron source localisation. Further, the suitability of

coded apertures for neutron imaging in nuclear decommissioning is also assessed

using Monte-Carlo modelling.

3.2 Introduction

Accurate localisation of radioactive materials is crucial for nuclear safety and se-

curity. The growing threat of attacks using radioactive substances, as well as

an increasing number of nuclear plants requiring characterisation to support de-

commissioning, necessitate development of a portable system capable of detecting

radiation sources in real-time.

Radioactive substances are used in medicine, non-destructive testing, and

power generation. For example, nuclear fuel used in power generation produces

nuclear waste that needs to be carefully disposed of as it remains radioactive for

a time period. If the source of radiation is not accurately identified and localised,

radiation emitted by these materials can pose a health risk for personnel in close

proximity to these materials. Localisation is particularly important during nuclear

decommissioning and decontamination, since the actual location of the radioactive

source within nuclear waste is often unknown.

Highly-penetrating radiation may be released in a form of X- or gamma-ray

photons or free neutrons, emitted as a result of nuclear processes occurring within

the atomic structure of radioisotopes. All three types of radiation mentioned can

be detected using different gas filled tubes, which are sensitive to a specific type [46,

47]; examples are ionisation chambers, proportional counters and Geiger-Mueller

counters. Scintillators can also be used in the same way as primary detectors

to detect each type of radiation [48, 49, 50]. They transform energy detected

into light pulses that can be counted by photosensitive electronic components e.g.

photodiodes and photomultiplier tubes (PMTs).

Although the detectors mentioned above generally provide good radiation sen-

sitivity, by themselves, they offer no specific information about the location of the

radioactive source. Preliminary results of a recent study by Schuster and Brubaker

[18] suggest that the anisotropic response of crystalline scintillation materials to
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neutron interactions may reveal some directional information about the source lo-

cation. This type of information is of vital importance for nuclear decommissioning

applications.

Substances used in the types of detectors mentioned can be difficult to source.

3He, for instance, is mainly obtained as a byproduct from the radioactive decay

of tritium; BF3, on the other hand, is a hazardous gas and as such not desirable

[10]. Radiographic film represents a safe implementation of radiation detector. For

example, it has been employed in medical devices to perform skeletal body scan-

ning with X-rays, successfully identifying fracture location [51]. A modification to

the film detector, in the form of an imaging plate, allows detection of radioactive

sources, where it is particularly useful for nuclear decommissioning applications

[52, 53].

Radiation imaging methods do not only detect an occurrence of a radioactive

event but also provide the location of the incident. As such their potential has led

to the development of radiation cameras - based on the operation principle of a

general pinhole camera [54]. Pinhole cameras, capable of identifying radioactive

substances from a distance, are frequently used in nuclear decommissioning. CAR-

TOGAM is an example of such gamma-ray pinhole imager [55, 56, 57]. The size of

the pinhole determines the angular resolution and signal-to-noise ratio (SNR) of

a specific camera; the former increases in a camera with a small opening, whereas

the latter decreases when the diameter of a pinhole is decreased.

It follows that an ideal single pinhole camera, would require an infinitely small

pinhole to obtain the highest angular resolution. Conversely, the highest SNR

would be achieved in a camera with an infinitely long diameter of the opening.

Hence, in practical applications, a compromise must always be found between SNR

and the angular resolution for the single pinhole cameras. In order to address this

problem scatter-hole cameras were developed, where multiple holes of small diam-

eter were distributed randomly on the aperture offering significant improvements

in SNR, while maintaining good angular resolution [58]. However, reconstruction

of the original image was difficult due to the random distribution of the pinholes.

The issue was addressed by coded-aperture imaging, which was introduced with

‘encoding‘ and ‘decoding‘ arrays to simplify the process of image reconstruction
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[59].

Coded-aperture imaging is a technique adopted in X-ray cameras and tele-

scopes, widely utilised in numerous space exploration missions [60, 61, 62, 63, 64].

Due to similar characteristics to X-rays, coded-aperture method has been incor-

porated into gamma-ray imagers for medical applications [65, 66], non-destructive

testing [67], explosives detection [68], as well as for nuclear decommissioning and

decontamination; these are GAMPIX [69], RADCAM [49] and High-Energy Ra-

diation Visualiser (HREV) [70, 71]. Coded-aperture methods, for neutron source

localisation, have been applied in the field of national security [72, 73] and nuclear

material detection at fuel cycle facilities [74].

The scintillator based coded-aperture neutron imaging systems mentioned tar-

get fast neutron localisation. In each case pulse shape discrimination (PSD) meth-

ods are exploited to separate gamma-rays from neutron events. Multiple channel

real-time PSD has been successfully implemented laying the foundations for high

resolution (high number of pixels) organic scintillator based coded-aperture im-

agers [75]. However, identified neutron interactions must be localised within the

scintillator so that the decoding process can be performed. The decoding pro-

cess, which may contribute to the timing overhead of the localisation procedure,

is required to infer the actual location of the radioactive substances.

In this paper existing coded-aperture imaging systems are critically reviewed

with relevance to radiation detection and localisation. The advantages of the

coded-aperture technique over other methods are recognised, when used for X- and

gamma-ray detection, as well as its potential for neutron imaging. Additionally,

the coded-mask itself, as well as sensitive neutron detectors for such an application

are also highlighted. The potential of employing coded-aperture based techniques

for neutron imaging in nuclear decommissioning is evidenced by a simple model

generated in Monte Carlo N-Particle eXtended (MCNPX) simulation software

package.
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3.3 Radiation imaging and development of

collimator-based detectors

Radiographic film was the original method of X-ray detection, used by Roentgen

to discover X-rays, that was later adopted for gamma-radiography. Radiographic

film has been successfully implemented in medical devices to perform skeletal body

imaging with X-rays. It was possible due to the attenuation properties of X-rays

for elements such as Ca [51]. A modification in a form of an imaging plate was

introduced to the film detector to map 239Pu in human lungs [52].

In medical applications, an X-ray radiation source is placed in front of an

object to be imaged, whose shadow is cast on the photographic film, where the

picture of the object is projected. Images generated using this method show good

spatial resolution but low sensitivity. Replacing the film with a pixelated charge

coupled device (CCD) offers a way of improving the low sensitivity issue. It allows

an analogue to digital converter (ADC) to be connected to individual pixels on

the device. The ADC can be adjusted to ignore signals below certain voltage

threshold to reduce the amount of noise reconstructed, effectively increasing the

sensitivity of such a device [76].

Semiconductor solid state detectors, such as cadmium zinc telluride (CdZnTe),

may also be implemented (either independently or in conjunction with gas filled

tubes, scintillators) for radiation localisation. When solid state detectors are ex-

posed to radiation sources directly, they convert the pulses - emitted as a result

of the interaction between the radiating particles and the detector - into electrical

current, which can be easily measured. Although semiconductor solid state de-

tectors are more susceptible to damages caused by radiation, they are sometimes

preferred in spectrometry applications due to their superior energy resolution [19].

As an alternative to direct detection methods, ionising properties of specific

gases prompted the development of detector tubes. The tubes filled with gas

produce an electronic signal as a result of ionisation between the gas and radioac-

tive particles [19]. Depending on the radiation type gases utilised include BF3

and Xe for neutron and X-, gamma-ray detectors respectively. Alternatively, the

scintillating properties of specific chemical compounds, for example CsI(Tl) and
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CsI(Na), offer a way of transforming X- and gamma-ray energy to light photons

that can be counted using photosensitive electronic components.

Scintillator, such as CsI(Tl), can be used as a sensitive detector for a single

pinhole radiation camera [77]. Spatial resolution of the pinhole camera depends

predominantly on the size of the single opening in the aperture and the perfor-

mance of the sensitive detector used. However, it can be significantly improved

if a collimator is used to narrow the path of the incoming radiation to the single

opening of the aperture [78]. Replacing the single pinhole camera with a multi

hole version, which was then followed by a new family of coded-aperture imaging

systems, enhanced the quality of images obtained even further.

3.3.1 Coded-aperture based imaging

The coded-aperture approach for radiation detection has its roots in development

of scatter-hole cameras for X- and gamma-rays. Introduction of a multi-hole mask

improves the SNR while maintaining a good angular resolution of a small diameter,

single hole imaging device [58]. In mathematical terms masks were represented

as binary arrays with the ones corresponding to the pinholes, and the zeros to

opaque elements in the aperture. In the early work on coded apertures, pinholes

were randomly distributed on the mask and placed in front of a source to be

analysed. The source casts multiple overlapping shadows on the detector through

the mask as presented in Figure 3.1. Fourier convolution theorem is then used

to reconstruct a single, high resolution image from the photons counted on the

detector plane [79]. Since the pinholes were randomly distributed, a construction

of a unique binary array was required for each specific application.

Random patterns pose difficulties with image reconstruction due to a lack

of uniformity in pinholes distribution. An inherent noise appears as a result of

small terms present in Fourier transform of large size random binary arrays. This

problem was addressed by the development of uniformly redundant arrays (URAs).

If the distribution of the transparent and opaque elements of the aperture can be

represented as a binary encoding array A and the decoding array as G, then A and

G can be chosen such that the reconstructed image (correlation of A and G with

addition of some noise signal N ) approximates a delta function. Delta function is
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Figure 3.1: Scatter-hole camera aperture as proposed by Dicke [58].

represented by a single impulse located at the central point in signal analysis. In

radiation detectors the impulse indicates the location of the reconstructed source

[80].

Calculation of possible dimensions of the arrays is based on pseudo-noise ar-

rays and previous research documents their implementation for URA based coded

apertures. It has experimentally been shown that URAs offer significant improve-

ments to SNR in comparison with randomly distributed arrays; the quality of

reconstruction is improved if the exposure time is increased. URA based coded

apertures are constructed by 2 × 2 arrangement of the basic design [81, 59]. Thus,

the size of the detector can be kept small as only the basic array is required to

fully recover the source distribution.

Despite its advantages the algorithm used for the construction of URAs re-

stricts the shape of the aperture to a rectangle as vertical and horizontal sides

dimensions, p and q, must satisfy the condition p - q = 2 [59]. This limitation

was recognised and a modification to the original design was introduced in a form

of a hexagonal URA (HURA). An algorithm, based on pseudo-noise (PN) se-

quences [82], for the realisation of URA on a hexagonal lattice was first presented

by Finger and Prince [83]. It followed a previously proposed implementation of

a rotating HURA for gamma-ray imaging [84]. In the new form HURA was suc-

cessfully adopted for X- and gamma-ray imaging in high energy astronomy [85].

In addition a set of characteristics to assess the performance of the aperture was
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also proposed [86].

The limitation imposed on the physical dimensions of the coded-aperture de-

signs based on URA algorithm led to the development of another class of coded-

aperture arrays. Pseudo-Noise Product (PNP) arrays allowed a construction of

coded apertures in previously unavailable dimensions. PNP array can be imple-

mented in any dimensions, provided a corresponding PN sequence exists. How-

ever the transparency of PNP arrays is halved in comparison to URAs, because a

two-dimensional PNP array is constructed through a direct product of two one-

dimensional PN sequences. Although the resulting transparency of the coded

aperture is reduced to 25%, SNR comparison with other techniques shows that

PNP arrays achieve superior results to pinhole cameras and only slightly inferior

to URAs [87].

Modified Uniformly Redundant Array (MURA), introduced with a change to

URA’s encoding algorithm, enabled new arrays to be created in linear, hexagonal

and square configurations. The design method for URAs was modified, so that

the new arrays were based on quadratic residues rather than PN sequences [88].

Consequently, hexagonal MURA patterns differ significantly from the previously

developed HURAs. The hexagonal MURAs can now be formed by mapping of the

linear MURAs in exactly the same way as proposed before by Finger and Prince

[83]. Linear MURA can now be built in any length L that is a prime number and

satisfies the condition L = 4m + 1, where m = 1,2,3.... Similarly, linear MURAs

use quadratic residue modulo L to establish locations of transparent and opaque

elements in the coding array A. It was also shown that apertures can be formed

in dimensions satisfying not only p - q = 2, but also p - q = 0 [88]. The square

option proved to be particularly popular due to a good balance between design

complexity and the high resolution achieved.

3.4 Coded-aperture based X-ray imaging

Development of large scale X-ray imaging systems was mainly motivated by the

space exploration missions SuperAGILE [63, 64], SWIFT [60], EXIST [89, 61, 90]

and INTEGRAL [91]. As a result, there exists a number of readily available X-ray
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imagers, where coded-aperture imaging is the dominant technique adopted. Dif-

ferent types of coded-aperture X-ray cameras and telescopes were implemented.

Some systems utilise CdZnTe sensors for direct detection of the signals projected

through the aperture [60, 61, 62]. Other examples make use of sensitive silicon mi-

crostrip detectors [63, 64], where X-ray photons interact directly with the sensitive

elements of the detector. Kinetic energy of photons is transformed into electrons,

which can be processed by dedicated electronic circuitry.

A comprehensive account of coded-aperture applications in X-ray imaging for

space exploration was presented by Caroli et al. [86]. A set of experiments was

conducted to compare the coded-aperture based devices with other approaches.

The advantages of using URA based coded masks, as opposed to fresnel pinhole

or random masks, are clear when the angular resolution of the reconstruction is

considered. Decreasing the hole size results in higher angular resolution - SNR

is not affected as the increased number of holes can provide up to 50% aperture

transparency. As the dimensions of the aperture elements are kept small, the

overall size of the aperture may also be small and reduce the field of view (FOV)

of the device. However, multiple devices can be built (in e.g. 2 × 2 configuration),

which will compensate for FOV reduction at the cost of greater number of signals

required to be processed on the output. This may in turn affect the detection

speed as signals from the position sensitive detector require decoding to localise

the source of radiation in the coded-aperture imaging systems.

A coded-aperture based X-ray camera, which utilises CCD as the position

sensitive detector, was tested with a 241Am source and the results confirmed the

improvement in sensitivity when compared to a pinhole camera [92]. In the experi-

ment a device was built comprising a mask, CsI(Tl) scintillator, image intensifiers,

CCD, lead shield and high voltage insulation. Different combinations of hole sizes

and thicknesses were tested for two types of masks, namely single pinhole and

coded-aperture mask based on HURA design. Sensitivity increase of up to four

times was observed when images obtained by coded-aperture mask were contrasted

with those generated by a single pinhole mask [92].

For comparison a 5 mm thick brass disk was used for both the HURA coded

aperture and the pinhole plate. Pinhole diameter was also kept the same for both
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tests at 2 mm. Images created using both techniques are presented in Figure

3.2. The top four images shown in Figure 3.2 are corresponding to the single hole

plate case, and the bottom four images to the coded-aperture disk. It is clear that

coded-aperture based reconstruction of the circular 241Am source shows superior

spatial resolution, when compared to the single hole plate.

Figure 3.2: Results of experiments carried out with a circular 241Am source by

Ivanov et al. [92]. Detection time is equal to 8, 4, 2 and 1 of relative units (from

left to right).

3.5 Coded-aperture based gamma imaging

Since gamma-rays are released in a form of high energy photons, X-ray imag-

ing methods can also be exploited for gamma-ray detection. Therefore, coded

apertures, as well as pinhole collimators have been implemented into scintillator

based devices for gamma-ray detection and localisation. The primary application

of coded-aperture based gamma-ray detectors in far-field high energy cameras

for space exploration formed a basis for the study of near-field radiation detec-

tion in medicine and nuclear decommissioning. A very thorough investigation of

coded-aperture approach as compared to pinhole camera collimator, for medical

applications, was presented by Accorsi [93]. Results of the study are presented in

Table 3.1. These findings highlighted the advantages of employing coded-mask in

place of a pinhole aperture when resolution and sensitivity are considered.
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Table 3.1: Resolution and sensitivity comparison for collimator, pinhole and coded

aperture with 99mTc used as gamma source [93].

Optics (99mTc)
Collimator

Pinhole Coded Aperture
High Sensitivity Ultra-high resolution

Hole diameter (mm) 2.54 1.16 4 1.11

Geometric resolution

@ 10 cm (mm)
14.6 4.6 6.2 1.45

System resolution

@ 10 cm (mm)
15.2 6.3 6.6 1.67

Sensitivity @ 10 cm

(cpm/µCi)
1063 100 123 ∼ 10000

An often quoted disadvantage of coded-aperture approach is its limited FOV

[94]. Moreover, coded-aperture imagers are claimed to perform better than pinhole

collimators only when point source localisation is performed. In spite of these

potential weaknesses for large scale applications, recent research suggests that

large horizontal FOV can be achieved by combining multiple coded apertures

into a single hexagonal device [95]. In this particular case a system with 360°

horizontal FOV presented angular resolution of average 3.5° when tested with

standard calibration source of 137Cs with energy of 662 keV. The system was also

able to detect multiple sources in 360 ° FOV.

Detectors of such scale may sometimes be impractical for decommissioning ap-

plications as portability plays a key role during deployment. Therefore the overall

dimensions are frequently decreased and, as a result, the FOV is reduced. Scan-

ning collimator, for example RadScan, can be used to perform the analysis of

greater area alleviating the problem of the limited FOV [96, 97]. Exact location of

radionuclides in nuclear decommissioning and environment characterisation appli-

cations is often unknown; hence the detection efficiency is of greater significance

than the extended FOV.

A recent experiment performed by Gmar et al. [69] presents a strong corre-

lation between the thickness of the mask used and the detection efficiency of a

coded-aperture imaging system. During the study two MURA based masks were
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used - a rank 11, 4 mm thick mask and a rank 13, 2 mm thick mask. The rank

number specifies the number of elements (pixels) comprising one side of a basic

square MURA pattern, and coded apertures are conventionally built by 2 × 2

arrangement of the basic pattern, following the cyclic permutation of rows and

columns [88]. Therefore, the total number of pixels for the rank 13 and the rank

11 aperture are 625 and 441 respectively. When both masks were tested with

lower energy gamma-ray emitter (241Am), the rank 13, 2 mm thick mask provided

higher resolution than the rank 11, 4 mm thick aperture. However, when the sys-

tem was exposed to relatively higher energy gamma sources (137Cs and 60Co), the

rank 13, 2 mm thick mask performed distinctly inferior to the lower rank mask.

In the latter case (60Co) the configuration with rank 13, 2 mm thick aperture was

found unable to detect the source [69].

3.6 Neutron detection and coded-aperture imag-

ing approach

The radioactive waste streams can contain neutron-emitting radioactive materials,

hence localisation of neutron sources plays an important part in nuclear decom-

missioning. It is of vital importance that personnel working on a nuclear site are

also not exposed to neutron radiation. For many years, neutron detection systems

were largely based on techniques involving 3He as the primary detector, for exam-

ple 3He proportional counters were used extensively by security organisations to

identify potential terrorist threats [98]. Despite its popularity and efficiency, an

alternative system capable of neutron detection in real-time must be considered

as 3He supply has decreased sharply in the aftermath of September 2001 attacks.

Devices based on 3He are preferred due to higher thermal neutron capture

cross-section, in comparison to detection systems based on BF3 gas-filled detectors

[19]. Their absolute efficiency depends greatly on the thickness of the moderation

material, which is used to slow down fast neutrons. Generally, detectors with the

thicker moderation layer provide better response for higher energy neutron de-

tection. However, if the moderator layer is too thick, lower energy neutrons may

be captured by the moderator before reaching the sensitive part of the detector.
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Also, as the higher energy neutrons lose some of their energy before hitting the

detector surface, the information about the neutron origin is lost. Consequently,

the detection efficiency of the system is reduced [19]. Moreover, moderation thick-

ness can limit the portability of the device, since significantly thicker moderation

layer may be required for higher energy neutrons [99].

Four alternative methods have been tested by Kouzes et al. [10] identifying

their absolute neutron efficiency and gamma-ray sensitivity. Each option was

tested according to the specification of radiation portal monitoring (RPM) systems

for national security in the United States. Only a set of three BF3 tubes and a

B-lined detector met the RPM absolute neutron detection efficiency requirement,

as well as intrinsic gamma-ray efficiency requirement. Although BF3 tubes proved

to be effective for detection of slow neutrons, it would not be a feasible solution for

fast neutron localisation due to significant efficiency reduction for higher energy

neutrons (>100 eV) and moderation requirement in the same way as 3He [19].

Collimators coupled with B- and Gd-doped microchannel plates (MCP) present

an interesting option for low energy neutrons. Neutrons are absorbed by B or Gd

atoms inside the glass mixture plates, and electrons are emitted as a consequence

of the absorbtion [100]. Each of the electrons emitted is then multiplied inside

an individual microchannel. This approach offers a very high spatial resolution,

due to the dimensions of individual elements in the range of micrometers. As a

result, the collimator size is also small. The weakness of the system lies in the

requirement of stacking multiple MCPs to detect higher energy neutrons which

are otherwise limited to thermal energy neutron detection.

An analogous method to Compton scattering for gamma-rays can be employed

to image high energy neutrons. The neutron scatter camera method measures the

energy of the recoil proton and time of flight (TOF) of the scattered neutron [101].

Experiments performed showed that these two measurements are not sufficient

to undoubtedly distinguish gamma photons from neutron events in mixed-field

environment. It was essential to add a PSD module, so the signals can be reliably

separated [102].

A release of a neutron, following a nuclear reaction, is often accompanied by

an emission of high energy gamma photons. Therefore, an efficient technique is re-
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quired to distinguish between gamma-rays and neutron events in mixed radiation

fields. Undoped organic liquid scintillators, such as EJ-301 and EJ-309, are reg-

ularly used to separate fast neutrons from gamma rays in mixed radiation fields,

due to their excellent PSD capabilities. The light pulses triggered by the neutron

interactions, within the organic scintillator, decay more slowly as compared to

those triggered by gamma ray interactions. The difference in the decay time is

caused by greater energy loss rate for neutron than for gamma ray interactions

within the scintillator [27]. Consequently, PSD can be performed to establish

the type of the event detected. Various algorithms have been considered by the

researchers in the time domain, as well as in the frequency domain [27, 103].

The aforementioned liquid scintillators (EJ-301 and EJ-309), were developed

with capability of detecting fast neutrons, whereas they are not sensitive to thermal

neutrons. They require doping with large thermal neutron capture cross-section

isotopes to allow the detection of thermal neutrons. An example of such a detector

is BC-523A, which is loaded with 4.4% of 10B. As such, it presents greater detection

efficiency when compared with the undoped EJ-309. In an experiment performed

by Peerani et al. [98] both detectors were irradiated with 252Cf and AmBe sources.

Both detectors were 5 inch × 5 inch cylinders with a total detection volume of

approximately 1600 cm3. In each case detection efficiency was approximately

15% better for BC-523A than EJ-309. Moreover, PSD applied to organic liquid

scintillators is insufficient to distinguish gamma photons from neutrons perfectly.

A partial overlap between the gamma and neutron clouds is recorded suggesting

an inevitable degree of misclassification of the events [98]. Recently developed

plastic and crystal scintilltors, such as EJ-299-33 [14] and stilbene [104], promise

a very good separation characteristics for neutrons and gamma-rays. However, the

signals emitted by the plastic scintillators are faster compared to liquid scintillators

making the application of PSD more challenging [98].

Despite the challenges, PSD has been established as a standard method of sep-

arating neutron events from gamma-rays in radiation detectors based on organic

scintillators. Development of fast ADCs and field programmable gate arrays (FP-

GAs) enabled PSD algorithms to be implemented reliably in the digital domain

[105, 27]. A well-established in the laboratory setting Charge Comparison Method
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(CCM) for example [106], relies on the comparison of two time integrals of the

detected pulse. The first integral is associated with the entire pulse, whereas the

second one can be calculated as the area under the tail of the pulse. Hence, they

are often described as the long and the short integral, respectively. The light

pulse resulting from a gamma-ray photon interaction in the scintillator decays

faster than the pulse corresponding to a neutron event. Consequently, the short

integral is smaller for gamma-rays than for neutrons, when compared to the same

magnitude long integral [106, 107]. Alternatively, CCM can be defined as follows:

the short integral as the peak of the pulse, and the long integral as the whole pulse.

Regardless of the CCM definition, integration can be performed digitally by the

summation of the areas under the pulse corresponding to each sample taken by

the ADC.

3.6.1 Coded-aperture based approach

A large energy spectrum of neutron events complicates the employment of the

coded-mask approach for neutron imaging. Therefore systems developed to date,

focus on a specific energy range of neutrons. One of the implementations of the

MURA based coded aperture for thermal neutron detection was studied with a 3He

ionisation chamber [47]. High angular resolution obtained by coded-aperture based

X- and gamma-ray imagers was maintained, when the same method was employed

for thermal neutron localisation. Nevertheless the shortage of 3He supply, as well

as the limitations in portability of such a device makes the developments of 3He

based coded-aperture detection systems undesirable.

A fast neutron detector design based on the linear MURA using liquid scintil-

lator EJ-301 revealed promising results when tested in security applications [108].

Both the mask as well as the detector plane were built using EJ-301 filled alu-

minium tubes [72]. This enabled the mask to scatter the fast neutrons rather than

block them. As a result the neutrons detected in the mask were removed from the

reconstructed image. The results showed high spatial resolution for two AmBe

sources placed simultaneously in front of the aperture. The normally opaque el-

ements of the coded-mask are replaced with neutron detectors. Consequently,

neutron scattering occurs within the coded-mask, when the system is exposed

50



Chapter 3. Coded-aperture imaging systems: Past, present and future
development - A review

to a fast neutron source. The scattered neutron will then disperse again (dou-

ble scattering) when it causes another scattering event with the actual detector

plane. Thus, the energy spectrum of the source can be determined by measuring

the TOF between scatters. While the primary application of the system developed

was fast neutron detection, it also exhibits potential for detecting gamma sources

when PSD is applied. In an analogous test to the one performed for AmBe neu-

tron source, a high energy gamma source 60Co was placed 6.7 meters away from

the detector. The results presented support the claim of comparable detection

efficiency for neutron and gamma-ray sources [108].

Another implementation of a fast neutron and gamma-ray imaging system

based on coded-aperture MURA pattern was developed at the U.S. Naval Re-

search Laboratory (NRL) to support maritime security in the US [73]. The sys-

tem tested comprises a square (13 × 13), 11.2 cm thick aperture made of Pb and

high density polyethylene (HDPE) and an array of 30 liquid scintillation detectors

(EJ-301). Each element of the aperture, as well as the detector is a 5.1 cm ×
5.1 cm square. The detector array was placed 76 cm behind the coded aperture.

The system in this arrangement was tested with 252Cf gamma/neutron source and

137Cs gamma source placed 5.1 m away from the aperture plane. Since the lower

energy threshold was set to > 2.5 MeV neutron energy in each detector, there

was no misclassifications recorded between gamma-ray and neutron events. An

angular resolution of up to 4.6° was reported for the reconstructed images.

Further research conducted by the NRL led to a development of a large-scale,

coded-aperture imager for fast neutrons [109]. In comparison to the work reported

in the above paragraph, a 12 × 12 elements coded aperture made of pure HDPE

was built using psedudorandom pattern. EJ-301 scintillators were replaced with

bigger EJ-309 detectors. The size of the individual detector was increased to 15

cm × 15 cm × 15 cm and the number of detectors to 32. The system was tested

with two 252Cf sources of different activities - 13 µCi (481 kBq) and 1.8 µCi (66.6

kBq) - located at various distances from the aperture. Similarly to the previous

work, 4.5° angular resolution was reported in the reconstructed images. However,

when the lower activity source was placed 26 m away from the aperture, it was

not detected due to the high level of noise detected. Additional shielding around
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the detector array was necessary to improve the SNR and hence localise the lower

activity source. Neutron and gamma PSD was implemented using digital CCM

algorithm for each of 32 single channel PMTs.

MURA based coded-aperture fast neutron detection system was also tested for

measurement of plutonium holdup at fuel cycle facilities [74]. This system was a

result of improvements to the previous work performed at Oak Ridge National Lab-

oratory (ORNL), which used liquid scintillators as sensitive detectors and utilised

Pb shielding to block gamma-rays [110, 111]. The new system utilised modulating

properties of HDPE to slow down the high energy neutrons, as the rank-11 MURA

based aperture was built entirely from this material. In this experiment a new

PSD capable plastic scintillator (EJ-299-34) was tested as a replacement to a frag-

ile and susceptible to leaks liquid detector (EJ-309). The detector was built as a 8

× 8 array of individual plastic scintillator pixels with 1.35 × 1.35 × 5 cm3 making

the total volume of the detector to be 10.8 × 10.8 × 5 cm3. The detector was

positioned behind the 53.4 × 53.4 × 2.54 cm3 coded-aperture pattern machined in

a 81 × 81 × 2.54 cm3 piece of HDPE. Multiple apertures can be joined together to

increase the thickness of the HDPE if required. Several scenarios were tested with

single and multiple 252Cf sources placed in various location with the reference to

the detection system. The main focus of the study was sensitivity rather than spa-

tial resolution. The results suggest that the location of the neutron source in three

dimensions can be inferred with a high level of accuracy [74]. Nonetheless, the

large scale of the system may present difficulties when attempting to incorporate

such a system in nuclear decommissioning environment.

A different implementation of coded-masks to fast neutron localisation was pre-

sented by Brennan et al. [112]. In contrast to spatial modulation of a particle flux,

normally used in coded-aperture imaging, time modulation of the particle flux was

introduced. Time-encoded imaging (TEI) technique adapted in this study, relies

on a small number of time-sensitive detectors, as opposed to position-sensitive de-

tectors normally used in the coded-aperture imaging systems. Two time-sensitive

detectors were built of two 1 inch diameter aluminium tubes filled with EJ-309

scintillator, coupled with two 2 inch diameter cylindrical PMT. The detectors were

placed in the centre of a rotating circular mask made of HDPE. The mask had a
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30% open fraction and the thickness chosen such that the fission neutrons were

sufficiently moderated. The complete system was moved by a stepper motor which

enabled the data from the motor encoder to be synchronised with the incidents

detected by the PMTs. An angular resolution of 2° was achieved for two 252Cf

point sources after 12 hours exposure time [112]. Due to the rotational operation

of the system a 360° horizontal FOV can be realised. However, long exposure time

required may prevent the employment of such systems where real or near real-time

radiation detection is desired.

More recent attempts of utilising the coded-aperture approach for neutron

detection also show promising results. If the coded aperture is made of a neutron

absorbing material, its thickness affects the overall performance of the detector.

Recently performed Monte Carlo simulations used an 8 cm thick MURA based

coded-aperture model (made of 10B, 113Cd and 157Gd), EJ-426 - a thermal neutron

scintillator - and 241AmBe as the neutron source. The results present high spatial

resolution for the neutron source located near the central point of the aperture.

However, a decrease in spatial resolution is observed when the source is placed

nearer the edges of the aperture. The decrease is caused by a greater number of

neutrons being absorbed by the shielding implemented around the edges of the

coded aperture. Since fewer neutrons reach the detector surface, the accuracy of

the source reconstruction decreases [113].

Despite the high angular resolution achieved across the coded-aperture based

neutron imagers presented in this section, their adaptation for nuclear decom-

missioning remains to be demonstrated. None of the systems described performs

neutron localisation in real-time. Moreover, the large scale systems [102, 74, 112]

would be difficult to deploy or maneuver within a nuclear decommissioning en-

vironment. They would be impractical in the environment where portability of

radiation imaging systems is crucial.
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3.7 Potential improvements to coded-aperture

based neutron imaging

The currently employed techniques for neutron imaging do not offer sufficient

sensitivity across the energy spectrum between thermal and fast neutrons (up

to 15 MeV). Existing research suggests adding moderation materials or building

apertures of greater thicknesses to solve the problem. These solutions may sub-

stantially increase the weight and limit the portability of the complete imaging

system.

In this work a novel portable, real-time neutron imaging system is proposed

which will be of great benefit to nuclear decommissioning and security applica-

tions. Authors simulated an innovative coded-aperture model considering the

practicality of such a device. The shape and the dimensions of the aperture are

also chosen such that a scintillator and a position sensitive photo multiplier tube

(PSPMT) can be matched. Since an organic scintillating material which is sen-

sitive to a range of neutron energies between thermal and fast (up to 15 MeV)

is not available, focus was placed on developing a system suitable for the digi-

tal PSD implementation. Modern organic liquid scintillators offer discrimination

between neutron and gamma incidents down to approximately 40 keVee, which

corresponds to 450 keV energy neutrons [114, 28]. Improvements into methods

of growing single stilbene crystals led to a development of a scintillator, which

claims better PSD for lower energy neutrons than previously mentioned EJ-309

liquid scintillator [115]. Hence, the prospect of utilising the stilbene scintillator

will be explored. The system could then be paired with a multi-channel, FPGA

based signal processing electronic circuitry, making real-time detection, localisa-

tion and discrimination of neutron and gamma sources in a mixed radiation field

possible.

3.7.1 Design of MURA based coded aperture

The model created in this work comprises a square rank 7 coded aperture with 169

elements, a scintillator and a neutron source. The coded aperture was designed

using original MURA algorithm [88]. The design of the coded-aperture based

54



Chapter 3. Coded-aperture imaging systems: Past, present and future
development - A review

system involves construction of both an encoding and a decoding array. The en-

coding array A is placed in front of a source of radiation S resulting in an encoded

image being projected on the detector surface D. Considering the practicality of

the simulated system, a 13 × 13 aperture - the encoding array A - was designed

through a 2 × 2 arrangement of the basic rank 7 pattern. Location of opaque

and transparent elements in the encoding array A was determined by following

equations 3.1 and 3.2 [88].

Aij =



0 if i = 1,

1 if j = 0, i 6= 0,

1 if CiCj = +1,

0 otherwise,

(3.1)

where

Ci, Cj =

+1 if i is a quadratic residue modulo L,

−1 otherwise.

(3.2)

The quadratic residue modulo L calculation stems from the number theory

and identifies which elements in each row C i and each column C j should be

open (+1) or closed (-1). As the case L=0 is normally excluded from the lists,

quadratic residue lists typically range from 1 to L-1 [116]; from 1 to 6 for the

system considered in this work.

Equation 3.1 is then applied to include the row and column when i and j are

equal to zero. The resulting encoding array A is obtained by simply replacing

+1 terms with 1 and -1 terms with 0. In accordance with equation 3.1, the row

with i equal to zero contains all zeros, whereas the column with j equal to zero

contains all ones apart from the case when i is zero. Such an aperture can be

easily rearranged into a symmetrical form by a cyclic permutation of rows and

columns [88]. The basic array in this form can be simply made into 2 × 2 version

as presented in Figure 3.3.

In order to decode the image projected by the aperture, equation 3.3 is applied

to the array A resulting in the decoding array G. In this case all 0 terms are

changed to -1 and all 1 terms to +1 except for the situation when the 0 term for
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i,j=0 is replaced with +1. In the 2 × 2 arrangement of the basic array, it is the

middle element that changes its value in comparison to the encoding array A [88].

Figure 3.3: Rank 7 coded aperture. Transparent and opaque elements are pre-

sented in white and black, respectively. With 84 transparent and 85 opaque ele-

ments, the modelled aperture yields 49.7% transparency. A frame of 5 mm was

added around the 13 × 13 aperture to represent clear boundaries.

Gij =


+1 if i+ j = 0;

+1 if Aij = 1, (i+ j 6= 0);

−1 if Aij = 0, (i+ j 6= 0);

(3.3)

The reconstructed image R is obtained by applying the convolution theorem

to the image projected on the detection plane D and the decoding array G as

presented in equation 3.4. The detection plane array D was obtained by running

a simulation in MCNPX [117].

R = D ∗G; (3.4)

3.8 MCNPX modelling and simulation

As creation of complicated geometry models in MCNPX can be troublesome and

error-prone, MCAM CAD-based software was used for the design of the aperture

and detector plane [118]. Models can be built in 3D and converted to commonly

used radiation transport codes e.g. MCNP, Geant4. The model of the aperture
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created in MCAM is shown in Figure 3.4. It was created by closely following the

equations presented in the previous subsection.

Figure 3.4: Aperture with the 5 mm frame constructed in MCAM

113Cd and naturally occurring W were tested as potential materials for the

coded-mask considering their neutron modulating and reflecting properties [119].

113Cd was chosen due to its relatively high thermal neutron absorption cross-

section (26719 barns). High atomic number of natural W, and its low thermal

neutron absorption cross-section (23.86 barns) provide marginal moderation of

neutrons but adequate reflection for high energy neutrons, due to its high density

(19.3 g/cm3). Moreover, mean free path was calculated for each material for

thermal and 15 MeV neutrons (maximum neutron energy of 252Cf as specified in

[30]). Results presented in Table 3.2. support the assumption that 113Cd is a better

choice for thermal neutron absorption than natural W. However, high density of

the natural W is reflected in the comparison between the mean free path values

for the two materials at 15 MeV. In both cases, an increase in detection sensitivity

is to be expected when the aperture thickness is increased. Therefore, aperture

models of two thicknesses were tested - 10 mm and 25 mm. Each square element

of the aperture was set to 5 mm × 5 mm. The size of each detector element is

identical to the thinner aperture in terms of area as well as thickness of a single

element.
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Table 3.2: Neutron mean free path calculation results for 113Cd and Natural W

based on ENDF/B-VII.1 library from [120].

Material
Neutron mean free path (cm)

Thermal 15 MeV

113Cd 8.112x10−4 4.78

Natural W 0.664 2.954

Commercially available liquid scintillators, for instance EJ-301, present good

PSD characteristics. But their implementation in systems targeted for nuclear de-

commissioning can be hindered by some of their properties: for example, EJ-301

consists of highly toxic, flammable and volatile aromatics. Recently developed

plastic scintillators have proven to achieve similar results to organic liquid scin-

tillators with regard to PSD [121]. As these detectors are not manufactured from

dangerous substances, they present a potential for use in neutron detection appli-

cation in nuclear decommissioning.

Recent research into methods of obtaining single stilbene crystals suggests that

their light output can be two times higher than that of commonly used liquid scin-

tillator (EJ-309) [122, 19]. Furthermore, a comparison performed between EJ-309

and stilbene crystal scintillators shows that stilbene has superior PSD and energy

resolution [115]. These developments in stilbene manufacture made it a viable can-

didate for the work undertaken. Therefore a stilbene crystal scintillator (C14H12)

with density of (1.15 g/cm3) was modelled in the MCNPX environment [104].

According to the technical data sheet, the crystal offers excellent neutron gamma

separation, while being non-hygroscopic, non-flammable and non-hazardous [104];

features of great importance in industrial applications.

As the primary interest of this work lies in localisation of neutron sources, 252Cf

was modelled as the radiation source. It was defined in the MCNPX code based

on the characteristics specified in the BS ISO 8529-1:2001 standard [30]. 252Cf

spontaneous fission source releases approximately four fast neutrons as a result of

each fission event [19], which makes it a viable choice for the requirements of the

work described in this paper.
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MCNPX geometries were set up with the 252Cf point source, represented as a

red sphere in Figure 3.5, located either 5 cm or 10 cm away from the aperture. The

coded aperture and the detector plane - shown in grey and yellow in Figure 3.5,

respectively - were arranged to be 10 cm apart. The midpoint of the aperture was

located at the origin of the geometry regardless of its thickness. As a result, the

coordinates of the source in space were changing, as the thickness of the aperture

was altered.

Figure 3.5: 3D image of the complete MCPNX geometry

A pulse height tally was recorded for each detector cell. The pulse height

tally (F8) was chosen as the data recorded offers the closest representation of

a physical detector cell [117]. Special treatment of the pulse height tally was

utilised (FT8 CAP), which transforms it to a neutron capture tally [123]. Once

MCNPX completed each simulation, number of neutrons captured within each

detector cell were read through a MATLAB script and then stored as a 13 × 13

array. The array obtained is equivalent to the detector plane array D described in

section 3.6.1. Using MATLAB, the detector plane array D was convoluted with

the decoding array G and the resultant was utilised to find the reconstructed array

R.

3.8.1 Simulation Results

For each simulation scenario cell particle activity table - table 126 in MCNPX

output file - was analysed and compared for the two aperture materials modelled.

59



Chapter 3. Coded-aperture imaging systems: Past, present and future
development - A review

Table 3.3: Detection error for the distance of 5 cm between the source and the

aperture

Material
Detection error(%)

10 mm thick 25 mm thick

113Cd 18.45 18.45

Natural W 25.32 21.13

Across all arrangements tested, number of neutron collisions in the aperture was

on average 40 % higher in the natural W than in 113Cd. Additionally, average

neutron mean free path was greater (approx. 3.78 cm) for 113Cd than for W

(approx. 2.32 cm). These results are comparable with the values presented in

Table 3.2, given the theoretical analysis was performed for the maximum energy

of the specified source rather than the average.

Detection errors were calculated based on the results obtained. The errors

presented in Table 3.3. and Table 3.4. took into account the difference between

the actual source position and the location obtained through the reconstruction

process described. The results are presented as 2D images with a scale between

-3 and +3 cm in Y and Z directions. Given the rank of the aperture and the

dimensions of the detector simulated, the centre of each cell is located every 0.5

cm. Hence the maximum error (100%) in one direction is associated with the

situation, when a hot-spot is detected 6 cells away from the actual location of the

source. For example Figure 3.6b, presents the reconstructed source at Y = 3 cm

i.e. 6 cells away from the actual source in Y direction - maximum error 100%. In

the Z direction the difference is only 1/6 cells (Z = 0.5 cm) - approximate error

16.67%. Using trigonometry the resultant error can be calculated to be 25.32%

(accounting for the fact that only one quarter of the whole graph is considered).

In the first modelled set-up, the source was located at (5.5 cm, 0.0 cm, 0.0

cm) with the front of the 10 mm thick aperture, exactly 5 cm behind. Images

of the reconstructed arrays R were plotted for each simulated scenario. Figure

3.6a and 3.6b present plots of the filtered neutron capture results for 113Cd and

natural W, respectively. It can be observed that both materials provide relatively
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Table 3.4: Detection error for the distance of 10 cm between the source and the

aperture

Material
Detection error(%)

10 mm thick 25 mm thick

113Cd 0.00 0.00

Natural W 18.34 13.12

poor localisation performance when the source is placed only 5 cm away from the

aperture and neutron capture tallies are considered. The following two plots -

Figure 3.6c and 3.6d - represent the reconstruction of the sources for the aperture

of 25 mm thickness with the neutron source located 5 cm away. Although the

localisation performance increases marginally in the case of natural W when the

aperture thickness is increased, it is not sufficient to provide reliable localisation

data.

Results of the simulation for the source located at the distance of 10 cm from

the aperture front present a significant improvement in detection sensitivity, when

compared to the previously discussed case. Regardless of the thickness 113Cd

aperture provides an ideal reconstruction of the source. The improvement for the

mask made of natural W is not as prominent as in the case of 113Cd. It should also

be noted that a weighted error calculation was applied for all the images presented.

Hence, the detection error is greater for 10 mm thick W mask, as contrasted

with the 25 mm thick W mask; multiple hot-spots suggest lower confidence in

the results obtained. The reason for image splitting can be associated with the

neutron reflective properties of natural W. As the aperture is placed farther away

from the source, a higher number of particles can be reflected through the internal

surfaces of the aperture’s open elements. These in turn lead to false neutron events

being detected within scintillator cells.

Since the main focus of this study was to assess a workable neutron localisation

solution for nuclear decommissioning an isotropic 252Cf source was used. It was

found that 113Cd aperture absorbed lower number of neutrons than natural W,

which supports the calculated and achieved neutron mean free path values for each
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(a) (b)

(c) (d)

Figure 3.6: MATLAB plots of MCNPX simulation results with 252Cf source located

5 cm away from the aperture: (a) 113Cd aperture, thickness - 10 mm (b) W

aperture, thickness - 10 mm, (c) 113Cd aperture, thickness - 25 mm and (d) W

aperture, thickness - 25 mm. White cross marks the actual location of the source.
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(a) (b)

(c) (d)

Figure 3.7: MATLAB plots of MCNPX simulation results with 252Cf source located

10 cm away from the aperture: (a) 113Cd aperture, thickness - 10 mm (b) W

aperture, thickness - 10 mm, (c) 113Cd aperture, thickness - 25 mm and (d) W

aperture, thickness - 25 mm. White cross marks the actual location of the source.
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material. In both cases the statistical uncertainty of the results did not exceed

0.01% for the neutron capture tally. The detectors response in the relevant energy

ranges did not exceed the statistical uncertainty of 0.05%. This level of statistical

accuracy was achieved with 108 particle histories simulated.

The modelled stilbene scintillator performed well in the simulated environment,

despite its small thickness (1 cm), which makes it a possible solution for practical

implementation of the system. Moreover, initial results suggest that even with a

relatively large element size (5 mm × 5 mm) and small thickness of 10 mm, 113Cd

coded aperture can achieve good localisation performance as shown in Figure 3.7a

and 3.7c. It should also be noted that with doubling of the distance between

the aperture and the neutron source, an improvement in detection sensitivity was

observed. The importance of this is that neutron localisation from a distance

would be of great benefit for nuclear decommissioning applications, as access to

the areas of nuclear power plants requiring characterisation is often limited.

3.9 Discussion

Existing coded-aperture imaging systems have been reviewed and potential im-

provements for a practical coded-aperture based neutron imaging system have

been discussed and simulated. Scintillator based coded-aperture radiation imag-

ing has been previously well documented by researchers with reference to X- and

gamma-ray detection. Coded-aperture neutron imaging systems have shown en-

couraging results for fast neutron detection in security applications, as well as in

nuclear material instrumentation. Neutron detection and localisation in nuclear

decommissioning, on the other hand, relies largely on commercially available colli-

mator based pinhole detectors. Many of these systems employ liquid scintillation

detectors, which are not favourable in sensitive decommissioning environment, due

to their hazardous properties. In this study, an organic stilbene crystal scintillator

has been identified, which claims excellent PSD, and provided promising results

in the fast neutron environment modelled. In contrast to liquid scintillators, it is

not hazardous, easy to transport and not susceptible to leaks. Furthermore, the

results obtained from an MCNPX simulation also suggest that using higher den-
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sity material, such as 113Cd, for the mask enables it to reliably stop fast neutrons

from reaching the scintillator through the opaque elements of the mask, without

increasing its thickness to impractical dimensions.

The theoretical model proposed holds potential for a portable coded-aperture

neutron detection system if paired with a commercially available PSPMT, such

as Hamamatsu H9500. It is a square 256 channel PSPMT with pixel size of 2.8

mm × 2.8 mm. The size of a single coded-aperture element can be matched

to that of the PMT pixel increasing the overall resolution of the system. As the

location of the interaction in the scintillator can be extracted via readout electronic

system, the detection sensitivity could also be potentially increased. However,

in order to reliably distinguish neutron from gamma interactions within organic

scintillator, not only the interaction location but also the shape of the pulse must

be retrieved. Hence, a bespoke readout electronic system for the PSPMT would

be required. Pulses extracted from the PSPMT would necessitate digitisiation

using high sampling rate ADCs before being processed on a fast FPGA chip (up

to 500 MHz) to perform ditial PSD. With a correctly characterised scintillator,

real-time mixed field characterisation could be achieved.

The modelling work completed, proposes one of the implementations of the

scintillator based coded-aperture neutron imaging systems. In comparison to the

coded-aperture neutron imaging systems reviewed, the model proposed in this

paper is a relatively small scale system. It aims to present an adaptation of

the proven advantages of the larger coded-aperture imaging systems for neutron

localisation in nuclear decommissioning, where portability and detection efficiency

play vital roles. Hence, the system is intended to perform initial scanning of a

larger area from a distance of several meters and then gradually focus on the

specific location of the radioactive source. Alternatively, multiple modules can be

arranged into square arrays avoiding the need for initial scanning of larger areas.

As scintillator based coded-aperture neutron imagers are continuously being

explored and improved, owing to technological advancement, coded-aperture based

neutron imagers can be adapted in new application fields, such as nuclear decom-

missioning. Hence, a careful selection of hardware elements, a novel design ap-

proach, as well as innovative digitised PSD implementation will play a key role in

65



Chapter 3. Coded-aperture imaging systems: Past, present and future
development - A review

the performance of an imaging system suitable for this application.
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4.1 Abstract

There exists an ongoing need to develop and improve methods of detecting ra-

dioactive materials. Since each radioactive isotope leaves a mark in a form of par-

ticles emitted, new materials capable of detecting these particles are constantly

sought. Neutrons and their detectors play a significant role in areas such as nu-

clear power generation, nuclear decommissioning and decontamination, border

security, nuclear proliferation and nuclear medicine. Owing to the complexity of

their detection, as well as scarcity of 3He, which used to be the preferred choice for

neutron detection in many application fields, new sensitive materials are sought.

Systems utilising organic and inorganic scintillating crystals have been recognised

as particularly good alternative methods of neutron detection. Since they enable

a detailed investigation of the neutron spectra, in-depth information about the

radioactive source can be inferred. Therefore, in this article an extensive review

of scintillating crystals used for neutron detection is presented. Going through

the history of scintillating crystals and discussing changes that occurred in their

uses and development methods for radiation detection, the authors present a com-
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prehensive overview of the current situation. Supported by a practical example,

possible future directions of the research area are also presented.

4.2 Introduction

Radiation detection plays an important role in many application fields such as

nuclear medicine, power generation, border control and nuclear decommissioning.

Regardless of the application field, radiation detectors are primarily deployed to

ensure safety of the personnel either working with, or in the close proximity, of

the radioactive substances [124]. Further, they are essential to border and security

control, where they are used to prevent illegal transportation of dangerous items

[125]. Irrespective of the way they are used, a sensitive material is required that

interacts directly with the targeted or expected radiation field. Large number of

these devices use scintillating materials as radiation sensitive medium.

History of the scintillating materials used for radiation detection goes back to

the work by Röntgen and his famous discovery of X-rays [126]. In his experiment,

Röntgen was placing barium platinocyanide plates in the close vicinity of the

vacuum tubes with CaWO4 powder that were previously discovered by Crookes

[127]. He discovered that materials such as lead are opaque to the X-rays, whereas

other materials such as aluminium are transparent. Most famously, he discovered

that X-rays can be used to image bones of a human body, because calcium absorbs

the X-rays owing to its relatively high atomic number, while tissues in other body

parts are built of elements characterised by lower density. As such, they are more

transparent to the rays.

The discovery was embraced by large scientific community as it allowed to

investigate previously unknown properties of materials. One of the materials in-

vestigated was crystal, as described by Friedrich et al., where they discovered

X-ray diffraction within the crystal [128]. Around the same time, the structure of

crystals was described based on the X-ray diffraction [129]. What became appar-

ent as a result of these experiments was that crystals are capable of scintillating

X-rays, and thus their interactions in crystals could be observed.

Initially, the fluorescence produced by scintillators was observed by the naked
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eye, which made it difficult to conduct a suitable investigation. An obvious re-

quirement of a suitable photodetector resulted in the discovery of a photomultiplier

tube (PMT). There exists some controversy related to the discovery of PMT, but

the first electrostatic PMT (similar to the devices still produced and used today)

was presented in 1936 by Zworykin et al. [130]. Nonetheless, discovery of PMTs

opened up a new chapter in the history of scintillating crystals, as it made the

investigation of the new materials easier and enabled new properties to be found.

In this article, a review of the available crystal scintillators for radiation de-

tection, with particular focus placed on neutron detection, is presented. In the

following sections, an overview of types of crystals used for radiation detection

with regard to their chemical structure and particle sensitivity is presented. Fur-

ther, both organic and inorganic crystals used for neutron detection are discussed

in detail, as well as their growing importance given the scarcity of 3He and limita-

tions of other detection methods. The discussion is supported through numerous

examples from the literature, as well as practical example of a response of an

organic crystal to mixed neutron/gamma field provided by 252Cf. The article is

concluded with a discussion about possible future directions and expectations of

where crystals may be used to further support neutron detection capabilities.

4.3 Scintillating Crystals used in Radiation De-

tection Applications

Regardless of the chemical type of a scintillating material, the process of extract-

ing information from an interaction occurring within a scintillator is largely the

same. When an incident particle enters the scinitllator, it undergoes numerous

interactions with the scintillant particles and, by doing so raises atoms to exited

states. These emit fluorescence that is transformed into photoelectrons at the

surface of a photodetector such as PMT or a silicon photomultiplier (SiPM). Ph-

totodetectors multiply the weak photoelectrons and form an electrical pulse which

carries important information about the incident radiation [131]. These can be

easily detected through a combination of analogue and digital electronics.

Characteristics of pulses observed on the outputs of a photodetector, such
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as their length, height, rise time, decay time, are measured and used to infer

the origin of the interaction within the scintillator. These characteristics differ

between scinatillators and incident particles, owing to distinctive interactions that

govern the scintillation process. The differences can be observed and analysed,

enabling the information about the incident particles to be inferred. The most

basic distinction related to crystals is between organic and inorganic crystals.

4.3.1 Operation Principle of Inorganic Crystals

One of the most frequently used crystals in radiation detection is NaI. This single

crystal of alkali halide is characterised by very good spectrometric response to

gamma-ray photons. Pure NaI crystal is an example of an insulating material.

As such, its energy band structure consists of valence band, which is normally

full, and conduction band, which is normally empty. The two are separated by

gap band, which is also known as forbidden gap or energy gap. In pure NaI crystal

electrons cannot be observed in this region [131, 19]. When exposed to ionising

radiation, the electrons from the valence band can be excited and move onto

the conduction band. Hole in the valence band is filled when the electron returns

from the conduction band. This process is accompanied by the release of a photon.

However, the width of the energy gap means that the energy of the photon released

is too high to be in the visible region, making pure NaI crystal inefficient [19].

In order to alleviate this problem, impurities are introduced to inorganic crys-

tals. These are called activators and are introduced to increase the likelihood of

emitting a visible photon, when electron is returning to the valence band. The

energy band structure is changed when an activator is added, and as its energy

is less than that of the energy gap in the pure crystal, visible photon can be

emitted. One of the most common activators is Tl, which shifts the maximum

emission wavelengths from 303 nm to 450 nm between NaI and NaI(Tl) crystals,

respectively [131]. Activators create new regions within the crystalline structure

of a scintillator, which are sometimes referred to as luminescence centres or recom-

bination centres. These enable the scintillators emitted wavelengths to be more

closely matched with the sensitivity regions of the PMTs.

Depending on the application different properties of the inorganic crystals may
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be sought. However, there exists a basic set of requirements that is desirable across

many application fields which includes a fast response, high light yield, high den-

sity and high atomic number [132]. Excellent gamma-ray sensitivity and energy

resolution should naturally lie above the mentioned characteristics. A material

meeting all of these criteria does not exist. For instance, NaI(Tl) and CsI(Tl) are

characterised by the high light yield, but relatively slow response time. In contrast,

pure CsI crystal exhibits very fast response at the cost of low light yield, which is

caused by the lack of activator. One of the inorganic crystals that was utilised in

varied application areas due to its unique combination of the specified character-

istics is Lu2SiO5(Ce) (LSO) [133]. As such, it was successfully exploited, together

with its modified version containing yttrium - e.g. Lu1.8Y0.2SiO5(Ce) LYSO in e.g.

nuclear medicine for Positron Emission Tomography (PET) applications.

Inorganic crystals were primarily developed for application in gamma-ray de-

tection and characterisation applications, due to their suitability in areas requiring

excellent energy resolution. Nonetheless, when exposed to neutron field almost any

scintillation material will also react to those particles. Depending on application

incident neutrons may give rise to unwanted noise, as a result of nuclear reactions

that are accompanied by the release of gamma-ray photons, leading to inaccurate

gamma-ray measurements. However, there have been numerous inorganic crystals

developed, which are directly aimed at thermal neutron detection. This is possible

because the crystals contain a high thermal neutron cross-section material such as

Li [19].

4.3.2 Inorganic Crystals Capable of Neutron Detection

Due to their uncharged nature neutrons, as well as gamma-ray photons, do not

undergo Coulomb interactions. Therefore, in order to detect neutrons it is nec-

essary to convert them into charged particles. For low-energy neutrons, this is

achieved through the nuclear reactions resulting in the release of a proton or al-

pha particle. These can be subsequently detected through their interactions with

matter via Coulomb forces. Given their high cross-section for thermal neutrons,

the most commonly used isotopes are 10B, 6Li and 3He.

The most common nuclear reaction with 3He used for neutron detection is
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defined in Equation 4.1. It is accmpanied by the release of 0.764 MeV of ki-

netic energy, and cross-section for this particular reaction is 5330 barns [19]. Fast

neutron detectors based on 3He have also been implemented, where appropriate

moderating material was added to thermalize the fast neutrons [134]. However,

scarcity of 3He, caused by the decline in tritium production for nuclear weapons

maintenance, requires that other alternatives be sought [10].

3
2He + 1

0n
3
1H + 1

1p + 0.764MeV (4.1)

4.3.3 Detectors Utilising 6Li Neutron Reaction

Out of the remaining two isotopes, 6Li has been most widely adapted in inorganic

crystals. One of the examples of a scintillating crystal capable of neutron detection,

which contains Li, is another alkali halide - LiI(Eu). Detectors containing Li

represent a group of potential candidates for detection of low-energy neutrons

owing to the 6Li(n,α) reaction, as defined in Equation 4.2. Relatively recent study

investigating the doping of the pure LiI crystal with Eu2+ show that appropriate

doping level, as well as heat treatment may hold an answer to the light yield

problem, when used for neutron detection. It should be noted that the heat

treated LiI:Eu2+ scintillator examined by Boatner et al. [135] also shows excellent

spectral response to gamma-rays from 137Cs calibration source.

6
3Li + 1

0n
3
1H + 4

2α + 4.78MeV (4.2)

Another detector utilising the high thermal neutron cross-section of 6Li iso-

tope is Ce3+ doped LiCaAlF6 inorganic crystal. When experimentally tested, this

detector’s performance was compared to that of a commercially available Li-glass

scintillator [136]. Samples of two different sizes of LiCaAlF6 were manufactured,

and tested in regard to the light yield, neutron/gamma (n/g) separation capa-

bilities and neutron detection efficiency. Regardless of the sample size the light

yield was considerably lower than measured for Li-glass detector. However, n/g

separation capabilities were deemed as high, and the intrinsic neutron detection

efficiency (for the large size sample - 50.8 mm × 2 mm) was estimated to 80% of

the Li-glass counterpart.

72



Chapter 4. Critical review of scintillating crystals for neutron detection

When a scitnillator is sensitive to both neutrons and gamma-ray photons, it

is necessary to separate the two particle types. This phenomena is often referred

to as pulse shape discrimination (PSD), and is very common in the domain of

organic scintillators. However, PSD methods have also been applied to success-

fully separate neutrons from gamma-ray photons in crystals such as LiAlO2 and

LiGaO2 [137]. In this case, Cherenkov radiation can be used to distinguish be-

tween neutrons and gammas, as it provides a cut-off point between the fast and

slow component in the pulse decay. As tested with 252Cf, the researchers show that

scintillators are capable of detecting fast neutrons. It is believed that detector’s

sensitivity could potentially be extended to thermal energy region.

A very good potential for neutron detection via PSD methods is presented

by detectors utilising LiBaF3 crystal doped with Ce. The discrimination between

various particles, across broad energy spectrum, is possible due to the occurrence

of core-valence luminescence (CVL). It is a very short pulse (sub-nanoseconds)

resulting from a hole in the conduction band of an ionic crystal that is being filled

by an electron travelling from the valence band [132]. It appears alongside the

self-trapped-exciton (STE) luminescence, when the crystal is exposed to gamma-

ray field. When it is exposed to the neutron field, only the STE luminescence is

observed. It is reported to have a high energy resolution, and as such be suitable

for spectroscopy applications where isotopes can be identified based on the energy

spectrum observed. It is also capable of discriminating between gammas, thermal

and fast neutrons [138].

Another group of crystals capable of neutron detection are elpasolites, which

inlucde scinitllators such as Cs2LiYCl6 (CLYC) and Cs2LiLa(Br,Cl)6 (CLLBC).

When doped with Ce, these crystals can separate neutron and gamma-rays with

a low level of misclassification probability. They are also characterised by the

high energy resolution [139]. Fast neutron detection can also be facilitated by

growing the crystals using 7Li, rather than the traditionally used 6Li to maximise

thermal neutron sensitivity. Moreover, a number of composite detectors has been

developed, consisting of CLYC crystal incorporated into an organic plastic, to

further extend the sensitive spectrum to fast neutrons [140, 141].

Further example of an inorganic scintillator for neutron detection that is popu-

73



Chapter 4. Critical review of scintillating crystals for neutron detection

larly used is 6LiF/ZnS:Ag [142]. At the heart of this scintillator lies ZnS crystalline

powder, which was famously used by Rutherford in his work on the stability of

atoms [143]. ZnS:Ag powder is characterised by a very good light yield of 75000

photons/MeV and relatively slow decay time of 1.4 µs [144]. In the same study, the

author attempts to characterise pure ZnS single crystal. The analysis presented

suggests that due to the absence of the Ag dopant, the light yield is reduced sig-

nificantly. It is therefore clear that a scintillator in this form would not be capable

of detecting neutrons. However, when 6LiF is added to the mix it becomes an effi-

cient thermal neutron detector with low gamma-ray sensitivity. It is commercially

available from Eljen Technology as EJ-426 [145].

4.3.4 Detectors Utilising Other Properties of Inorganic

Crystals

The ongoing research into finding an appropriate 3He alternative has resulted

in new ways of using well established inorganic crystals. One of such examples is

YAlO3:Ce3+ which was successfully used for gamma radiation detection. Neutron

sensitivity was in this case facilitated by adding converter in a form of a powder

to the surface of the scintillator. Depending on the energy group of neutrons

targeted possible candidates are lithium, boron, gadolinium (thermal neutrons)

and thorium, hydrogen (fast neutrons).

The discrimination between gamma-ray and neutron interactions is performed

via pulse height discrimination (PHD), and has been successfully presented with

PuBe source [146]. A detector utilising YAlO3:Ce3+ with neutron converter would

benefit from the intrinsic properties of the perovskite detector such as fast decay

time, high light yield and good stopping power. Simultaneously, the size of the

detector could be kept small which is often desired in applications such as nuclear

medicine. However, as with all inorganic scintillation crystals it is characterised

by very high gamma-ray sensitivity which makes the analysis and discrimination

process difficult.

One of the materials mentioned in the preceding paragraph (gadolinium) is

characterised by the highest thermal neutron cross-section known. Apart from

being used as a conveter, gadolinium based detectors form another group of good
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fast neutron detecting crystals. Gd3Al2Ga3O12:Ce (GAGG:Ce) crystal is charac-

terised by excellent light yield and good stopping power. Neutron interactions

with gadolinium are primarily driven by 155Gd(n,γ) and 157Gd(n,γ) reactions, for

which the cross-sections are 60900 and 255000 barns, respectively. The reactions

are defined in Equation 4.3 and Equation 4.4, where the unstable products return

to the ground state with a release of gamma-rays.

The resulting neutron and gamma-ray induced pulses must be separated via

appropriate method. However, there is no need for material enrichment due to

exceptional neutron sensitivity of gadolinium. Moreover, it is possible to retrieve

incident kinetic energy of a neutron interacting within the crystal which opens up

the possibility of performing neutron spectroscopy. Recent study performed with

AmBe source showed a superior performance of this crystal, when compared with

an established 6Li-glass detector [147]. Given the fast response of the crystal to

gamma-ray photons, it is also feasible to explore time-of-flight based discrimina-

tion. Therefore, it comes at no surprise that a lot of research effort is currently

going into the improvement of this detector. However, as with most of inorganic

crystals high cost, and long growing time may be unacceptable in many applica-

tions.

155
64Gd + 1

0n
156
64Gd* 156

64Gd + 8.54MeV (4.3)

157
64Gd + 1

0n
158
64Gd* 158

64Gd + 7.94MeV (4.4)

Detection of thermal neutrons using 10B reactions is well established in the

domain of organic scintillators [148]. Doping with 10B enables the sensitivity

spectrum of organic scintillators, which is a very good fast neutron detector, to

be extended to the thermal region. 10B(n,α) reactions, as defined in Equation

4.5 and Equation 4.6, are probably most widely used mechanism for detection of

thermal neutrons, owing to high thermal neutron cross-section (3840 barns) [19].

The reaction can lead to a stable or an unstable 7Li isotope, and is accompanied by

the release of α particle that can be easily detected using conventional methods.

10
5B + 1

0n
7
3Li* + 4

2α + 2.79MeV (4.5)
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10
5B + 1

0n
7
3Li + 4

2α + 2.31MeV (4.6)

Although popular in the domain of organic scintillators, there are not many ex-

amples of inorganic crystals utilising 10B based reactions. However, Li6Y(BO3)3:Ce

has been computationally and experimentally tested showing good potential for

thermal neutron detection. It is reported to be a relatively fast scintillator with a

decay time for thermal neutrons of 37.8 ± 17.8 ns, and to show a greater thermal

neutron detection efficiency than Li-glass scintillator. However, its α/γ ratio is

ten times lower than than that of Li-glass, and its light yield is estimated to be

six times lower than NaI:Tl [149]. Another potential area of application for boron

doped crystals capable of neutron detection is considered to be space instrumen-

tation, with initial experiments showing reasonable results in regard to thermal

neutron detection efficiency [150].

Total neutron cross-section for the discussed elements is presented in Figure

4.1. It can be observed that gadolinium (shown in yellow) has the highest overall

cross-section for the low energy regions. In agreement with the quoted barn values

lithium (shown in orange) has the lowest cross-section out of the three considered

candidates. However, there is a noticeable spike between 100 keV and 1 MeV that

could be exploited in a specific application targeting this energy region. Boron

(shown in grey) appears to be the most stable, out of the three thermal detector

options, across the energy spectrum. For comparison, hydrogen’s cross-section

(shown in blue) is considerably lower than the other three elements in the thermal

energy region. It is expected since hydrogen is primarily used for fast neutron

detection in organic scintillators.

It is also worth noting that as early as 1968, it was attempted to perform

neutron detection using NaI(Tl) crystal [151]. The experiment was performed with

127I to observe crystal’s response to low energy neutrons (via radiative capture)

and fast neutrons (inelastic scattering). When tested in mono-energetic field of 1

MeV neutrons, overall efficiency was measured as 0.5 %, considerably lower than

that obtained for organic scintillators. As a result, research into suitable fast

neutron detection was pursued within the organic scintillators’ domain.

Heavy oxide scintillator crystals represent another group of detectors showing
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Figure 4.1: Total neutron cross-sections for the discussed elements: hydrogen,

lithium, boron and gadolinium using ENDF/B-VIII.0 libraries.

potential of neutron detection. Most commonly used examples of this group are

CdWO4 and PbWO4 crystals. CdWO4 is capable of providing a very good spectral

response to fast neutrons, but there exist handling issues in some places (e.g. UK)

related to this crystal due to toxicity of Cd [152]. Similarly, has been tested for

its fast neutron sensitivity [153]. Despite relatively good response in comparison

to other counterparts tested, its low light yield makes it unsuitable for many

applications [139].

4.3.5 Organic Crystals Operation

Regardless of their state (solid or liquid), organic scintillators are generally sensi-

tive to both fast neutrons and gamma-ray photons. Therefore, many PSD methods

have been investigated to facilitate low misclassification probability. The differ-

ence between the two particles can be inferred from the varying rate of energy loss

of the particle, when scattered in the scintillation medium. Fast neutrons primar-

ily undergo elastic scattering with a proton, while gamma-ray photons interact

with the atoms of the scintillant via Compton scattering. These result in fluores-

cence, whose decay time is proportional to the rate of energy loss of the incident
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particle. Appropriate photodetector is then capable of detecting the fluorescence,

and gives rise to a proportional electronic pulse. The rate of energy loss is greater

for Compton electrons (resulting from gamma-ray interactions), when compared

to protons (resulting from neutron interactions). This difference is reflected in the

tail of the electronic pulse produced by the detector [19].

There are only two pure organic crystals that have been widely exploited in

radiation detection applications: anthracene and stilbene. Anthracence was pop-

ularly used due to its scintillation efficiency, which is the greatest of all organic

scintillators [19]. Scintillation efficiency of organic scintillators is often quoted as

a percentage of anthracence’s outputs. Stilbene on the other hand, was charac-

terised by an excellent neutron/gamma separation capabilities, and was originally

used by Brooks [106] when investigating PSD methods in the analogue domain.

However, due to the issues related to growing of these crystals in greater dimen-

sions, they have been left aside for many years. In the first decade of the 21st

century, an interest has grown back due to new growing methods developed by

the team at Lawrence Livermore National Laboratory (LLNL) in the US led by

Natalia Zaitseva [154].

Given its excellent light yield anthracene still remains as the material that is

characterised by the best scintillation efficiency available and is often used as a

reference when developing new crystals. It was also tested for its PSD capabilities,

and even though inferior to stilbene decent separation was observed [154]. One of

the disadvantages of using organic crystals is their anisotropic response to incident

radiation, which affects the performance when the orientation of the detector

changes. However, this property can also be exploited to infer the location of

the interaction via the angle of the scattered proton. It was successfully used by

Brubaker and Steele [155] to perform neutron imaging.

Traditionally, trans-stilbene crystals were grown using the melt growth method.

Growth process was associated with both high complexity of the growth process

and high cost. Hence, they were only grown in sizes not exceeding 10 cm. However,

when new solution growth method was applied, the growth time was reduced and

samples of greater sizes were grown. It also partially adresses the well-recgnised

issue of high misclassification between neutrons and gamma-ray photons in the
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low energy region. Furthermore, when tested in regard to its light yield and PSD

capabilities, solution grown stilbene crystal performed considerably better than

equivalent melt grown stilbene and organic liquid scintillator - EJ-309 [122]. It

also shows better PSD characteristics than other PSD plastic scintillators [156].

As a solid, non-hygroscopic, not hazardous material, light-weight stilbene crys-

tal is suitable for many applications such as nuclear decommissioning and portable

security devices [157]. Although it is now possible to grow these crystals in larger

sizes, the cost of manufacturing is still relatively high suggesting that organic liq-

uids may still be more cost effective for large scale detectors. Nevertheless, the

continuous interest in the field of organic crystals has led to the development of

a new stilbene crystal, where hydrogen is replaced with deuterium. This deuter-

ated stilbene is reported to have even better PSD capabilities than the standard

stilbene [12]. Another organic crystal that should be mentioned at this stage is

rubrene crystal, that is also grown from solution and is reported to show clear

response to α particles, and a moderate response to fast neutrons [158].

Based on the presentation of the scintillating crystals currently utilised in neu-

tron detection applications, it can be noticed that there is no single choice that

would account for all the requirements of a neutron detector. Therefore, it is es-

sential to carefully analyse the requirements of a detector and choose the sensitive

material accordingly. In the following section, a practical example of an organic

stilbene crystal tested in the mixed field of 252Cf, in regard to its pulse shape

discrimination capabilities is presented. This particular scintillator was chosen,

as it illustrates the feature of lower misclassification probability at lower neutron

energies. Results obtained are then analysed, and the article is concluded with

the future outlook for scintillating crystals in neutron detection field.

4.4 Methodology

In order to illustrate the capabilities of organic scintillators in regard to fast neu-

tron detection, two solid state organic detectors have been tested in the mixed-field

(n,γ) environment provided by 252Cf at Lancaster University, UK. A single stilbene

organic crystal scintillator was obtained from Inrad Optics in 2016. PSD perfor-
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mance of this cylindrical crystal (20 cm × 20 cm) was compared with that of an

organic plastic cylindrical sample (25.4 cm × 25.4 cm) obtained from Lawrence

Livermore National Laboratory (LLNL) in the US, with LLNL sample number

5706. Samples have been covered with reflective coating on the side and back to

minimise the change of photons escaping the scintillator without being detected.

Each scintillator was then in turn attached to a single channel ET Enterprises

9107B PMT using EJ-550 silicon grease. The PMT anode signals were collected

via FPGA based signal digitiser operating at the sampling frequency of 500 MS/s

with 12-bit resolution.

Combined scintillator and PMT assembly was places in a cylindrical light proof

box and placed in front of the water tank, where the radioactive isotope is normally

stored. The radioactive source is normally located in the centre of a water-filled

tank, as shown in Figure 4.2. For experiments the source is pneumatically moved

to the edge of the tank, which stops approximately 20 cm away from the edge.

The detector assembly was placed 15 cm away from the edge of the tank, resulting

in the total distance of 35 cm between the source and the detector front. Each

scintillator was exposed for the duration of 1 hour. The FPGA based digitiser

collected raw data, with each sample collected every 2 ns. Detection window

consisted of 128 samples, collected over 256 ns trigger period.

Figure 4.2: Diagram presenting the experimental set-up, with the radioactive

isotope in the centre of a water-filled steel tank (position 1), where it is normally

stored. For experiments the source is pneumatically moved to the edge of the tank

(position 2).

Before any further analysis was performed each pulse was processed via bespoke
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pile-up rejection algorithm, where a pulse was rejected if two peaks within one

trigger window, which covered 256 ns, were detected. Also baseline subtraction

was performed by calculating the average over the periods before and after the

pulse within the trigger window. Given that the pulse was detected between

sample no. 50 and 100, baseline was calculated over samples 1-45 and 105 - 128.

Charge Comparison Method (CCM) was applied in the digital domain to assess

neutron/gamma-ray separation capabilities of the scintillator samples.

The CCM is the most popularly used method, where the pulse is analysed

by calculating integrals over two different time intervals [106]. As the difference

between the neutron and gamma-ray induced interactions is most prominent in

the tail of the pulse, the short integral is calculated between a point some time

after the peak of the pulse and the end of the pulse, as specified in Figure 4.3.

The long intergal is calculated over the entire duration of the pulse. These can

then be plotted on the same plot exploiting the PSD capabilities of the detector,

as shown in the following section.
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Figure 4.3: Illustration of the implementation of the pulse shape discrimination

method used in this study. Long and short integrals used in CCM calculations are

clearly marked on the plot. Theoretical fast neutron and gamma-ray pulses were

obtained based on the data from Knoll [19] and Zaitseva et. al [159].

81



Chapter 4. Critical review of scintillating crystals for neutron detection

(a) (b)

Figure 4.4: Comparison of CCM plots for the two organic scintillator samples when

exposed to 252Cf and data were collected with 500 MS/s digitiser: a) Cylindrical

PSD Plastic from LLNL, and b) Single Stilbene Crystal.

4.5 Results

Each scintillator was in turn exposed to the mixed-field environment provided

by 252Cf for the duration of 60 min. There were 902,564 pulses accepted for the

plastic scintillator sample, and 840,583 pulses for the organic crystal sample. PSD

scatter plots for each sample are presented in Figure 4.4a (plastic) and Figure 4.4b

(crystal). Short integral values, as defined in previous sections, have been plotted

against the long integral values. The resulting plumes represent the neutron and

gamma-ray photon interactions, as marked on the PSD plots with gamma-rays

depicted by the lower plume and neutrons by the upper plume.

Following that, PSD separation quality was assessed for each scintillator using

figure-of-merit (FOM) calculation. The concept of FOM as a measure for particle

separation quality was originally introduced by Winyard et al. [160]. In order to

estimate the FOM, the data needs to be presented in a form of a plot, where the

distribution of the particles is illustrated. For neutrons and gamma-ray photons

it is expected that they will show normal distribution spread. One of the methods

used to obtain the distribution is to draw a separation line between the particle

plumes, as judged by the naked eye. The distribution can then be drawn by

measuring the distance between each particle and the line [156, 27]. This method

was used to estimate the FOM in the current study, with the resulting values of

0.637 for the plastic and 0.892 for the crystal scintillator sample.
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4.6 Discussion and Conclusions

Given the increasing need for reliable neutron detection alternatives for 3He de-

tectors, the authors attempted to present a review of the most viable options

available among the crystal scintillators. Given the complexity of neutron detec-

tion, various methods are required to target specific neutron energy range. Both

organic and inorganic options were considered. Each group presents advantages

for certain application areas.

It appears that inorganic crystals utilising isotopes with high thermal neutron

cross-section (lithium, boron, gadolinium) provide a very good alternative for low

energy neutron detectors. However, the manufacturing cost is still high, and

the growing process is long. Fast neutron region, on the other hand, has been

targeted by organic scintillators for a long time, due to 1H content, which allows

elastic scattering of neutrons with a proton. Stilbene crystal is arguably the best

available scintillator detector capable of neutron/gamma separation. Nonetheless,

growing large size detectors using stilbene crystals is expensive in comparison to

organic plastics and liquids.

There have been attempts to develop a neutron detector targeting a larger

energy spectrum. However, due to different mechanisms governing neutron in-

teractions with matter at various energy levels, this is not possible with a single

material detector. Up to date literature reports on multi-detector systems, where

different detectors are used independently to detect specific group of neutrons.

Readout electronics attached to such system can combine the results into one sys-

tem. Another method, stemming from the multi-detector approach described, is

based on composite detectors, where a detector such as CLYC is incorporated into

plastic scintillator to detect gammas, and thermal and fast neutrons. Regardless

of the target energy range, it is clear that scintillating crystals will continue to

play a key role in neutron detectors.
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4.6.1 Example of Neutron Detection Capabilities Using

Single Stilbene Crystal

An example of detecting neutrons originating from 252Cf using organic solid state

scintillators is presented in Figure 4.4. Due to scintillators’ sensitivity to both

neutrons and gamma-ray photons, both particle types are detected resulting in

two corresponding plumes. These tend to overlap slightly in the region of low

Ishort and Ivalues. A significant overlap in that region leads to higher probability

of particle misclassification. Since the overlap is most prominent in the region of

low Ishort and Ivalues, which correspond to the region of low energy neutrons, plots

presented in Figure 4.4 only focus on that part of the graph.

Based solely on the observation of two graphs presented in Figure 4.4, it is

clear that the single stilbene crystal (Figure 4.4b) provides superior PSD, when

compared with the LLNL plastic sample (Figure 4.4a). Given that similar number

of pules were accepted by the system for each scintillator, the shape and intensity

of the plumes are very similar. Most importantly, the separation angle between

the neutron and gamma-ray plumes appears greater for the single stilbene crystal.

Moreover, the overlap in the low energy area is smaller for the single stilbene than

it is for plastic.

These general observations agree with the quantitative analysis performed.

The FOM was estimated for each detector, where 0.637 was observed for the plas-

tic, and 0.892 for the single stilbene crystal. Despite various unique considerations

required in the process of FOM estimation, presented results strongly support the

claim that stilbene crystal is characterised by significantly superior PSD for fast

neutron detection. The FOM estimated for stilbene crystal is considerably higher

than the FOM value calculated for the plastic.
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5.1 Abstract

Pulse shape discrimination performances of single stilbene crystal, pure plastic and

6Li loaded plastic scintillators have been compared. Three pulse shape discrimina-

tion algorithms have been tested for each scintillator sample, assessing their quality

of neutron/gamma separation. Additionally, the digital implementation feasibility

of each algorithm in a real-time embedded system was evaluated. Considering the

pixelated architecture of the coded-aperture imaging system, a reliable method of

simultaneous multi-channel neutron/gamma discrimination was sought, account-

ing for the short data analysis window available for each individual channel. In

this study, each scintillator sample was irradiated with a 252Cf neutron source and,
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a bespoke digitiser system was used to collect the data allowing detailed offline

examination of the sampled pulses. The figure-of-merit was utilised to compare

the discrimination quality of the collected events, with respect to various dis-

crimination algorithms. Single stilbene crystal presents superior neutron/gamma

separation performance, when compared to the plastic scintillator samples.

5.2 Introduction

Pulse shape discrimination (PSD) is a well-established method of separating fast

neutron and gamma-ray interactions within an organic scintillation medium. The

method is based on the difference in the decay time of fluorescence emitted within

an organic scintillator as a result of an interaction between the ionising parti-

cle and the scintillant. The fluorescence decay time observed for heavy ionising

particles, such as protons, is longer when compared to electrons [106]. Fast neu-

trons and gamma-ray photons interact with an organic scintillant predominantly

through elastic scattering with a proton and Compton scattering, respectively.

Consequently, the fluorescence decay rate exhibited by recoil protons and recoil

electrons (Compton scattering) can be compared to infer the origin of the inter-

action [19].

Fluorescence emission is linked to the kinetic energy of the incoming parti-

cle. When it interacts with the organic molecules, the particle excites π-electrons

within the structure of the scintillation medium [19]. Thus, the π-electrons are

raised to one of the exited electronic states. Depending on the initial energy of

the radiating particle, it can be lifted to a singlet SS or triplet TS state. Prompt

fluorescence (also known as fast component of the scintillation process) is emit-

ted when the particle in the SS state returns to the ground electronic state. The

lifetime of a SS state is measured in nanoseconds and is short when compared to

that of a TS state which can be up to 1 millisecond. The longer de-excitation

time of the TS state is often associated with the π-electron transferring to one

of SS states before returning to the ground state. Hence, fluorescence emission

is delayed resulting in the occurrence of the slow component of the scintillation

process.
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The fraction of light in the slow component of the scintillation can be used to

infer the origin of the interacting particle. The decay rate of the slow component

varies for the incoming particles of different nature but equal kinetic energy. When

heavy particles interact with the scintillation medium, they demonstrate greater

rate of energy loss. Therefore, the fluorescence decay time of recoil protons (result-

ing from neutron interactions) is longer, when compared to the fluorescence decay

time of recoil electrons (resulting from gamma-ray photon interactions) [19]. Thus,

the difference in the fluorescence decay rate forms a basis for neutron/gamma PSD

techniques in organic scintillators. Fluorescence decay characteristics for a theo-

retical neutron and a gamma-ray, are shown in Figure 5.1. Various PSD techniques

have been developed in analogue and digital domains to separate neutron events

from gamma-rays effectively and efficiently.
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Figure 5.1: Theoretical fast neutron and gamma-ray scintillation pulses induced

in an organic solid scintillation medium based on the information from Knoll [19]

and Zaitseva et al. [159]

When the research into neutron/gamma discrimination was at its origins, the

techniques developed were intended for liquid scintillator detectors [106, 19, 161,

107]. As a result, many liquid scintillators have been developed and accurately

characterised [162, 163, 164, 165, 166]. However, due to flammable properties of

some liquid scintillators and their susceptibility to leaks, these were not suitable for

many industrial applications. An alternative in a form of solid scintillation detec-
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tors was perceived inferior to liquid counterparts, with regards to neutron/gamma

separation (plastic scintillators) and light output (organic crystals) [19]. Recent

progress into techniques of developing solid organic scintillators shows that their

PSD performance improved significantly with stilbene crystal aspiring to outper-

form widely used EJ-309 liquid scintillator [121, 74, 122, 167, 115, 168]. Hence,

only solid scintillation samples were selected for testing.

In this paper, a succinct review of selected PSD methods is presented, aiming

to identify the most suitable candidate for a real-time scintillation based coded-

aperture neutron imaging system. Three chosen techniques are then experimen-

tally tested and the results compared for three different scintillator types. Addi-

tionally, performance assessment of the PSD method and scintillator combinations

was examined. Online data processing was adopted in this study for the investiga-

tion of the three selected methods. Computational complexity of each method was

also considered with regards to the real-time operation feasibility. A brief review

of the existing organic scintillator characterisation methods, which was performed

prior to the characterisation work undertaken in this study, is also presented.

5.3 Pulse shape discrimination methods in or-

ganic scintillators

5.3.1 Analogue PSD methods

Discovery of the pulse shape variation between neutron and gamma-ray induced

incidents triggered a long search for the most effective separation method. Around

the time of its discovery, PSD was dominated by two algorithms implemented in

the analogue domain; zero-crossing and charge comparison method (CCM). The

former method transforms the photo-detector output pulse into bipolar signal. The

time between the trigger and the zero-crossing point is then used as benchmark

for neutron and gamma discrimination [169]. Although less often used nowadays,

mainly due to the implementation practicality of the digital approaches, the zero-

crossing method shows very good PSD performance when implemented in organic

scintillator studies [170, 171].
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The latter method is based on the ratio between the charge integrated over

the duration of the entire pulse (long integral) and the charge integrated over the

tail of the pulse (short integral). Analogue CCM (also known as charge integration

method) was first described by Brooks and utilised various RC circuit combinations

to perform the integration of the entire pulse and its tail [106]. A comprehensive

investigation of these two analogue methods has been performed by Nakhostin

[169].

5.3.2 Digital Charge Comparison Method

The advent of digital electronics enabled complicated analogue circuits to be re-

placed by a few lines of a computer code. Therefore, both analogue methods were

successfully employed in the digital domain, with CCM becoming one of the most

powerful PSD algorithms [172]. Recent study, which compared PSD performance

of the digital CCM and the analogue zero-crossing method, reports that the esti-

mated figure-of-merit (FOM) for the digital CCM is on average 20% greater than

that obtained for the analogue zero crossing method [173]. However, similar in-

vestigation conducted over two decades earlier indicates superior performance of

the zero-crossing method over the digital CCM which illustrates the progress of

the digital approaches [174].

The arrival of fast high resolution analogue-to-digital converters (ADC) en-

abled integration to be calculated as an area under the digitised pulse. There

are three integration algorithms that can be easily employed; running sum, trape-

zoidal rule and Simpson’s rule. The running sum is the simplest algorithm where

the integral is calculated as a sum of the digitised samples. The trapezoidal rule

estimates the area between two digitised samples by taking an average of the

two adjacent samples, whereas the Simpson’s rule approximates the integral by

calculating quadratic polynomials for specific intervals. Since previous research

suggests that all three integration algorithms provide identical PSD results when

used in the digital CCM implementation, the running sum algorithm was used in

this research [169].
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5.3.3 Simplified Digital Charge Comparison

Different decay rates of the slow scintillation components for neutron and gamma-

ray events define the separation capability of an organic scintillator. The simplified

digital charge comparison (SDCC) method focuses on the period between the peak

amplitude sample and the final sample of the digitised signal. As the difference in

the decay rate between the gamma-ray photon and neutron induced pulses can be

observed some time after the peak, an interval was identified when the difference

is most prominent [175]. The start sample and the end sample of the interval are

defined by a and b parameters, respectively in Equation 5.1. These parameters

specify the interval of the short integral.

D = log(
n=b∑
n=a

xn
2) (5.1)

Generally, a parameter corresponds to three-sixteenths and b to one half of

the pulse length where the peak amplitude is considered as the first sample. The

discrimination parameter D is then plotted against the magnitude of the peak

amplitude to separate the particles. Preceding work advocates a superior discrim-

ination performance of this method in comparison to other digital discrimination

algorithms [27].

5.3.4 Pulse Gradient Analysis

Digital signal processing implemented using advanced field-programmable gate ar-

rays (FPGA) and high sampling rate ADCs provided a way of performing PSD

faster than it was ever possible in the analogue domain. However, the aforemen-

tioned CCM and SDCC algorithms require the whole pulse to be digitised before

the discrimination can be performed. Pulse Gradient Analysis (PGA) can be per-

formed with only two samples taken at the early stages of a scintillation pulse [34].

The magnitudes of the peak amplitude and the sample amplitude (known as the

discrimination amplitude) recorded a specific time period after the peak amplitude

are plotted against each other to separate neutrons from gamma-rays. Since only

the magnitudes of the specific samples are considered the discrimination process

can be completed faster in comparison to other methods. Hence, this method
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was successfully implemented in a multi-channel real-time Mixed Field Analyser

(MFA) [75].

5.3.5 Other Pulse Shape Discrimination methods

There exist other digital discrimination methods implemented in the time and fre-

quency domains [28]. Generally, methods not mentioned in the previous sections

require more complex and resources-exhausting analysis of the digitised pulses.

Some algorithms, such as Neutron Gamma Model Analysis (NGMA), compare

digitised signals with neutron and gamma pulses modelled prior to the analy-

sis [27]. Such methods are not desirable for a high resolution real-time neutron

imaging system where the discrimination results are to be fed to an image recon-

struction algorithm.

5.4 Existing characterisation techniques of or-

ganic scintillation detectors

5.4.1 Digitiser selection

The digital CCM is one of the most powerful and hence has become one of the most

often utilised neutron/photon separation methods in organic scintillator character-

isation studies. Due to clear advantages of the digital methods over the analogue

counterparts, such as implementation practicality and performance superiority

[173], the latter are only rarely used. Thus, an appropriate digitiser must be

selected, so that the information contained in the analogue signal is truthfully

transferred into the digital domain. Generally, the higher the sampling rate and

the resolution of the digitiser’s ADC, the more accurate the representation of the

analogue signal. However, the ADC’s resolution normally decreases as the sam-

pling rate increases.

Previous study performed by Flaska et al. [37] reports that at least 250 MHz

sampling frequency is required to obtain good PSD results. Nonetheless, another

study conducted two years after the study by Flaska, successfully carried out crys-

tal scintillator characterisation using 14-bit resolution, 200 MS/s digitiser [122].
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A digitiser of equal resolution and even lower sampling frequency (150 MS/s) was

effectively utilised to perform PSD for a neutron survey meter [176].

5.4.2 Performance assessment methods of organic scintil-

lators

With the light output of the scintillator detector adequately represented in the

digital domain further analysis of the pulse shape can be performed. Since liq-

uid PSD scintillation detectors have become a preferred choice in many nuclear

facilities, there exist various performance assessment criteria which can be easily

adopted for solid organic scintillators. Furthermore, with the continuous devel-

opment of the new solid organic scintillation materials, they are often contrasted

with liquid organic scintillators [177, 168].

The most important characteristic of any PSD scintillator is the FOM. It is

utilised to compare the separation quality, based on the number of detected par-

ticles of different types. The FOM can be obtained by plotting a histogram of

the ratio of the maximum and the minimum amplitudes of the digitised pulses

[19, 28]. Another approach exploits the concept of discrimination line where the

histogram is plotted as a function of the orthogonal distance from each particle to

the discrimination line [27].

A decent quality PSD with a sufficiently good FOM enables further analysis

of the identified particles. Based on the number of neutron events and gamma-

ray photons accepted by the digitiser system it may be feasible to identify the

differences between radioactive isotopes detected [178]. One of such methods is

R-factor which computes the ratio of neutron and gamma-ray interactions within

the scintillator. The FOM, as well as the R-factor, are described in detail in the

following sections. These characteristics are used to perform quality assessment

of the chosen samples with regards to PSD.

5.5 Experimental method

Three different organic solid scintillator samples were in turn irradiated with 252Cf

(half-life of 2.64 years) source located at Lancaster University, Lancaster, UK. A
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pure PSD plastic scintillator sample (25 mm diameter, 25 mm thick) and a 6Li

loaded PSD plastic scintillator sample (40 mm diameter, 25 mm thick) were both

provided by the Lawrence Livermore Laboratory (LLNL), USA - denoted by the

LLNL numbers 5706 and 9023, respectively. A single stilbene crystal (20 mm

diameter, 20 mm thick) was obtained from Inrad Optics [104]. The experimental

set-up is shown in Figure 5.2 where the radioactive source was in a water tank.

The detector front was placed 15 cm away from the source and 10 cm away from

Pb shielding. The Pb shielding was utilised to reduce the number of gamma-rays

reaching the scintillator detector.

The back of each scintillator sample was covered with EJ-510 reflective coat-

ing. Each sample was then coupled to an ET Enterprises 9107B photomultiplier

tube (PMT) with EJ-550 silicone grease, used to maximise the light transmission

properties between scintillator and the PMT. The PMT was supplied in a B2/RFI

housing with a 637BFP tapered distribution voltage divider. The PMT module

supplied by ET Enterprises was enclosed in a light-proof tube. Depending on the

scintillator type the positive high voltage supply, connected to the cathode of the

PMT, was varied between 850 V and 900 V. The PMT anode was connected to a

bespoke digitiser system which utilises a Analog Devices AD9254 150 MS/s, 14-

bit amplitude resolution ADC directly linked to a Altera Cyclone IV EP4CE115

FPGA. The system recorded 28 raw samples (taken approximately every 6.67 ns)

per each triggered pulse. The registered data were transferred to a laptop run-

ning Linux via universal asynchronous receiver/transmitter (UART) configured to

transfer data at 8 Mbits/s. The received data were further processed by a bespoke

script developed in Python.

5.6 Results

Prior to PSD implementation each digitised pulse was run through a bespoke pulse

pile-up rejection algorithm. The algorithm simply rejected any pulse where two

peaks were detected. Since each scintillator sample was exposed to 252Cf neutron

field for approximately 1 hour many thousands of pulses were collected, with the

number of pulses accepted by the pulse pile-up rejection algorithm varying between
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Figure 5.2: Schematic diagram of the experimental set-up. 252Cf source is in the

centre of a water filled, metal tank (position 1). During the experiments the source

is moved to the edge of the tank (position 2).

approximately 60,000 and 80,000 pulses for the three samples tested.

Reconstructed analogue pulses are often affected by high frequency noise which

may lead to misclassification of a pulse when PSD is performed. Moving average

filter was applied to each digitised pulse, to smooth out the high frequency com-

ponent [27]. Given the relatively low number of recorded samples per triggered

pulse a 7-point moving average filter was used with the digitised input samples

placed symmetrically around the filtered output point. Thus, each filtered sample

is replaced with an average which leads to the ‘raw’ digitised samples being lost

in the computation. Although the filter removes the ‘raw’ components from the

signal to be discriminated, reduction in the high frequency components in the pro-

cessed signal results in lower neutron/gamma misclassification probability [179].

Following that, PSD was performed on each pulse using the methods specified ear-

lier. For each method implemented the neutron and the gamma-ray plumes were

separated using a discrimination line (where possible) [180]. In each case, shown

in Figure 5.4 to Figure 5.6, plume above the discrimination line is corresponding

to neutrons and the plume below the line to gamma-rays.

Based on PSD results obtained for each scintillator sample FOM was cal-

culated (using Equation 5.2) to compare their performance in particle separa-

tion. Peak separation in Equation 5.2 represents the difference between the peak

distances from a normal distribution fitting of neutron and gamma-ray plumes;

FWHM is the full-width at half-maximum for each particle distribution. Further,
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Equation 5.3 was utilised to calculate R-factor values. The R-factor is a ratio of

the number gamma-rays over the number of neutrons which is often utilised to

quantify the gamma-ray rejection efficiency in neutron detectors. Results are pre-

sented in Table 1. where Poisson approximation of the distribution was assumed

to determine the corresponding uncertainty.

FOM =
Peak separation

FWHMg + FWHMn

(5.2)

R =

∑
g∑
n

(5.3)

In order to calculate FOM it is required to obtain particle distribution plots. In

this case, the distribution is presented as a function of the perpendicular distance

of each point to the discrimination line. This is shown graphically on an example

scatter plot in Fig. 5.3. The distance between each point and the discrimination

line is recorded. If the particle point is located below the discrimination line (its

y-axis value is lower than that of the discrimination line at the crossing point),

the distance is assumed to be negative. Conversely, all points with the y-axis

value higher than that of the discrimination line at the crossing point are assumed

positive. In this case, these correspond to gamma-rays and neutrons, respectively.

5.6.1 CCM implemented in the digital domain

Scatter plots of the short integral against the long integral for the three samples

are shown in Figure 5.4. There is no discrimination line plotted for 6Li loaded

plastic scintillator sample, as there is no clear separation between fast neutrons

and gamma-ray photons, when irradiated with 252Cf radioactive source. Hence,

it was not possible to estimate the FOM for this scintillator sample. Estimated

FOM values for the plastic scintillator sample and single stilbene crystal were

0.649 and 0.867, respectively. It can be clearly noticed that the stilbene crystal

presents superior PSD performance, when compared to the two plastic scintillation

samples tested.
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Figure 5.3: Example PSD scatter plot with sample distances to the discrimination

line marked in black. Perpendicular projections were implemented for each point

and distance to the discrimination line calculated. These were then used to present

particle distribution plots as a function of distance to the discrimination line.

5.6.2 SDCC implemented in the digital domain

Figure 4. shows scatter plots of PSD performed using SDDC method; in this

case discrimination parameter D is plotted versus the peak amplitude. The re-

sults obtained show similar characteristics to those obtained with CCM algorithm.

The FOM value for single stilbene crystal estimated at 1.033 was far higher than

0.761 obtained for the plastic scintillator sample. Similarly to the results of the

PSD using CCM algorithm, SDDC method was also unsuccessful in discriminat-

ing between fast neutron events and gamma-ray photons in 6Li loaded plastic

scintillator.

5.6.3 PGA implemented in the digital domain

Results of PSD implemented using PGA method are shown in a form of scatter

plots in Figure 5.6 and they are comparable to those obtained using the other

two methods. In this instance discrimination amplitude was plotted against peak

amplitude with the estimated FOM values of 0.631 for the plastic scintillator

sample and 0.823 for single stilbene crystal. In the same way as for the CCM and

SDDC algorithms, it was not possible to draw a discrimination line between fast
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Figure 5.4: PSD discrimination plots using CCM method: (a) 6Li loaded plastic

scintillator, (b) Plastic scintillator and (c) Single stilbene crystal.
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Figure 5.5: PSD discrimination plots using SDCC method: (a) 6Li loaded plastic

scintillator, (b) Plastic scintillator and (c) Single stilbene crystal.
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Figure 5.6: PSD discrimination plots using PGA method: (a) 6Li loaded plastic

scintillator, (b) Plastic scintillator and (c) Single stilbene crystal.
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neutrons and gamma-rays for 6Li loaded plastic scintillator.

5.6.4 Separation quality assessment

Distribution of each point from the discrimination line plots are shown in Fig-

ure 5.7 for all scintillator/PSD method combinations. The distribution plots are

corresponding to the cases with the highest FOM value estimated for each of the

scintillator samples. Based on the distributions presented a good agreement can

be observed across the three methods tested with regards to PSD performance of

the two scintillation samples compared. Statistical analysis of the distributions

shows that 95% confidence level in the results can be assumed for stilbene crystal

using CCM and SDCC. The data generated for these two methods was further

validated by chi-square test against the normal distribution hypothesis. It follows

that 95% of the detected particles will be correctly discriminated in this specific

experimental scenario.

For the remaining scintillator/PSD method combinations a clear separation

can only be observed within one standard deviation of the mean. Hence, the

resulting confidence interval is considerably smaller than for the aforementioned

cases. Although the stilbene PGA combination still claims reasonably good sep-

aration (approximately 90% confidence level), the plastic scintillator separation

performance is significantly inferior as evidenced by the results on the left in Fig-

ure 5.7. Although chi-square normality test validated the normal hypothesis for

all the distribution fits considered, within their respective confidence intervals, it

must be noted that the test was performed against single Gaussian distributions

(separately for each neutron and gamma-ray distributions). This was necessary to

ensure that FWHM correctly represents the fluctuations of Gaussian distribution.

Neutron and gamma-ray distribution fit lines were only plotted to the zero point

(discrimination line) in order to clearly show the difference in misclassification

quality between stilbene and plastic scintillator samples.

A general consistency across the three separation methods can be found, as

presented in Table 5.1. with the single stilbene crystal providing results of supreme

quality when compared to the pure plastic scintillator sample. Since there is a

clearer separation between the neutron and gamma-ray normal distribution fits in
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Figure 5.7b, 5.7d and 5.7f than in Fig 5.7a, 5.7c and 5.7e, there is a lower chance

of particle misclassification for the single stilbene crystal than for the pure plastic

scintillator.

Optimisation of the estimated FOM values was performed, as shown in Figure

5.8. The length of the short integral was varied for CCM method by adjusting

the starting sample number. Samples investigated range between sample number

4 and sample number 12, with the peak amplitude being considered as sample

number 1. The optimal sample numbers for the pure plastic and the stilbene

crystal scintillators were 10 and 8, as presented in Figure 5.8a and Figure 5.8b,

respectively. These sample numbers correspond to 66.70 and 53.36 ns after the

sample of the peak amplitude. With the peak amplitude usually occurring within

first 20 ns of the pulse, the shortest window inspected was approximately 86.71 ns.

This specific interval was considered because outside this range no clear separation

between neutron and gamma-ray plumes was observed.

The length of the short integral was also varied for SDCC method where the

value of parameter a was adjusted. In this case the optimal values were found

approximately 53.36 and 46.69 ns (sample numbers 8 and 7) after the peak ampli-

tude for the pure plastic and stilbene crystal scintillators, respectively. Similarly

to CCM algorithm, sample numbers outside the range presented in Figure 5.8c

and Figure 5.8d were excluded because of the two particle plumes not being dis-

tinguishable.

The discrimination amplitude sample number was inspected for PGA algo-

rithm. Since PGA method only considers magnitudes of two samples there is no

need to specify a window to be considered with reference to the peak amplitude.

Both scintillators exhibit the optimal PSD performance when sample number 10

(occurring 66.70 ns after sample number 1) is plotted against the peak amplitude.

The results of PGA algorithm optimisation are presented in Figure 5.8e and Figure

5.8f.
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Figure 5.7: Distribution of each point from the discrimination line for all scintil-

lator sample/PSD method combinations: (a) plastic CCM, (b) stilbene CCM, (c)

plastic SDCC, (d) stilbene SDCC, (e) plastic PGA and (f) stilbene PGA.
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Figure 5.8: FOM optimisation plots for all scintillator sample/PSD method com-

binations: (a) plastic CCM, (b) stilbene CCM, (c) plastic SDCC, (d) stilbene

SDCC, (e) plastic PGA and (f) stilbene PGA.
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Table 5.1: FOM and R-factor values determined for the pure plastic and stilbene

crystal scintillator samples for the three PSD algorithms compared in this study.

Sample Method gamma-rays neutrons FOM R-factor

Pure plastic CCM 38790 36696 0.649 ± 0.020 1.057 ± 0.002

SDCC 38936 37492 0.761 ± 0.004 1.038 ± 0.002

PGA 39784 36229 0.631 ± 0.010 1.098 ± 0.002

Stilbene crystal CCM 30747 29450 0.867 ± 0.030 1.044 ± 0.003

SDCC 34368 26026 1.033 ± 0.005 1.321 ± 0.003

PGA 30460 29628 0.823 ± 0.020 1.028 ± 0.003

5.7 Discussion

Three solid organic scintillation samples were exposed to 252Cf fission source, and

the collected data discriminated between neutrons and gamma-rays using three

different PSD techniques. Results obtained show agreement across the three algo-

rithms implemented with single stilbene crystal showing superior neutron/gamma

separation performance. All three algorithms failed to separate fast neutrons

from gamma-rays within 6Li loaded plastic scintillator, whereas the FOM values

estimated for the pure plastic scintillator suggest relatively good discrimination

performance. This difference in discrimination quality is associated with the dop-

ing of the former which enables neutrons thermalized within the organic detector

to be captured by the high neutron capture cross-section 6Li.

Since the neutron energy spectrum of 252Cf averages at approximately 2.1 MeV,

a large number of neutrons emitted would fall below the 1 MeV threshold. Previ-

ous studies support the claim that PSD performance of organic plastic scintillators

increases when exposed to higher energy neutron fields (>1 MeV). When exposed

to 241AmBe neutron field 6Li loaded plastic sample tested in this study performed

considerably better in terms of fast neutrons and gamma separation [28]. More-

over, 252Cf source at Lancaster University, UK is in a water tank where neutrons

are thermalized as a result of their interaction with H atoms. It can therefore

be concluded that 6Li loaded plastic can be beneficial for certain applications but

neutron capture events are difficult to separate from gamma-ray photons in rela-

104



Chapter 5. Pulse shape discrimination characteristics of stilbene crystal, pure
and 6Li loaded plastic scintillators for a high resolution coded-aperture neutron

imager

tively lower energy fields, such as from a moderated 252Cf source, as presented in

this and previous studies [28].

R-factor measurements show reasonable consistency across the algorithms tested

for the two scintillator samples where neutron events and gamma-ray photons

were successfully separated. However, the average R-factor value of approximately

1.098 is lower than the expected 2.118 based on the average number of neutrons

and gamma-rays per fission event of 3.767 and 7.980, respectively [31] [32]. It is

thought that the difference is associated with a Pb block placed adjacent to the

water tank, which was used to reduce the number of gamma-rays reaching the

detector, as shown in Figure 5.2.

One of the aims of this study was to find a suitable scintillation material for a

scintillator based coded-aperture neutron imager to potentially extend the neutron

detection range. A preceding study identified single stilbene crystal as a suitable

solution for the imaging system [11]. The results obtained do not only support

the claim of the preceding study but also show that neutrons and gamma-ray

photons can be clearly separated within the stilbene crystal. As such, stilbene

crystal can be perceived as an ideal candidate from the performance point of view

for applications where neutron/gamma separation is required to extend to below

the 1 MeV neutron energy threshold.

The FOM values obtained for CCM and PGA algorithms are comparable,

whereas the FOM values estimated for SDDC method are significantly higher.

These results are resembled most clearly in the scatter graph presented in Figure

5.5c where the results of PSD performed using SDDC for the stilbene crystal are

plotted. An evident separation between neutron and gamma-ray plumes enables

a reduction in misclassification of particles which may sometimes occur in lower

energy areas.

The neutron/photon misclassification problem in lower energy regions (< 1

MeV) for CCM has been thoroughly investigated. The method proposed by Polack

et al. [181] enables misclassification reduction when there is a clear overlap of the

neutron and gamma-ray plumes in the lower energy ranges. However, in this

study, there is a clear distinction between the two plumes for PSD using CCM for

the stilbene crystal as shown in scatter plot in Figure 5.4. Therefore, no further
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method of plume separation was sought. While SDCC method transpired to be

the most effective, it is also the most computationally exhaustive which may be

of concern for real-time applications. However, continuous advancement in the

FPGA technology makes this matter a less prevailing factor.

It is worth noting that a relatively low speed digitiser (i.e. 150 MS/s) was

used throughout this research which could contribute to the misclassification of

the digitised pulses. Prior study, which investigated the influence of the sam-

pling properties on the PSD performance, claims that 250 MHz digitiser would

be a sensible choice when good PSD performance is required [37]. Nonetheless,

successfully implemented PSD is consistent with the claim of the preceding work

where the same digitiser was tested with simulated neutron and gamma-ray pulses

[182]. The digitiser was also utilised in a novel neutron survey meter which further

advocates the statement that good PSD results can be obtained with 150 MS/s

system [176].

5.8 Conclusion

As evidenced by the results of the three PSD methods single stilbene crystal out-

performs the plastic scintillators when neutron/gamma separation capabilities are

considered. In spite of that, relatively large machining costs and fragility of stil-

bene (in comparison with plastics) hinder widespread adaptation of the single

stilbene crystal scintillator in nuclear decommissioning applications. Plastic scin-

tillators on the other hand, such as EJ-299-34 from Eljen Technology, are easily

machined to build scintillator arrays as required for the coded-aperture imaging

system described [14].

Although SDCC method exhibits the best FOM out of the three methods

tested, its computational overhead, when tested using online processing, may be

too high for a real-time application. PGA method offers the fastest response

out of the three algorithms tested. However, its estimated FOM is the lowest.

Moreover, since it only considers values of the digitised pulse at two separate

points part of the information contained may be missed. This information may be

crucial when the system is required to operate in multi-channel configuration due
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to the levels of high frequency noise expected. Despite the highest error associated

with its FOM results of neutron/gamma separation using CCM present a good

compromise between the digital implementation difficulty and PSD performance

for the application described in the paper.

Three digital methods were employed to compare neutron/gamma discrimina-

tion performance of the chosen solid organic scintillators. Observed consistency in

PSD quality for the three methods tested can be discerned as a cross validation

of the test dataset collected in this study. Furthermore, the results obtained in

this work are consistent with the previous studies conducted with similar organic

solid scintillators [121, 177]. Hence, it can be surmised with a sufficient level of

confidence that the results obtained represent a valid PSD performance of the

tested samples.
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6.1 Abstract

Monte-Carlo modelling (MCNPX) methods have been employed to conduct an

investigation into a suitable scintillator and coded-aperture material for a scin-

tillator based mixed-field radiation imaging system. Single stilbene crystal, pure

and 6Li-loaded plastic scintillators were simulated and their neutron/gamma de-

tection performance compared when exposed to the spontaneous fission spectrum

produced by 252Cf. The most suitable candidate was then incorporated into a scin-

tillator based mixed-field coded-aperture imaging system. Coded-aperture models

made of three W and 113Cd compositions were tested in different neutron/gamma

environments with a square W collimator modelled around the aperture. Each

simulation involved recording the interactions of neutron events in organic solid

scintillator, whose neutron/gamma detection performance was assessed prior to
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the coded-aperture material investigation. Three coded-aperture material compo-

sitions have been tested with the simulated 252Cf spontaneous fission as well as

241AmBe neutron sources. Results generally claim very good detection sensitiv-

ity and spatial resolution for the radioactive sources located in the centre of the

aperture.

6.2 Introduction

6.2.1 Scintillator detector

Over the years, organic liquid scintillators have become the preferred choice for

neutron detection and imaging instruments [183, 119, 184, 185]. Although organic

liquid scintillators are sensitive to both neutrons and gamma-ray photons, the dif-

ference in the fluorescence decay rate of heavily-ionising particles such as protons

(resulting from neutron interactions) and electrons (resulting from gamma-ray

photons interactions) can be utilised to infer the origin of the interaction [106].

As such, organic liquid scintillators provide a viable solution for mixed-field char-

acterisation, when pulse-shape discrimination (PSD) methods are employed to

reliably separate neutron events from gamma-ray interactions within the organic

liquid scintillator [186].

Properties of some organic liquid scintillators, such as low flashpoint and sus-

ceptibility to leaks, make them unsuitable for certain industrial applications. How-

ever, the same discrimination methods can be exploited to separate particles within

less flammable and less hazardous organic solid scintillators [154, 121]. Owing to

continuous development, organic plastics and crystals have shown a significant

improvement in their PSD capabilities in recent years. While plastics currently

remain inferior to their liquid counterparts, solution-grown stilbene crystal claims

better PSD performance in comparison to one of the most widely used organic

liquid scintillator EJ-309 [187, 168].

In this study, a scintillation material suitable for mixed-field characterisation

in nuclear decommissioning applications was sought. Due to the safety concerns

related to the nuclear decommissioning sites low flammability and non-hazardous

nature of the sensitive detectors were required. Thus, only organic plastic and

109



Chapter 6. Investigation into a suitable scintillator and coded-aperture material
for a mixed-field radiation imaging system

crystal scintillators were investigated. Pure plastic, 6Li-loaded plastic and single

stilbene crystal scintillation samples were tested within a simulated spontaneous

fission spectrum of heavily shielded 252Cf. Perfect neutron/gamma PSD was as-

sumed, and the three samples comparison performed based on the neutron/photon

flux recorded within the scintillator as well as number of neutron and photon in-

teractions within each scintillator sample based on PTRAC card implementation

in MCNPX. MCNPX version 2.7.0 was utilised to perform all the simulations

described in this paper [123].

6.2.2 Coded-aperture material

Many of the mixed-field characterisation systems utilise a sensitive detector in a

form of an organic scintillator [186, 188, 189, 190]. These can be found in colli-

mated single pinhole cameras utilised in many branches of nuclear instrumentation

engineering to facilitate radiation imaging requirements. Despite their limitations,

primarily related to the interdependence between spatial resolution and signal to

noise ratio (SNR), collimator based radiation imaging systems have been success-

fully implemented in gamma-ray and neutron imaging systems [191, 192, 119, 193].

Development of multi-hole cameras with aperture patterns based on uniformly re-

dundant arrays (URAs) and modified URAs (MURAs) allowed the development

of high resolution radiation cameras without affecting SNR [59, 88]. Consequently,

coded-aperture imaging (CAI) was favourably adopted in X- and gamma-ray lo-

calisation applications [63, 194]. Authors’ previous work presents a detailed review

of CAI systems [11].

Research into coded-aperture based neutron imaging system has been recently

revived due to continuous development of the PSD capable organic scintillators

and the advancements in digital signal processing on Field Programmable Gate

Arrays (FPGAs). The difficulty arises, when PSD is required to be performed

simultaneously on multiple channels, which is the case for scintillator based coded

aperture neutron imaging systems (CANIS). Moreover, CANIS requires image

reconstruction to be performed, once PSD is completed. Reconstruction algorithm

does not only increase the computational overhead, but also requires that the

incoming particles are effectively prevented, via coded aperture’s opaque elements,
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from reaching the sensitive detector.

It follows that the coded-aperture material must be carefully chosen, so that

the likelihood of misclassification of the particles reaching the elements of the

sensitive detector is reduced to minimum. Owing to the characteristics of neutron

interactions with matter, detectors tend to be focused on a specific energy range,

such as thermal or fast neutron systems. Systems targeting fast neutron detection

can utilise either active or passive coded-aperture system.

Active CAI is performed, when the aperture is built of neutron detectors and

double scattering (in the aperture and the sensitive detector) is utilised to infer the

time-of-flight and the direction of the incident neutron [108]. Passive CAI relies

either on the high neutron absorption cross-section materials, such as polyethylene,

or neutron reflecting materials, such as natural W. In contrast to the active coded-

aperture approach, neutron interaction within the aperture is not directly used to

perform localisation [109].

The most advanced example of the application of CAI techniques into neu-

tron imaging and localisation has been presented by Hausladen et al. [74]. This

scintillator based CANIS is aimed at fast neutron detection and utilises rank-11

MURA design for the coded aperture, which was built from high-density polyethy-

lene (HDPE) to modulate the fast neutron field. The most recent implementation

of the work reports on the use of an array of sensitive detectors built of the EJ-

299-34 plastic scintillators [14]. Each scintillator element has a PMT attached to

it, which allows for an easy localisation of the particle interaction. Experiments

performed with multiple neutron sources of similar strength present a capability

of distinguishing multiple sources, without the need for complicated analysis.

Based on author’s preceding work, in this paper, MCNPX code was used to

investigate the suitability of three W-113Cd compositions for a portable scintillator

based coded-aperture neutron imaging system. Each material was examined with

252Cf and 241AmBe radiation sources to observe its behaviour in different envi-

ronments with varied neutron energy spectra. In each case neutron and photon

energy spectra were manually defined for the sources specified. As a result, the

potential of simultaneous neutron and gamma-ray sources identification was ex-

amined. In contrast to the aforementioned CANISs an array of small scintillation
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detector bars was constructed, whose each detector bar is to be linked to a single

pixel of H9500 Hamamatsu MAMPT [195], in order to infer the location of the

interaction.

6.3 Simulation based comparison of solid organic

scintillators

6.3.1 Geometry and Physics

Real-life experimental scenario geometry - as available at Lancaster University,

Lancaster, UK - has been used for the simulation based investigation performed

in this study. Spontaneous fission source 252Cf of 2.65 years half-life and average

neutron energy spectrum of 2.1 MeV is stored in the centre of a water-filled metal

tank. During experiments the source is pneumatically released and moved towards

the edge of the side of the tank (for the purposes of this simulation based study

the source is retained in the released position). Detectors are normally placed in

closed vicinity to the edge of the tank as shown in Figure 6.1. There is also a 5

cm thick Pb block placed adjacent to the tank in order to reduce the number of

gamma-ray photons reaching the sensitive detector. Similar approach has been

previously adopted by Zaitseva et al. [121], where 5.1 cm of Pb reduced the

number of gamma-ray photons to the same number as neutrons.

Fast neutrons are most likely to undergo elastic scattering with a proton, as

a result of an interaction with nuclei in matter. In a similar way, gamma-ray

photons will interact with the organic scintillant through Compton scattering with

an electron [19]. These neutron and photon collisions in matter were examined

for three different organic scintillation detectors. Mixed-field detector assembly

comprising cylindrical scintillator sample and a PMT enclosed in an aluminium

housing was placed 15 cm away from the side of the tank, where the radiation

source is located during experiments.

For the purposes of the simulation work carried out in this study, neutron en-

ergy spectrum was defined using Watt fission spectrum. Gamma spectrum was

defined based on the information presented by Valentine [32] and Gehrke et al. [31].
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Figure 6.1: Geometry of the water-filled metal tank, where the 252Cf fission source

is kept at Lancaster University. Orange arrows point to the source location, when

it is released for experiments, and to the placement of the sensitive detector.

Energy spectra of both neutron and gamma-ray photons yielded by the unshielded

252Cf were recorded in MCNPX using a small volume (cylindrical) stilbene detec-

tor. These are used for reference, and are contrasted with the flux measurement

at the location within the experimental geometry, where the scintillator samples

were later placed. Particle flux measurements, as shown in Figure 6.2., illustrate

the scale of moderation provided by the water tank where the source is normally

kept.
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Figure 6.2: Unshielded and heavily-shielded (by means of water) particle energy

spectra of 252Cf for: a) neutrons and b) gamma-ray photons.

Solid plastic scintillator sample was modelled based on the information pro-
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vided in EJ-299-33/34 data sheet from Eljen Technology [14]. In a similar way,

single stilbene crystal was modelled using the information provided by Inrad Op-

tics [104], whereas 6Li-loaded plastic scintillator was modelled based on the data

obtained from Balmer et al. [28]. Each scintillator sample, placed in a cylindri-

cal Al enclosure, was in turn irradiated with the 252Cf source. Walls surrounding

the water tank were built of concrete completing the model of the neutron lab-

oratory. The laboratory was filled with air to resemble the factual experimental

environment.

6.4 Coded-aperture optimisation

6.4.1 Geometry and Physics

Based on the authors’ preceding work, coded-aperture model examined in this

work, was rank-7 MURA design. Detailed description of the design process and

initial feasibility study can be found here [11]. It is worth noticing at this point

that there is a correlation between the rank of the aperture and the resolution

of the reconstructed image. Generally, the resolution increases with the growing

rank of the aperture. However, higher rank apertures can be difficult to manufac-

ture in materials, such as W and 113Cd, due to fragility of very small elements.

Moreover, it is the thickness of the aperture that contributes in a greater way

to the performance of the imaging system, as shown by Gmar et al. [69], when

the aperture is required to successfully block the incoming particles in the opaque

elements.

Due to neutron source localisation issues identified in the initial work, a tung-

sten square collimator was added to the original design, aiming to prevent particles

from escaping the geometry around the aperture. The new geometry is presented

in Figure 6.3. Further, gamma-ray photon spectrum was added in order to reflect

the real-life scenario more closely. The dimensions of a single aperture cell, as well

as the dimensions of an individual detector cell were adjusted to the dimensions

of a single anode of Hamamatsu’s H9500 MAPMT.

The coded-aperture model - shown in green in Figure 6.3 - was in turn exposed

to unshielded 252Cf (spontaneous fission) and 241AmBe neutron source. In each
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Figure 6.3: Geometry modelled in SuperMC was translated to MCNPX particle

transport code [118]. Collimator is shown in grey, coded aperture in green and

sensitive detector in yellow.

case, the radiation source was located 18 cm away from the aperture front. The

sensitive detector thickness was set to 15 mm and was placed 50 mm behind the

aperture; 10 mm thick square collimator encloses the modelled set-up as presented

in Figure 3. Geometry presented in Figure 6.3 is a not to scale representation of the

testing environment generated in SuperMC software. Properties such as thickness

and materials were then manually adjusted to a specific simulation scenario in

MCNPX input files. The presented MCNPX geometry was placed in an air-filled

sphere.

Single stilbene crystal showed a very good neutron detection performance,

when tested with neutron spectrum of 252Cf in the previous study [11]. Its neu-

tron/gamma detection performance was further investigated in the first part of

this work. It also presents best neutron/gamma sensitivity out the three samples

tested as evidenced by the results presented in section 6.3. Thus, single stilbene

crystal was used to build the pixelated sensitive detector, as represented in yellow

in Figure 6.3.

With the various radiation sources placed in turn 18 cm away from the aperture

front neutron and gamma-ray photon fluxes, as well as energy deposited in the
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individual sensitive detector cells were recorded for each coded-aperture material

composition and thickness investigated in this study. Three different W and 113Cd

compositions (25% W, 75% 113Cd; 50% W, 50%113Cd; 75% W, 25% 113Cd) were

examined. Based on the authors’ initial study the thickness selected for testing

was 25.4 mm [11].

6.5 Results

6.5.1 Comparison of the three scintillation samples

Three plastic scintillator samples were in turn exposed to the heavily-shielded 252Cf

fission source and their relative neutron and gamma-ray photon fluxes compared.

The resulting plots against neutron and photon energy are presented in Figure

6.4a and 6.4b, respectively. A single simulation run consisted of 109 particle

histories generated from the source and particle flux in a cell was recorded for

each scintillation sample. Uncertainty for each simulation run was below the

confidence level of 0.05%.

Relative neutron and gamma-ray photon energy spectra measured from the

unshielded fission spectrum of 252Cf (Figure 6.2a) can be compared to the results

obtained for individual scintillator cell when the source energy is shielded through

the water in the tank (Fig 6.4a). While it can be observed that the measured

neutron flux is greatly reduced, the neutron energy spectrum resembles the distri-

bution of the unshielded source for all three samples.

Gamma-ray photon spectrum of the unshielded source (Figure 6.2b) on the

other hand is significantly altered through the metal tank and Pb shielding pro-

vided (Figure 6.4b). Based on the dissimilarity it can be concluded that most of

gamma-ray photons produced by spontaneous fission 252Cf have been successfully

shielded by the Pb block located between the tank and the sensitive detector.

The resulting peaks between 6-10 MeV are the result of neutron interactions with

water in the tank, as well as neutron interactions with air around the detector,

which are both accompanied by gamma release. There is also very little fluctua-

tions between the photon flux measurements for different scintillators eliminating

the scintillator from being the source of these species.
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Additionally, the particle tracking card (PTRAC) was utilised to investigate

104 entries to the scintillator cell in order to estimate the highest neutron detection

efficiency. Neutron interactions such as elastic scattering, inelastic scattering and

capture events were recorded. The 252Cf spontaneous fission source was defined

as a point isotropic source, placed in a small Al capsule, as it is stored in real-life

conditions at Lancaster University. The highest number of neutron interactions

was recorded in the 6Li-loaded plastic scintillator - 9905, which was followed by

the single stilbene crystal - 8503 and the pure plastic sample - 8442. The highest

neutron efficiency of the 6Li-loaded sample is in this case associated with the

loading of the scintillator, which allows thermal neutron detection due to high

neutron absorption cross-section of the 6Li. In this case, the plastic scintillator

was loaded with 0.14% fractional mass of 6Li.

The remaining 100-1500 interactions detected using PTRAC card within the

scintillator cell were associated with gamma-ray induced Compton scattering events.

Such results would suggest an unrealistic ratio between neutron and gamma-ray

events detected. However, further investigation revealed that many thousands of

neutron events detected within the scintillator do not originate in the 252Cf source.

In contrast to gamma-ray photons, which are successfully moderated through the

Pb block and then further through the concrete walls of the neutron laboratory,

neutrons are scattered by H molecules within the concrete walls. Hence, a large

number of neutrons undergo elastic scattering interaction with H in the surround-

ing walls and can re-enter the scintillator cell, falsely increasing the number of

neutron counts in the scintillator.

6.5.2 Coded-aperture optimisation

Neutron and photon flux measurements recorded for the individual cells of the

sensitive detector have been utilised to investigate neutron blocking properties of

the chosen material compositions as described in section 6.3. Total flux detected,

as well as energy deposited, in a single detector cell were read via bespoke Matlab

scripts to build a projection of the source, as seen through the coded aperture.

These unprocessed images were expected to closely reflect transparent and opaque

elements of the coded-aperture pattern. For clarity the coded-aperture pattern
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Figure 6.4: Relative particle fluxes for the three scintillator samples simulated and

plotted against 100 keV energy bins for a) neutrons and b) gamma-ray photons

exploited in this study is shown in Figure 6.5., which is then further compared to

the projections obtained.

Figure 6.5: Rank 7 coded aperture. Transparent and opaque elements are pre-

sented in white and black, respectively. With 84 transparent and 85 opaque ele-

ments, the modelled aperture yields 49.7% transparency. A frame of 2.8 mm was

added around the 13 × 13 aperture to represent clear boundaries which yielded

the total length of 42 mm. Taken from [11].
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Results of the relative neutron flux passing through a detector cell in Figure 6.6

present a good resemblance of the pattern from Figure 6.5. The central opaque

horizontal line in Figure 6.5 can be identified with a strip of low neutron flux

crossing the projections around zero on the y-axis. Furthermore, the transparent

elements of the pattern from Figure 6.5 can be matched with the areas of the

higher flux; the main vertical line crossing the images around zero on the x-

axis. Although the three different compositions yield a very similar performance,

the images presented in Figure 6.6i and Figure 6.6j claim the clearest separation

between the areas of high and low neutron flux, which is of vital importance when

coded-aperture decoding algorithm is applied in order to obtain the location of

the radiation source. Despite the difference in the neutron fluxes measured for

the different radiation sources investigated, as evidenced by the difference of the

colour intensity in Figure 6.6, coded-aperture patterns are distinguishable for both

simulated sources.

In a similar way, gamma-ray photon flux was measured in the sensitive detector

(Figure 6.7). As expected, the images reconstructed with regards to the gamma-

ray flux passing through the sensitive detector show an even greater resemblance

to the rank-7 coded-aperture pattern used. It is predominantly due to the very

good gamma-ray shielding properties of the high Z element - W. It interacts with

gamma-rays of energies up to approximately 1.5 MeV through Compton scattering

and photoelectric effect. Hence, the difference between the modulation of the

particle fields between 241AmBe and 252Cf is not as evident as for neutrons.

In addition to neutron and gamma-ray fluxes passing through a detector cell,

energy deposition in a cell was also investigated. Pulse height tally (F8) scores

in the detector’s cells were mapped on to a square array to reconstruct the pro-

jections. In the case of neutron energy deposition (Figure 6.6 columns 3 and 4),

source reconstruction may be difficult due to unclear pictures, when contrasted

with the coded-aperture pattern from Figure 6.5. The vertical line of transparent

elements crossing through the coded-aperture centre, which was easily identifiable

in particle flux figures, can only be discerned with difficulty energy deposition

distributions. There is a tendency that can be observed across gamma-ray mea-

surements, where the increase of W content in the composition is proportional
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Figure 6.6: Neutron flux and energy deposition projected on the sensitive detector

through the coded aperture of three W-113Cd compositions. Columns 1 and 2

shown neutron flux and columns 3 and 4 energy deposition for two different sources

a) & c) W-25%, 113Cd-75% with 241AmBe b) & d) W-25%, 113Cd-75% with 252Cf

e) & g) W-50%, 113Cd-50% with 241AmBe f) & (h) W-50%, 113Cd-50% with 252Cf

i) & k) W-75%, 113Cd-25% with 241AmBe and j) & l) W-75%, 113Cd-25% with

252Cf. Intensity scale was normalised for all images to between 1e−7 and 1e−3

MeV/cm2.
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Figure 6.7: Gamma-ray photon flux and energy deposition projected on the sensi-

tive detector through the coded aperture of three W-113Cd compositions. Columns

1 and 2 shown neutron flux and columns 3 and 4 energy deposition for two differ-

ent sources a) & c) W-25%, 113Cd-75% with 241AmBe b) & d) W-25%, 113Cd-75%

with 252Cf e) & g) W-50%, 113Cd-50% with 241AmBe f) & (h) W-50%, 113Cd-50%

with 252Cf i) & k) W-75%, 113Cd-25% with 241AmBe and j) & l) W-75%, 113Cd-

25% with 252Cf. Intensity scale was normalised for all images to between 1e−7 and

1e−3 MeV/cm2.
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to the increase of the projections’ quality. Furthermore, there is a clear differ-

ence in particle modulation quality between the projections obtained in Figure

6.7 (Columns 3 and 4) for 241AmBe and 252Cf. When compared with the corre-

sponding results of gamma-ray flux measurement (Figure 6.7 Columns 1 and 2)

the quality of the image is significantly lower. It suggests that a large number of

gamma-ray photons passes through the detector cells without depositing energy.

6.5.3 Source reconstruction

The results presented in the previous subsection were further processed via decon-

volution algorithm implemented in a custom Matlab script. The process involves

deconvolution of the input array (raw projections presented in the previous sub-

section) with the decoding array. It results in an array, whose expected outcome

is a single impulse response, marking the location of the source. The decoding

array is specific for a coded-aperture design of a set rank. Further details about

the decoding process are presented here [11].

Reconstruction plots presented in Figure 6.8 - 6.9 show a good agreement with

the results of the ‘raw’ data - before the decoding algorithm was applied. In the

same way as the ‘raw’ data images, particle flux measurements (Figure 6.6 and

Figure 6.7 Columns 1 and 2) present the most accurate exemplification of the

location of the radiation source. Single hotspots can be clearly distinguished for

neutron and gamma-ray images for both sources simulated. Moreover, the hotspot

location in the middle of the reconstructed image claims 100% accuracy with the

source coordinates specified as (0.0,0.0,0.0).

Images in Figure 6.9 (Columns 3 and 4) present the source reconstruction

based on the measurement of the energy deposition in a cell. A significant drop

in the localisation accuracy, caused by the identification of multiple hotspots,

is observed in many cases, with W-25%, 113Cd-75% composition being mostly

affected. There is also a general tendency that can be discerned across all the

reconstructed images; the localisation accuracy is proportional to the increased W

content in the composition. Furthermore, the images in Figure 6.9 (Columns 3 and

4) suggest a considerably greater detection accuracy for 252Cf than for 241AmBe.
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Figure 6.8: Neutron source reconstruction results based on particle flux measure-

ments (Columns 1 and 2) and energy deposition (Columns 3 and 4) for W-113Cd

compositions a) & c) W-25%, 113Cd-75% with 241AmBe b) & d) W-25%, 113Cd-75%

with 252Cf e) & g) W-50%, 113Cd-50% with 241AmBe f) & (h) W-50%, 113Cd-50%

with 252Cf i) & k) W-75%, 113Cd-25% with 241AmBe and j) & l) W-75%, 113Cd-

25% with 252Cf. Intensity scale was normalised for all images to between 1e−7 and

1e−3 MeV/cm2.
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Figure 6.9: Gamma-ray source reconstruction results based on particle flux mea-

surements (Columns 1 and 2) and energy deposition (Columns 3 and 4) for W-

113Cd compositions a) & c) W-25%, 113Cd-75% with 241AmBe b) & d) W-25%,

113Cd-75% with 252Cf e) & g) W-50%, 113Cd-50% with 241AmBe f) & (h) W-50%,

113Cd-50% with 252Cf i) & k) W-75%, 113Cd-25% with 241AmBe and j) & l) W-75%,

113Cd-25% with 252Cf. Intensity scale was normalised for all images to between

1e−7 and 1e−3 MeV/cm2.

124



Chapter 6. Investigation into a suitable scintillator and coded-aperture material
for a mixed-field radiation imaging system

6.6 Discussion

Based on the results presented in section 6.5.1. the most suitable candidate for

the mixed-field imaging system for nuclear decommissioning applications would be

the single stilbene crystal. Relative neutron energy flux measured was the highest

in the crystal out of the three samples tested. The number of PTRAC interactions

recorded, which was limited to 10,000 revealed that due to neutron capture events

there were more neutron interactions in 6Li-loaded plastic scintillator than in pure

plastic or crystal. Devices used for mixed-field characterisation necessitate better

neutron to gamma detection ratio, if these are to be used to simultaneously identify

neutron and gamma-ray sources. Previous experimental study of 6Li-loaded plastic

scintillator shows good thermal neutron detection performance. However, it also

reveals that fast neutrons and gamma-ray photons are difficult to separate using

PSD with this scintillator, especially when exposed to 252Cf field [28].

Another study investigating 6Li-loaded plastic scintillators claims even better

PSD separation performance [196]. In a similar way to Balmer et al.[28] Cherepy

et al. [196] uses figure-of-merit (FOM) for PSD applications to estimate neu-

tron/gamma separation performance of the scintillator [19]. The Cherepy et al.

study claims the FOM of 1.4 in the 350 to 450 keVee energy range, which is ap-

proximately twice as high as in Balmer et al. The difference between the two

studies lies most likely in the amount of 6Li doping. Moreover, both of these

experiments were performed in a controlled environment, enabling the neutrons

from 252Cf to be sufficiently thermalized for the neutron capture on 6Li. However,

authors’ recent experimental study of the 6Li-loaded scintillator shows that it fails

to separate fast neutrons and gamma-ray photons from 252Cf fission source, when

the energy spectrum is modulated by means of water (in exactly the same way as

simulated in this study) [156].

Furthermore, the absence of sufficient moderation (by means of Bonner Sphere

or Polyethylene layer, as in the studies by Balmer et al. and Cherepy et al., respec-

tively) relates to the lack of the peak resulting from 6Li neutron capture interac-

tion around 400 keVee in Figure 6.4. Neutron energy spectrum from the heavily-

shielded 252Cf at Lancaster University peaks at approximately 0.7-0.9 MeV, as

shown in Figure 6.2a. This is further supported by the aforementioned authors’
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experimental work, where thermal neutron peak was not detected and the 6Li-

loaded scintillator did not discriminate between neturons and gamma-ray photons

at this energy level [156].

Although the single stilbene crystal presents the best neutron/gamma detec-

tion performance out of the three samples tested in this study its practical imple-

mentation can be prevented by the high manufacturing cost and little performance

gain. Pure plastic scintillator sample shows only slightly inferior neutron/gamma

detection performance, which relates to the neutron energy detection spectrum.

Moreover, crystal scintillators are more susceptible to mechanical damage during

transportation. Pure plastic scintillator such as EJ-299-34 does not only claim

good PSD performance, even with relatively low neutron energy spectrum of 252Cf

but can also be machined to high precision for small imaging arrays [121, 14].

There is a general trend that can be observed across the results of the second

part of the study. In all the cases considered the higher W content in the aperture

material composition provides the most effective neutron/gamma field modulation.

Thus, the W-75%, 113Cd-25% composition offers the most accurate reconstruction

of the simulated radiation source. However, the modulation performance of each

material (and the source localisation as a result) is affected by the energy spectrum

of the source.

With the average neutron energy spectrum of 241AmBe higher than 252Cf, the

corresponding reconstructed source localisation images in Figure 6.8 and Figure

6.9 show greater intensity of the former. Despite the difference in the level of

intensity, the localisation efficiency is comparable for both sources with only one

clear neutron hotspot identified in the mentioned cases. There is a good agreement

between the results based on neutron flux and energy deposited, as far as single

hotspot identification is considered.

Gamma-ray source localisation on the other hand, is more efficient when parti-

cle flux is considered for the reconstruction. Figure 6.9 (Columns 1 and 2) presents

an ideal source reconstruction with a single hotspot easily-identifiable in the cen-

tre of the image. In contrast, the energy deposited based images of 241AmBe in

Figure 6.9 (Column 3) show poor source detection performance. In line with the

previously made claim, the performance increases with the increased W content.
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This is observed due to a very high number of 4.4 MeV gamma-ray photons emit-

ted form 241AmBe. Therefore, the higher W content enables greater absorption

of these gamma-rays in the aperture which in turn results in higher quality re-

construction. Nonetheless, multiple gamma-ray hotspots identified for 241AmBe

in Figure 6.9 (Column 3) prevent reliable gamma-ray source detection and local-

isation. As the average gamma-ray spectrum of spontaneous fission 252Cf source

is much lower, even the lowest W content allows for the radiation source to be

effectively reconstructed.

Based on the results presented the most suitable composition for the coded-

aperture material would be W-75%, 113Cd-25%. However, the W-50%, 113Cd-

50% composition claims only marginally inferior neutron/gamma field modulation

performance. For practical application factors such as machining difficulty and the

specific energy spectra would need to be considered. Since this study is aimed at

mixed-field detection and characterisation of the radioactive sources with energy

spectra similar to 252Cf, one of the identified compositions could be considered for

implementation.
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7.1 Abstract

An investigation into the gamma-ray modulation properties of a tungsten coded

aperture, whose design is based on the mathematical principles of Modified Uni-

formly Redundant Arrays (MURA), has been performed. Due to the small size of

the individual cells, the aperture was built using additive manufacturing methods.

The gamma-ray field was produced by a 137Cs radioactive isotope at Lancaster

University, UK. An organic plastic scintillator sample, which is capable of pulse

shape discrimination, has been used to detect the gamma-ray field modulated

by a tungsten aperture. Prior to the investigation of the aperture modulation

properties, energy calibration of the scintillator was performed. Its pulse shape

discrimination capabilities were verified using a 252Cf fission source. In this study,

each of 169 coded aperture cells were investigated by collimating the modulated
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gamma-ray field of 137Cs through a 25.4 mm thick supporting plate, made of lead

due to its gamma absorption capabilities. The supporting plate has one opening

in the centre, of the same dimensions as the single aperture cell, i.e. 2.5 mm × 2.5

mm. The number of pulses detected for every aperture location was recorded in

an array. The array was subsequently used to create a two-dimensional image of

the source, which was encoded through the coded aperture pattern. Finally, the

image was decoded using deconvolution techniques to reveal the actual source lo-

cation. The new results obtained in this study indicate that sufficient gamma-ray

modulation properties of the aperture can be determined, despite the relatively

small footprint and thickness of the coded aperture.

7.2 Introduction

Coded-aperture imaging is a well-established and widely applied concept of optics,

and is frequently incorporated into a range of other research fields [197]. Radiation

detection is one of the examples, where there is a particular focus on X-ray and

gamma-ray imaging systems [198, 199]. In recent years, however, coded-aperture

based neutron imaging has seen considerably increased attention [200, 201]. A

detailed account of coded-aperture based systems for radiation detection, including

discussion of design and implementation methods, has been previously presented

[11].

The main advantage of coded-aperture imaging is the increased signal-to-noise-

ratio (SNR), when compared to single opening pinhole devices. In the latter case,

there is always a trade-off between the resolution and SNR. An ideal pinhole device

would require an infinitely small opening in the aperture, to achieve the highest

resolution. At the same time, the opening would need to be infinitely large to

obtain the highest SNR. Development of scatter-hole, and later coded-aperture

techniques offer a form of a compromise between SNR and resolution [58, 59].

Due to multiple small sized openings of the aperture, it has become possible to

increase the overall opening percentage of the aperture to approximately 50%.

Studies of neutron imaging systems based on coded masks that utilise organic

scintillators as sensitive detectors are primarily designed as large scale detectors.
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For instance, Griffith et al. [200] use 15 × 15 × 10 cm3 blocks of high-density

polyethylene as single cells of a 144 element coded aperture. The detector array

in the study comprises of 64 cubic liquid scintillation detectors (EJ-309) of 15 ×
15 × 10 cm3 each. Another study conducted by Newby et al. [202] reports a

system where a single block of the detector has dimensions 13.5 × 13.5 × 50 mm3.

In this case, the single blocks are combined into 8 × 8 arrays. These are further

combined into a 3 × 3 array to build a 33.7 × 33.7 cm2 detector.

Such devices are neither easily portable nor easily deployable in the field.

Therefore, they are not suitable for nuclear decommissioning applications, where

the detectors are often required to survey small enclosed areas. These areas are

often difficult to access by people, let alone by large machinery. Hence, the present

article considers a small scale coded aperture, for which the single opening dimen-

sions are 2.8 × 2.8 × 25 mm3. When complemented by a suitably sized sensitive

organic detector, such a system could be packaged into a portable device for nu-

clear decommissioning applications.

7.2.1 Design considerations

Depending on the application of a coded aperture in a system, a number of key

features of the aperture require careful consideration at the design stage. Thickness

and material type define the stopping power of the coded aperture. The aperture

is expected to block the incoming particles on its opaque elements. Hence, the

distance that a particle can travel in a specific material before an interaction occurs

necessitates close investigation. High density chemical elements, such as lead

and tungsten, are known for their good gamma-ray stopping capabilities, whereas

neutron stopping properties are more complex and closely related to neutron’s

kinetic energy (defined by cross-sections for specific energy ranges). Isotopes such

as 10B, 7Li, 113Cd and 157Gd exhibit large thermal neutron cross-sections, while

1H shows a greater fast neutron cross-section.

Therefore, for the requirements of an empirical study, a material capable of

blocking both neutrons and gamma-ray photons was sought. Our earlier Monte-

Carlo simulation study revealed that a W-113Cd composition (75%-25% ratio)

provides optimal results [203]. However, due to safety concerns related to the
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handling of 113Cd, a pure tungsten coded aperture was built for the present study

and only tested in relation to gamma-ray modulation properties. The model draw-

ing used for simulation and the manufactured tungsten coded apertures for the

experimental work are presented in Figure 7.1a and 7.1b, respectively.

(a) (b)

Figure 7.1: Coded aperture designed for the requirements of this study, including

a) initial simulated design with a single cell dimensions of 2.8 × 2.8 mm, and b)

manufactured in tungsten by M&I Materials Ltd. with a single transparent cell

dimensions adjusted to 2.5 × 2.5 mm.

Another key feature that needs to be carefully considered is the pattern of the

array to be used as the coded aperture. The most extensively used patterns are

Uniformly Redundant Arrays (URAs) and Modified Uniformly Redundant Arrays

(MURAs) [59, 88]. In both cases, the rank of the aperture defines the number

of pixels in the particular pattern. For instance, the rank-7 aperture utilised in

the present study comprises 169 cells (arranged into a 13 × 13 array). For an

extensive review of array patterns as applied to coded apertures, as well as their

design rules and associated mathematical calculations, the reader is referred to

the authors’ previous work [11].

Generally, the higher the rank of the aperture, the higher the resolution of

the reconstructed image. However, as the rank of the aperture becomes higher,

the associated pixel size decreases. As a result, the sensitive detector and ac-

companying photodetector would have to be of very small dimensions to provide

the required one-to-one interface. Therefore, in this work, a rank-7 MURA based
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coded aperture with a 2.8 × 2.8 × 25.4 mm3 cell size was built. In this manner,

it will be feasible to match the cell with a similarly sized sensitive detector and

photodetector in the future.

7.2.2 Sensitive detectors

Regardless of the application, coded-aperture imaging requires a sensitive detec-

tor, whose task is to detect the image that is modulated through the transparent

and opaque elements of the aperture. The detector’s efficacy with regard to the

identification of specific particle types is vital for the accurate acquisition of the

modulated “image”. This is subsequently used for the reconstruction of an actual

image, in line with conventional image reconstruction techniques [11]. A require-

ment of the present study is that the detector provides good energy resolution,

as well as pulse shape discrimination (PSD) potential. Therefore, a PSD capable

organic plastic scintillator sample was chosen for the experiments.

Hence, the research contributions of this article relate to an experimental study

of the gamma-ray modulation properties of a tungsten coded aperture using a PSD

capable sensitive detector. The key novelty is the relatively small footprint and

thickness of the coded aperture. To the authors knowledge, this represents the

first time that a tungsten coded aperture of this scale has been tested with regard

to its gamma-ray modulation capabilities. The following section 7.3 describes the

methodology. The results and discussion are presented in sections 7.4 and 7.5

respectively, followed by the conclusions in section 7.6, where potential future

improvements to the system are also presented.

7.3 Methodology

The present section considers methods for detector calibration, PSD and the mod-

ulation capabilities of the coded aperture.

7.3.1 Detector calibration

Before the assessment of the modulation properties of tungsten coded aperture

commenced, it was required to conduct energy calibration of the scintillation de-
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tector. The scintillator used in this study was an organic plastic PSD sample

(25mm diameter, 25mm thick) provided by Lawrence Livermore National Labo-

ratory (LLNL), U.S.A. - denoted by the LLNL number 5706. The sample was

previously compared to two other solid organic scintillators in regard to its neu-

tron/gamma discrimination properties [156]. However, no information about its

energy calibration was provided.

In this study, the back and side of the scintillator sample was covered with

EJ-510 reflective coating. The sample was subsequently coupled to an ET Enter-

prises 9107B photomultiplier tube (PMT) with EJ-550 silicone grease. A light-

proof enclosure was placed around the scintillator-PMT assembly. The PMT was

connected to a positive high voltage power supply of 860 V. Finally, an FPGA

based 12-bit resolution, 500 MS/s “raw data” digitising system was used to collect

the detected pulses. It collected 128 samples (every 2 ns) for every triggered pulse.

The assembly was exposed in turn to 137Cs and 22Na gamma-ray sources of

319 kBq and 1.68 kBq current activity, respectively. The sources were placed

15 cm away from the front of the detector while measurements were being taken.

Given the respective activities of the sources, 120,950 137Cs pulses and 36,548 22Na

pulses were accepted. Each detected pulse was digitally verified against pile-up by

a custom rejection algorithm. Here, a pulse was rejected if there were two peaks

detected within the same triggered window.

Recorded pulse height spectra were plotted for both gamma-ray emitters to

compute the corresponding Compton edges. Pulse height spectra are presented in

Figure 7.2a. These were subsequently used to convert the pulse height values to

electron equivalent energy for both calibration sources. 137Cs produces a Compton

edge of 477 keV, and 22Na produces two Compton edges of 341 keV and 1062 keV

gamma-ray interactions. A linear relationship between the pulse height values and

corresponding electron equivalent energy is assumed, as suggested by Figure 7.2b.

However, for the case when the number of interactions in a cell is counted, slight

deviations from the linearity are of lesser importance.
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(a)

(b)

Figure 7.2: Energy calibration performed with 137Cs and 22Na showing a) pulse

height spectra and b) the relationship between the pulse height and electron equiv-

alent energy. Compton edge was calculated at 75% of the Compton peaks.
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7.3.2 Pulse shape discrimination performance of the de-

tector

Pulse shape discrimination performance of the plastic scintillator sample was pre-

viously investigated in comparison to other organic scintillator samples [156]. How-

ever, a relatively low sampling rate digitiser was utilised and the low energy limit

was not investigated. In the present work, the charge comparison method (CCM)

was used to perform PSD, and the low energy discrimination limit (in terms of

electron equivalent energy) was sought [106]. The discrimination factor Df was

calculated using Equation 7.1, in which Ilong denotes the integral calculated over

the entire tail of the pulse, with the peak of the pulse represented by the first

sample, and Ishort is calculated as an integral between the first sample being taken

32 ns after the peak and the last sample of the entire window.

Df = 1− Ishort
Ilong

(7.1)

A mixed field environment was provided by the 252Cf source located at Lan-

caster University, UK. The aforementioned assembly comprising the PMT and the

organic plastic scintillator sample was exposed to the 252Cf radioactive isotope.

The source is normally stored in the centre of a water tank and is pneumatically

moved to the edge of the tank, when required to be exposed for taking measure-

ments. The detector assembly was placed 15 cm away from the edge of the tank,

where the source is located when in exposed position. Very good pulse separation

can be observed for the chosen sample, with an illustrative PSD scatter plot shown

in Figure 7.3. Here, the upper plume depicts the gamma-ray photon interactions

and the lower plume the neutron interactions.

7.3.3 Modulation capabilities of tungsten coded aperture

Before the coded aperture was manufactured, the part was first designed in Computer-

Aided Design (CAD) software and subsequently translated into Monte-Carlo code

for simulation. Following completion of the simulation study, the model was

built into a part using additive manufacturing techniques by M&I Materials Ltd,

Manchester, UK.
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Figure 7.3: Scatter plot of PSD performed using CCM for the plastic scintillator

sample exposed to the neutron/gamma-ray field of 252Cf. There were 908,037

samples accepted in the process. Lower discrimination level was set to 40 keVee.

Due to the complexity and small dimensions of the coded aperture, the design

used for simulation work (shown in Figure 7.1a), with each cell of 2.8 × 2.8 × 25.4

mm3, was revised somewhat (Figure 7.1b). This is due to the fragility of the links

between single opaque cells and other parts of the coded aperture. As a result,

the single transparent cell of the coded aperture was reduced to 2.5 × 2.5 × 25.4

mm3, so that the thickness of the link to a single opaque element of the aperture

could be at least 0.8 mm.

The experimental setup is presented in Figure 7.4a. The green holder is used

to place the plastic disk with the radioactive source. The tungsten coded aper-

ture is placed 10 cm below the radioactive source holder – directly on top of the

supporting lead plate. The CAD image of the lead supporting plate, the purpose

of which was to collimate the gamma-ray photons on to the front of the detector,

is shown in Figure 7.4b. The front of the detector assembly is placed directly

underneath the bottom of the lead supporting plate. The total distance between

the bottom of the source holder and the top of the detector assembly is 15 cm.

The experiment was performed by placing the 137Cs radioactive point source

in the green holder. The top surface of the lead supporting plate was covered with
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a 2.5 × 2.5 mm grid, which was used to aid the movement of the coded aperture

across the supporting plate. Each location of the 169 cell tungsten aperture was

examined by moving the aperture across the grid, where each location was exposed

to the radioactive source for 5 minutes, before moving on to the next cell.

(a) (b)

Figure 7.4: Equipment used in the experiment showing a) the entire experimental

set-up comprising PMT and scintillator assembly, supporting lead plate, tung-

sten coded aperture, and source holder, and b) perspective CAD drawing of the

supporting plate, with dimensions specified (mm).

7.4 Results

Before the first measurements of the 137Cs modulated gamma-ray field were taken,

the complete experimental set-up was tested without the coded aperture on top of

the lead plate. This was used as an example to verify the energy spectrum obtained

after 5 min exposure. Figure 7.5 shows that the 137Cs Compton edge can be clearly

identified. In this 5 minute exposure window, 9315 pulses were detected. When
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completed, the aperture was placed back on top of the supporting plate and the

measurement of the first location of the coded aperture was taken. The detector

set-up was exposed for 5 minutes in this location, before the aperture was in turn

moved to each of the remaining 168 locations.
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Figure 7.5: Pulse height spectra of 137Cs, obtained by exposing of the source in

the experimental set-up, but without the coded aperture in place. Measurements

were taken over a 5 min exposure window.

7.4.1 Modulation properties of tungsten coded aperture

The collected data were arranged into a two dimensional array. Overall, 613,998

pulses were accepted through the pile-up rejection algorithm. The lowest count

was around 1500 pulses, and the highest count over 9000 pulses. The lowest

count corresponds to the area of the aperture where the cell under investigation is

surrounded by opaque cells. The highest count was recorded in a clear area in the

corner of the aperture where the transparent cell is also surrounded by transparent

cells. The modulation image of the data is shown in Figure 7.6b in comparison to

the manufactured coded aperture shown in Figure 7.6a.

It can be noticed that the modulation image in Figure 7.6 does not fully cor-

respond to the aperture design presented in Figure 7.1. Opaque and transparent
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(a) (b)

Figure 7.6: Comparison of a) the manufactured coded aperture with the overall

dimensions of 39.52 × 39.52 mm2, and b) Image obtained based on the data

received when the coded aperture was exposed to 137Cs and moved across the

supporting plate to access its modulation properties. Colourbar values correspond

to number of counts.

elements of the aperture are very difficult to distinguish and the overall pattern

is equally difficult to recognise. However, some trends can be noticed. The areas

of the image with the highest number of counts, i.e. approximately between 7000

and 9000 counts, are accumulated around the area where the single open aperture

cells are not bounded by closed cells.

Counts between approximately 4000 and 6000 are associated with the areas of

the aperture where there are only single cell or larger opening areas, for instance

the area very close to the centre of the image, but these areas are surrounded by

closed spaces. This indicates that the modulation provided by the closed areas of

the coded aperture affects the neighbouring open spaces, as a result of gamma-ray

interactions with the tungsten aperture blocks. Finally, the lowest count numbers

(<4000) can be linked to the closed areas of the aperture. Hence, despite the

fact that a quick visual inspection does not seem to resemble the design, closer

examination does allow us to recognise useful patterns, including parts of the main

body of the aperture.
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7.4.2 Coded-aperture image reconstruction

According to the rules of designing a coded aperture based on MURAs, an im-

age detected by the sensitive detector is encoded through the aperture pattern.

Therefore, the reconstruction process takes longer, when compared to other imag-

ing methods, such as single pinhole collimator based detectors. However, the

advantage is that the resolution of the reconstructed image is higher. The method

responsible for encoding the image in MURA based apertures is convolution. Con-

sequently, the decoding of the image is achieved by deconvolution methods. A

response for such analysis is expected to approximate the delta function [11].

Localisation of the 137Cs source has been performed using a customised square

deconvolution script implemented in Python. Initial inspection of the recon-

structed image in Figure 7.7 clearly indicates that the source was recognised in

the centre of the aperture. This result has been obtained despite the imperfect

modulation provided by the aperture indicated by Figure 7.6. However, there is

a noticeable spread of the reconstructed source over three cells of the aperture

located in the centre of the reconstructed image. This suggests that the response

is not in a form of a perfect delta function, as there are three impulses normalised

to unity. This result is also indicated by the colourbar in Figure 7.7.

It should also be noted that the illustrative results presented above have been

obtained using a very specific experimental set-up, which was primarily designed

for the analysis of aperture modulation properties. An additional aim was to verify

the operation of the decoding algorithm. Given the basic assumptions of the design

and implementation of the coded-aperture imaging systems based on MURAs, a

nearly perfect response, following the decoding, can be expected. A response

approximating a delta function can only be obtained, if nearly perfect encoding

occurs. Also the source must be reconstructed through the specific algorithm,

which accounts for the pattern of the aperture used. In this work, the encoding of

the radioactive source was of acceptable quality. However, the arrangement was

sufficient for the deconvolution algorithm to place the reconstructed image in the

centre of the aperture, as required.
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Figure 7.7: Reconstructed location of the source using deconvolution encoding.

The image was obtained based on the data collected for each aperture location

and arranged into a 13 × 13 array.

7.5 Discussion

The results presented in the previous section suggest that a pure tungsten coded

aperture, with a small cell size 2.8 × 2.8 × 25 mm3, provide sufficient modulation

of the gamma-ray field to reconstruct the source location. It could be argued that

the localisation is not ideal, even though the the aperture was tested cell by cell,

enabling the highest gamma-ray yield to be produced for every investigated cell

directly. However, the results show the source on the expected location, and the

spread over the three cells lies within standard statistical error boundaries.

Given the set-up chosen for this particular study, there is a small chance of some

gamma-ray photons interacting with lead atoms in the supporting block. These

can travel from the source, through any open area of the coded aperture, even

those that are not investigated at a specific time. Hence, they could be accidentally

detected by the scintillator detector. In a similar way, particles modulated through

the aperture could still travel through the Pb block, and contribute to adding

misclassified counts to specific cells. It is believed such interference caused the
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image in Figure 7.6 to not fully represent the shape of the coded aperture.

Although the coded aperture examined in this study is eventually aimed for

operation in mixed radiation fields, it was decided to initially examine the system

in a single particle radiation field, as reported in this article. Since the 137Cs

radioactive isotope is widely used for detector calibration, it was used in this

study to determine if the results of 5 min exposures of a single aperture cell

were sufficient to reconstruct the expected gamma-ray spectrum. If this was not

achieved, the experiment for the specific cell was repeated.

7.6 Conclusions

Given the results and discussion presented, it can by deduced that the tungsten

coded aperture investigated in this work provides a sufficient level of gamma-ray

modulation. As such, it offers the possibility of incorporating the aperture into a

portable mixed-field radiation imaging system, owing to the small size of the part.

Moreover, in comparison with the part designed for simulation work (Figure 7.1a),

the manufactured tungsten aperture does not have a bracket around its main body

(Figure 7.1b). This change was dictated by the possibility of placing the aperture

in an enclosure [203], which would allow for adjustment of the field of view (FOV)

depending on the specific requirements of an application.

The plastic organic scintillator used in this study offers a very good neu-

tron/gamma separation down to 40 keVee. This provides an opportunity to use

the system as a single- or dual-particle detection device. The second particle type

could be either ignored or included, and secondary imaging provided for the other

particle type. It would also become possible to have more coded apertures man-

ufactured using different materials, such as the aforementioned 113Cd, to target

other particle types, given the replaceable character of the aperture. Finally, it

would also be advantageous to test the tungsten coded aperture in a mixed-field

environment, to appraise if the neutron modulation level is sufficient.

In future work, it is also intended to replace the single block scintillation de-

tector with a pixelated form of an organic plastic scnitillator. Such a scintillator

has already been manufactured and is currently being characterised [44]. More-
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over, various photodetectors and the accompanying readout electronics options are

being considered, ranging from the standard mutli-anode photomultiplier tubes

(PMTs) to pixelated Silicon Photomultipliers (SiPMs). As a general rule, the for-

mer option offers better noisy immunity, whereas the latter offers a small footprint

and is easier to implement in the system, since it does not require high voltage

supply to operate. Both options have been extensively compared with regard to

time resolution and PSD capabilities [183, 204].
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8.1 Abstract

The pulse shape discrimination performance of a pixelated organic plastic scin-

tillator has been investigated. The scintillator has been built using 169 plastic

scintillator blocks (arranged into a 13 × 13 square array) of 2.8 × 2.8 × 15 mm3

each. The scintillator was coupled with a single-channel photomultiplier tube.

The scintillator was exposed to a mixed-field environment provided by 252Cf and

its pulse shape discrimination capabilities are presented in this paper. Initial

results revealed that a 150 MS/s digitising system was insufficient to separate

neutrons from gamma-ray photons. Therefore, the experiment was repeated with

a 500 MS/s system, which provided improved pulse shape discrimination perfor-
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mance. In order to validate the performance of the pixelated plastic scintillator,

it was compared to that of a cylindrical plastic sample. Tests were also carried

out in moderated neutron and gamma-ray fields of 252Cf. The results indicate

that acceptable levels of pulse shape discrimination are obtained for the case of a

pixelated scintillator, when the higher sampling rate digitiser was used.

8.2 Introduction

Efficient and effective methods of radiation detection and imaging are highly de-

sirable in numerous application areas, such as nuclear medicine, nuclear power

generation, nuclear proliferation, nuclear decontamination and decommissioning.

Depending on the information that is sought, different detection methods can be

applied. For instance, X-ray imaging can be utilised for detecting the metallic

parts of an item under investigation. However, if neutron imaging is applied to in-

vestigate the same item, the plastic parts of the item can be explored [205]. This

is because distinctive targets interact in different ways as a result of exposure

to varying radiation fields. Hence, combined X-ray and neutron imaging could

provide a complementary solution for border control systems.

In a similar way, various radiation types are used in medicine e.g. 99mTc can

be used to detect cancerous cells in a patient’s body. As 99mTc is a human made

gamma-ray emitter, it produces a specific gamma-ray field (photon energy of 140

keV) that can be detected using an appropriate gamma-ray imaging system. As

its half-life is only 6.0058 hours, this approach allows enough time to produce an

image of a patient’s body and to track cancerous cells. Furthermore, its exposure

time is short enough to keep the patient’s absorbed dose low [206]. This is an

example of a very specific application of radiation imaging i.e. when the produced

radiation field is known.

For the application areas described above, in most cases the expected radiation

field to be detected is known, whereas for nuclear decontamination and decommis-

sioning applications it is generally unknown. During this final stage of a nuclear

power plant’s life, the local infrastructure, as well as the surrounding grounds, are

required to be characterised in order to restore the area to a safe state. It is often
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difficult to judge what type of radiation, or specific spectrum of a certain radiation

type, would be envisaged in a particular area. The information required to infer

the type of radioactive isotope is often found in its gamma-ray or neutron spec-

trum [19]. Hence, it is beneficial to understand whether traces of these radiation

types are present in the area of investigation.

8.2.1 Scintillator based detectors used in nuclear decom-

missioning applications

Particle detectors suitable for nuclear decommissioning applications of mixed-field

characterisation are required to be sensitive to both neutrons and gamma-ray pho-

tons. Over the years, organic liquid scintillators have been established as one of

the most popular choices for mixed-field applications [184, 207]. This is primarily

due to their good neutron/gamma-ray separation quality and reasonable spectro-

scopic response. However, they are only sensitive to fast neutrons. Moreover,

liquid scintillators are characterised by high toxicity, and some cocktails also have

a low flashpoint [164]. Hence, they are often inappropriate for use in sensitive

industrial environments, such as nuclear decommissioning facilities.

Such limitations have been gradually addressed by research into plastic or-

ganic scintillators. These detectors are not toxic and the risk of spillage is fully

alleviated. However, only recently has a plastic scintillator been developed whose

pulse shape discrimination (PSD) performance is comparable to an EJ-309 liquid

detector [13]. Furthermore, in a similar manner to organic liquids, plastic scin-

tillators have been doped with 10B and 6Li to allow thermal neutron detection

[208, 159]. Plastic scintillators can also be straightforwardly formed into array

blocks. However, in regard to PSD performance, stilbene crystal is far superior

when compared to liquid and plastic scintillators.

Stilbene and anthracene represent some of the oldest scintillation crystals that

have been widely used. Stilbene has been broadly recognised as the preferred

choice in neutron/gamma separation applications, due to its high particle dis-

crimination quality. However, the crystal was difficult to grow and its production

was only viable in small sizes (< 10 cm) until recently [19]. A relatively new

method of growing the crystal has enabled researchers to go beyond the 10 cm
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limit and improve its light output [122]. Continuous improvements have led the

stilbene crystal to offer far superior PSD performance when compared to plastic

and liquid counterparts [12]. The manufacturing cost is however still high which

makes building large stilbene detectors very expensive.

In order to improve the sensitivity of the detector across a greater energy

spectrum, new methods of particle detection are sought. One of the recently

proposed methods is a composite detector, where Cs2LiYCl6(CLYC), which is

characterised by an excellent energy response and thermal neutron detection, is

incorporated into a PSD capable plastic scintillator [209]. Such a scintillator is

capable of separating thermal and fast neutrons, as well as gamma-ray events, that

are induced in both the plastic and CLYC scintillators [141]. The downside of this

approach lies in the detector size, as the composite is required to be sufficiently

large so as to incorporate the inorganic scintillator inside.

Unfortunately, a large detector size is often a problem when nuclear decom-

missioning applications are considered. The areas to be interrogated are likely to

be difficult to access and the space available for equipment deployment is scarce.

Therefore, in the present article, we present some initial characterisation results

of a small scale pixelated organic plastic scintillator (EJ-299-34). The overall di-

mensions of the scintillator, 39.52 × 39.52 × 15 mm3, make it suitable for the

intended application. Furthermore, the pixelated design, as well as a single pixel

size of 2.8 × 2.8 × 15 mm3, allows the scintillator to be matched to readily avail-

able pixelated photo detectors; in particular, a Position Sensitive Photomultiplier

Tube (PSPMT) or a Silicon Photomultiplier (SiPM) can be utilised. Given the

dimensions of the scintillator’s single pixel, a one-to-one match can be found for

the plastic scintillator. This characteristic is of vital importance when a sensitive

detector is considered for coded-aperture based applications, as here.

8.2.2 Coded-aperture based radiation detectors

Coded-aperture based imaging is used to enhance the resolution of the recon-

structed image, in comparison to conventional radiation imaging approaches, such

as use of single opening collimators. As evidenced through extensive research con-

ducted with gamma-ray detectors, higher lateral resolution allows the exposure
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time to be reduced [93]. However, in order to exploit the potential of a coded-

aperture based approach, the location of the interaction within the scintillator

must be reliably inferred. In particular, the direct matching of the pixel size be-

tween the scintillator and the photodetector can improve the process of interaction

localisation.

Single particle detectors (X-ray and gamma-ray) utilising coded-aperture imag-

ing methods have been thoroughly investigated [63, 210, 211]. A range of readily

available pixelated inorganic scintillators, such as the CsI(Tl) scintillator, provide

excellent energy resolution and can also be used to improve the spatial resolution

due to their pixelated design [212]. There have been attempts to use pixelated de-

tectors for fast neutron detection [74, 200]. However, the latter designs are based

on a large scale approach and are not practical for nuclear decommissioning ap-

plications, which require more easily portable and deployable systems. Moreover,

the systems described by references [74, 200] do not follow a one-to-one approach

in regard to scintillator pixel and photodetector pixel dimensions.

8.2.3 Organic pixelated plastic scintillator EJ-299-34

The present article considers the suitability of the EJ-299-34 (produced by Eljen

Technology) scintillator for neutron/gamma detection using PSD, based on experi-

mental work performed with a 252Cf radioactive source. Various digitising systems

are used to comprehensively investigate the requirements of this novel scintillator.

In particular, following on from previously performed work with FPGA based 150

MS/s and 500 MS/s digitising systems [203], these two devices were similarly used

to analyse PSD performance here. To the authors knowledge, this is the first time

that an analysis of the PSD performance of an organic pixelated plastic scintilla-

tor of this size scale has been reported. The scintillator was designed so that it

can match currently available pixelated photodetectors, such as the Hamamatsu

H9500 PSPMTs or SensL series-J SiPMs. It was further customised to address a

previously performed MCNP based simulation study of the coded-aperture based

neutron/gamma imaging system [156]. The pixelated scintillator comprises 169

scintillator blocks arranged into a 13 × 13 array, as shown in Figure 8.1. All

the scintillator blocks are optically isolated from one another through TMESR
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reflective tape to provide up to 98% isolation.

Figure 8.1: Organic pixelated plastic scintillator (EJ-299-34). There are 169 scin-

tillator blocks of 2.8 × 2.8 × 15 mm3, arranged into a 13 × 13 array.

Hence, a key objective of the present work is to assess the particle separation

capability of the pixelated plastic scintillator (EJ-299-34), based on experimental

work performed at Lancaster University, UK. A second contribution is the compar-

ison of the scintillator’s PSD performance in regard to the sampling frequency of

the digitiser. For this purpose, FPGA based digitiser systems of different sampling

frequency were used – 150 MS/s and 500 MS/s. In each case, the performance of

the digitiser was verified with a cylindrical PSD plastic scintillator sample obtained

from LLNL in 2016, which was previously tested [203]. Section 8.3 describes the

methodology and materials utilised in this work. This is followed in section 8.4

by presentation of the results. The findings are discussed in section 8.5, with the

conclusions presented in section 8.6.

8.3 Methodology

Both neutrons and gamma-ray photons are examples of uncharged particles. Hence,

they do not undergo Coulomb interactions with electrons in materials. In organic

scintillators, they interact primarily with 1H atoms through elastic scattering with
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a proton (neutrons), and Compton scattering with an atomic electron (gamma-ray

photons). Each of these interactions result in a fluorescence emitted in the scintil-

lator that is proportional to the rate of energy loss of the interacting particle. The

fluorescence emitted can be subsequently detected via a suitable photodetector,

which produces pulses that reflect the particle’s rate of energy loss. The differ-

ence in the pulse shape can be exploited to separate gamma-ray interactions from

neutron events via PSD techniques [203].

There are numerous PSD methods that can be implemented in the digital

domain [27, 213]. However, the most popularly used technique is a charge com-

parison method (CCM) that was originally implemented in the analogue domain

[106]. It relies on the integration of the pulse over two specific intervals. The first

integral (Ilong) is calculated over the entirety of the pulse, and the second integral

(Ishort) is calculated over a specific period of the tail of the pulse, as the difference

between the pulses is most pronounced in this region. Graphical illustration of

this method is presented in Figure 8.2.
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Figure 8.2: Illustration of the implementation of the pulse shape discrimination

method used in this study. Long and short integrals used in CCM calculations are

marked on the plot. Theoretical fast neutron and gamma-ray pulses were obtained

based on the data from Knoll [19] and Zaitseva et. al [159].

The scintillator used in this study was based on organic pixelated plastic pro-
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vided by Eljen Technology. The outer dimensions of the scintillator are 39.52 ×
39.52 × 15 mm3. The scintillator was subsequently coupled to an ET Enterprises

9107B photomultiplier tube (PMT). As the diameter of the PMT (25 mm) is

smaller the outer dimensions of the pixelated plastic, appropriate light guide and

EJ-550 silicone grease were used to provide optimal photon transfer. The PMT’s

sensitive area was placed at the centre of the pixelated plastic sample. A light-

proof enclosure was placed around the scintillator-PMT assembly. The PMT was

connected to a positive high voltage power supply of 850 V.

The assembly comprising the scintillator and the PMT was connected in turn

to two FPGA based digitisers to infer its PSD potential. The first experiment

was performed with a 14-bit resolution, 150 MS/s “raw data” digitiser. This

collected 28 samples for every triggered pulse (every 6.67 ns). It was subsequently

replaced with a 12-bit resolution, 500 MS/s “raw data” digitiser, which collected

128 samples (every 2 ns) for every triggered pulse.

The PSD capabilities of the scintillator were assessed using a 252Cf fission

source that is normally stored in the centre of a water filled steel tank. The

source is pneumatically moved to towards the edge of the tank and is placed

approximately 20 cm away from the edge, when in an exposed position. The

detector assembly (scintillator-PMT) was placed 15 cm away from the edge of the

water tank, resulting in a total distance of 35 cm between the source and the front

of the detector.

The same equipment (PMT, digitisers) and facilities were used to take mea-

surements using the cylindrical plastic PSD sample. The sample (25 mm diameter,

25 mm thickness) was developed at the Lawrence Livermore National Laboratory

(LLNL), U.S.A. – denoted by the LLNL number 5706. The results obtained with

this sample were contrasted with those of the pixelated scintillator. Further in-

formation about this research sample can be found in authors’ preceding work

[214].

In subsequent experiments, three different modulation scenario were tested.

Firstly, a 5 cm thick modulation block made of lead was placed adjacent to the

tank (as illustrated in Figure 8.3), so that the single particle sensitivity of the

detectors could be evaluated. The thickness of the lead block was then increased
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to 10 cm to further block the gamma-ray field of 252Cf. The final experiment

was performed with a 9 cm thick high density polyethylene (HDPE) block placed

adjacent to the tank in order to modulate the neutron field. In each case, the

detector was exposed to the radioactive field for 30 minutes.

Figure 8.3: Schematic diagram of the experimental set-up. 252Cf source is in the

centre of a water-filled steel tank (position 1). During the experiments the source

is moved to the edge of the tank (position 2).

8.4 Results

Initially both plastic scintillators were linked to the FPGA based 150 MS/s signal

digitiser to collect the data. Each triggered pulse was processed through a bespoke

pile-up rejection algorithm, where pulses with two peaks occurring within the same

trigger window were rejected. There were 68,368 pulses accepted for the pixelated

plastic sample and 80,955 for the cylindrical sample. Accepted pulses were used

to plot CCM scatter plots as presented in Figure 8.4, where (Ishort) is depicted on

the y-axis and (Ilong) is depicted on the x-axis.

It can be noticed that only the PSD plastic sample (Figure 8.4b) is capable of

separating the neutron events from gamma-ray photons interactions. Therefore,

further quality assessment of particle separation is only considered for the PSD

plastic sample, since the pixelated plastic scintillator sample is deemed not capable

of performing neutron/gamma discrimination when the 150 MS/s digitiser is used

for data collection.
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(a) (b)

Figure 8.4: Comparison of CCM plots for the two plastic samples when exposed

to 252Cf and data were collected with 150 MS/s digitiser: a) Pixelated plastic and

b) Cylindrical PSD Plastic from LLNL.

Following a similar procedure, the scintillator and PMT assemblies were sub-

sequently tested with the FPGA based 500 MS/s digitiser. Each triggered pulse

was processed through the same rejection algorithm. There were 70,485 pulses

accepted for the pixelated plastic scintillator, and 120,213 accepted for the cylin-

drical sample. Particle separation was also performed using CCM, as described

above, and the resulting scatter plots are presented in Figure 8.5.

In comparison to the results presented for the 150 MS/s digitiser (Figure 8.4a),

a significant improvement of PSD performance can be observed for the correspond-

ing pixelated plastic scintillator plot when the 500 MS/s digitiser was used (Figure

8.5a). However, it is still far inferior to the results obtained with the cylindrical

sample. Nonetheless, it is deemed sufficient to be included in the separation qual-

ity analysis discussed in the following subsection.

8.4.1 Separation quality of each detector

The same data (i.e. as used to compose the scatter plots in Figure 8.4 and Figure

8.5) were used to assess the separation quality of each detector and signal digi-

tiser arrangement. The figure-of-merit (FOM), as defined by Equation 8.1, was

calculated for each case where the apparent separation quality was sufficient to

meaningfully compare their performance. Neutron and gamma-ray events were

separated through a discrimination line, as visible to the naked eye [27, 203], and
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(a) (b)

Figure 8.5: Comparison of CCM plots for the two plastic samples when exposed

to 252Cf and data were collected with 500 MS/s digitiser: a) Pixelated plastic and

b) Cylindrical PSD Plastic from LLNL.

were subsequently used to compose the coloured scatter PSD plots.

FOM =
Peak separation

FWHMg + FWHMn

(8.1)

Peak separation in Equation 8.1 represents the distance between the peaks of

the normal distribution fitting of neutron and gamma-ray plumes, while FWHM

represents the full-width at half-maximum for each particle distribution. A Pois-

son approximation of the distribution was assumed in order to determine the

corresponding uncertainty. Illustrative neutron and gamma-ray distribution plots

in regard to the discrimination line are presented in Figure 8.6, where the peak

separation and FWHM for gamma-rays (FWHMg) and neutrons (FWHMn) are

also shown.

The normal distribution fittings of neutron and gamma-ray plumes for the

plots presented in Figure 8.5, where data were collected using 500 MS/s digitiser,

are presented in 8.7. As expected, the distributions in 8.7a are more widely spread

across the distance from the distribution line when compared to the corresponding

distribution in 8.7b. As a result, the number of counts for the PSD plastic is

considerably higher, as the distribution is more condensed. This is in contrast to

the lower number of counts for the pixelated plastic where the distance between

the separation line and coordinates of the particle pulse is more varied. Moreover,

there is always a level of misclassification probability which needs to be assumed
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Figure 8.6: Example neutron and gamma-ray distribution in relation to the dis-

crimination line, with the components of Equation 8.1 highlighted. Data taken

from 5.7 in Chapter 5.

for the lower energy region.

The FOM values, together with corresponding statistical uncertainties calcu-

lated at the 95% confidence level, are presented in Table 8.1. As the performance

of the pixelated plastic scintillator with the 150 MS/s digitiser was insufficient to

assume particle separation, FOM for this arrangement was not estimated. The

FOM estimation results presented in Table 8.1 reflect the relative quality of par-

ticle separation, as indicated qualitatively in Figure 8.4 and Figure 8.5. Despite

the considerably lower FOM value in comparison to that of the cylindrical sample,

the pixelated plastic scintillator in fact represents reasonable PSD performance in

absolute terms. It should be noted that the pixelated scintillator was built in 2017

using Eljen Technology’s old type PSD plastic EJ-299-34.

8.4.2 Pixelated scintillator performance with modulated

neutron and gamma-ray fields

Based on the results presented above, it is apparent that the pixelated plastic

scintillator (EJ-299-34) does not provide a clear neutron/gamma separation and
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(a) (b)

Figure 8.7: Comparison of neutron and gamma-ray distribution plots for the two

plastic scintillators when exposed to 252Cf and data were collected with 500 MS/s

digitiser: a) Pixelated plastic and b) Cylindrical PSD plastic from LLNL.

Table 8.1: FOM values determined for each scintillator for the two digitisers used

in this study.

Sample Digitiser FOM

PSD Plastic 150 MS/s 0.592 ± 0.001

500 MS/s 0.637 ± 0.002

Pixelated plastic 150 MS/s -

500 MS/s 0.479 ± 0.010
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the misclassification probability can be relatively high. Many factors can con-

tribute to the overall PSD performance of a scintillator based detector, such as

the energy spectrum of the radioactive isotope, the digitising electronics and pho-

todetector type. These issues will be further considered in the following section 8.5.

However, in order to first illustrate the particle separation performance of the pix-

elated scintillator in more depth, the mixed-field environment provided by 252Cf

was modulated.

The following three scenarios were considered to observe the detector’s response

to the modulated neutron and gamma-ray fields. In the first scenario, a 5 cm thick

lead block was placed adjacent to the tank, between the source and the detector

assembly, to reduce the number of gamma-ray photons reaching the scintillator.

The thickness of the lead modulating block was subsequently doubled to 10 cm.

The results of each scenario in the form of PSD scatter plots are presented in

Figure 8.8a and Figure 8.8b, respectively. In the final arrangement, the neutron

field was modulated by placing a HDPE block, of thickness 9 cm, adjacent to

the tank between the radioactive source and the detector. Figure 8.8c illustrates

the results obtained for this scenario. Distribution of neutron and gamma-ray

photons in relation to the discrimination line, for the case of HDPE modulation,

is presented in Figure 8.8d. It can be observed that a negligible number of neutrons

was able to pass through the HDPE block. For each scenario, the detector was

exposed to the radioactive field of 252Cf for a duration of 30 mins.

8.5 Discussion

The PSD potential of a bespoke pixelated scintillator was experimentally tested.

Building on the authors’ prior work, the particle separation capability of the scin-

tillator was first investigated using a FPGA based 150 MS/s digitiser [203, 28].

However, in this case, the pixelated plastic sample failed to separate neutrons

from gamma-ray photons (Figure 8.4a). Therefore, the performance of the digi-

tiser was verified with a cylindrical PSD plastic scintillator sample, obtained from

LLNL in 2016 and previously tested by the authors [203]. Results obtained with

this cylindrical sample (Figure 8.4b) indicate considerably superior performance,
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(a) (b)

(c) (d)

Figure 8.8: PSD scatter plots resulting from the exposure of the pixelated plastic

scintillator detector to 252Cf source with the following modulation type in place:

(a) lead 5 cm, (b) lead 10 cm, (c) HDPE 9 cm and (d) neutron and gamma-ray

distribution for HDPE modulated scenario.
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when compared with the pixelated plastic.

Similar observations can be made for the experiments performed with a 500

MS/s digitiser. The pixelated plastic scintillator (EJ-299-34) shows considerably

improved PSD performance when compared to the results obtained with the lower

sampling rate digitiser. Although the estimated FOM of 0.479 is far from optimal,

it was nonetheless possible to estimate FOM in this scenario, and the results

demonstrate the promising PSD potential of the scintillator despite its small size

and pixelated arrangement. As expected, the cylindrical research sample again

shows improved PSD performance at this higher sampling rate, in comparison to

the pixelated plastic sample, as evidenced by the FOM of 0.637 as well as Figure

8.5b and 8.7b.

Dependence of PSD performance on the sampling rate of the digitising elec-

tronics has been previously discussed in literature [37]. Furthermore, new methods

applied in the frequency domain suggest that digitisers of relatively low sampling

frequency may be sufficient to separate neutrons from gamma-rays, when the dig-

ital data is considered in the frequency domain [29]. The results presented in

the present article suggest that there is a correlation between the sampling fre-

quency of the digitiser and PSD performance measured using FOM, when PSD is

performed in the time domain.

8.5.1 FOM as a measure of PSD performance

Particle separation performance between two particle types is often characterised

by the FOM. It was first introduced by Winyard et al. [160], and further discussed

by Knoll [19]. Although FOM is potentially a good measure of the separation qual-

ity, its value should be used with caution since its value depends on the experi-

mental context. It depends strongly on the low energy threshold, at which point

the energy gate is defined [215]. The majority of organic scintillators present the

highest misclassification probability in the low energy regions, and this decreases

as the energy rises. In the present study, the energy gating was not considered, as

the FOM estimation was performed across the whole energy spectrum.

Another important factor, which emerges as a part of this work, is the depen-

dence of the FOM on the sampling frequency of the digitiser, when PSD analysis
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is performed in the time domain. It appears that if the intrinsic particle separa-

tion of a scintillator is sufficient, even the low sampling digitiser can be capable

of performing satisfactory PSD. This is evidenced by comparing the PSD plots

shown for the cylindrical sample in Figure 8.4b and Figure 8.5b. However, when

the inherent PSD capabilities of a scintillator are not sufficient, as in the case of

the pixelated EJ-299-34 scintillator, increased sampling rate provides significant

improvement in terms of particle separation (Figure 8.5a).

The estimated FOM value is also significantly impacted by the type of radioac-

tive source used in a specific study, which is particularly important for organic

scintillators aimed at fast neutron detection. The average energy of neutrons

produced by the 252Cf source is approximately 2.1-2.5 MeV, whereas neutrons

produced by 241AmBe average approximately 4.5 MeV. Moreover, the mixed field

environment created by a radioisotope can be affected by the way it is stored.

Since the neutron source used for the present work is stored in a water tank, the

average energy spectrum of 252Cf has been reduced to approximately 0.7-0.9 MeV

[156]. This has further impact on the neutron/gamma separation in the low energy

region.

Given the large number of factors contributing to the calculations of FOM, its

value should always be interpreted on a case by case basis for specific research

work or research environments. Many of the factors mentioned previously differ

between research environments, and hence comparisons based purely on FOM do

not reflect absolute differences between the quality of the results obtained.

8.5.2 Further assessment of the PSD quality in the pixe-

lated plastic

As evidenced by the results presented in Figure 8.5a, there exists a misclassification

probability between neutrons and gamma-ray photons in the pixelated plastic

scintillator. In contrast to the equivalent results obtained with the cylindrical

PSD sample (Figure 8.5b), there is no clear separation between the two particle

types. There is noise present between the two plumes and the area of the lowest

noise level was chosen to draw the separation line between the two particle types.

As a single channel photodetector was used to collect the emitted fluorescence from
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a pixelated scintillator (where each block is optically isolated from one another), it

is possible that the light collected in the photodetector is affected by interactions

in more than one block of the scintillator.

Given the levels of noise present, the experiments performed with the pixe-

lated plastic were repeated for three different scenarios when the 252Cf mixed field

environment was modulated. Firstly, the gamma-ray spectrum was modulated by

placing 5 cm and 10 cm thick lead blocks adjacent to the tank between the source

and the detector. The resulting plots are presented in Figure 8.8a and Figure 8.8b,

respectively. As expected, the gamma-ray plume, which is presented in yellow, is

significantly reduced in 8.8a and even more so in 8.8b.

Subsequently, 9 cm HDPE was used to modulate the neutron field, with the

results presented in Figure 8.8c. This time, the concentration of neutrons in the

area of low integral values (Ilong ∼ 2000, Ishort ∼ 750) is noticeably reduced. The

neutron concentration is higher in this region for the plot presented in Figure

8.5a, where the results obtained with an unmodulated source are presented. With

HDPE modulation, lower rates of neutron occurrences are also noticeable in the

area of higher integral values (Ilong ∼ 10000, Ishort ∼ 1500). In a similar way the

reduction of neutron count rate can be observed by the comparison of the distri-

bution plots presented in 8.7a and 8.8d. There is a noticeable difference between

the spread of neutron incidents across the distance axis as well as the number of

counts, when the two plots are contrasted. The results discussed in this section

further support the claim that the designed pixelated scintillator presents good

PSD potential despite the intrinsically low PSD performance of the scintillator,

when tested in this specific environment.

The neutron/gamma separation performance of EJ-299-34 has been previously

assessed for larger scintillator blocks [216, 217]. The values of the estimated FOM

quoted in these studies (∼ 1.4–1.5) are considerably higher than the 0.479 reported

in the present work. It should be noted that the testing conditions (radioactive

source, digitiser, etc.) were different from one another, and from the scenario

described in this paper. These earlier studies both utilised larger size scintillator

blocks and the ratio of the number of photodetector channels to the number of

pixels attached was smaller i.e. either 1:1 [200] or 1:16 [216].
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It should also be mentioned that EJ-299-34 was originally described by Eljen

Technology as a scintillator that was easier to form into array blocks due to the

specific plastic content. Its PSD performance was deemed inferior to the EJ-299-33

plastic that was also available from Eljen at the same time, but not recommended

for array applications. However, numerous studies have since shown that its PSD

performance is relatively poor (especially in the low energy region) [218, 219],

and remained inferior to equivalent liquid PSD capable scintillators [177]. It is,

therefore, believed that the development of new plastics, whose PSD performance

is comparable to liquid equivalents, would directly improve the performance of a

small pixelated plastic scintillator, similar to the one presented in this work [13].

8.6 Conclusions

This article has reported on new experiments to investigate the PSD performance

of a pixelated plastic scintillator. To the authors knowledge, this represents the

first time that experimental results for the PSD of a pixelated plastic scintillator

of this size have been presented. Despite the small size of individual pixels, the

scintillator exhibits promising PSD results. It is believed that with improved

inherent PSD for the scintillator material, the overall performance of a similarly

designed scintillator would be further improved. In future research, therefore, it

would be of great interest to test similar arrays built of the new plastic available

from Eljen Technology (EJ-276).

It is also apparent that the photodetector used in this study does not provide

optimal fluorescence collection for the pixelated plastic. As a single channel is

responsible for light collection from the complete 13 × 13 array, there is a high

probability of signal noise, due to interference from neighbouring pixels. It is,

therefore, expected that replacing a single channel PMT with readily available

pixelated photodetectors (PSPMT, SiPM) would help to alleviate these issues.

Moreover, with the advancement in the development of high speed digitisers,

devices of 1 GS/s to 5 GS/s are now becoming available. Given the results obtained

with the digitisers in this study, it is anticipated that an improved PSD would be

observed, if higher sampling rate digitisers were used. It would also be advisable to
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gain more insight into the relationship between the particle separation quality and

energy spectrum of the radioactive source. This could be tested by exposing the

pixelated scintillator to other mixed-field environments, which provide different

energy spectra, such as an unmoderated 252Cf or 241AmBe.
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Chapter 9

Discussion and conclusions

9.1 Summary

In this thesis a new approach to coded aperture based neutron imaging has been

designed, and the proof-of-concept instrument has been built and tested. To

author’s knowledge, it is the first time that pixelated plastic scintillator of this

size has been successfully tested in regard to neutron detection through digital

PSD techniques in near real-time.

During the literature review stage (chapter 3) of this project, several coded-

aperture based neutron imaging systems have been identified [74, 41, 200] which

are capable of neutron/gamma discrimination. Some of these devices utilise or-

ganic scintillators to detect fast neutrons via PSD methods [74, 200]. However,

these are examples of large scale machines which would pose significant difficul-

ties when attempting to deploy such devices on nuclear decommissioning sites.

The small scale devices, as presented by Whitney et al. [41], are often based on

inorganic crystal scintillators such as CLYC, which exploit the large thermal cross-

section of 6Li to detect thermal neutrons. Therefore, it is necessary to provide a

moderator to detect fast neutrons. It should also be noted that inorganic crystals

are considerably more expensive than organic plastics. Based on the experimen-

tal and simulation studies, presented in chapters 5, 6 and 8, it was shown that

pixelated plastic scintillator provides reasonable PSD response.

Another area that was closely investigated at the beginning of the project was

the material of the coded aperture. In accordance with the design rules, it is re-
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quired that the material is chosen such that it either stops or reflects the incident

particles. Tugsten collimators have been efficaciously used in similar applications

for gamma-ray shielding purposes [220]. In the past, neutron shielding has been

traditionally provided by high neutron cross-section isotopes such as 113Cd, 154Gd

or HDPE. In this project, author has simulated (using MCNP code) various com-

positions of W-113Cd as the potential candidate for the coded-aperture material.

However, it proved impossible to have a coded aperture which would be built with

113Cd, due to safety concerns related to handling of cadmium. Therefore, the aper-

ture tested in this study was made purely of tungsten and results are presented in

chapter 7.

Following the simulation work, as well as extensive literature review of possible

sensitive detectors presented in chapters 3 and 4, experimental techniques have

been employed to test block and pixelated solid organic scintillators, as described

in chapters 5 and 8, respectively. Given the available solid organic scintillators

and the testing performed, it was concluded that pure plastic scintillator from

chapter 5 provides sufficient PSD performance for neutron detection. However,

it was not possible to build a small scale pixelated detector using this material,

as it was only a research sample at the time. Therefore, the pixelated scintillator

was built of EJ-299-34. The results showing its PSD performance are presented

in chapter 8.

Given the investigation of the main parts of the system, an overall potential of

coded-aperture based approach to neutron detection has been presented. The main

outcome of the thesis is the design of the small-scale pixelated plastic scintillator,

which proposes a real advantage over more expensive, inorganic based devices,

despite its relatively poor PSD performance.

Although only performed within gamma-ray field, the result of image recon-

struction performed in chapter 7 is deemed to provide satisfactory outcome. The

coded aperture constructed during this project was exposed to effectively constant

gamma-ray field provided by 137Cs. Given the rules of deconvolution filtering, the

resulting image estimates the source to be spread over three aperture cells in cen-

tre of the aperture. Also, theoretical highest achievable resolution for this system

could be estimated to 2.8 mm, dictated by the single aperture and scintillator cell
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dimensions.

9.2 Outlook

Existing coded-aperture imaging systems are primarily aimed at gamma-ray de-

tection, due to established techniques and available scintillation materials. When

compared with traditional single opening collimators, coded-aperture based de-

vices not only improve the resolution of the image, but also allow to reduce the

exposure time [94]. Devices used for neutron detection are either large scale [74] or

relatively expensive, when focused around inorganic crystal such as CLYC [41] and

semiconductor devices [201]. Another important aspect that needs to be taken into

consideration is the aperture material, which is often decided by the incident par-

ticle type or energy spectrum of the targeted particle. Incident thermal neutrons

may produce secondary radiation as a result of interaction with the coded aperture

when, for instance, the aperture is made of 113Cd. The overall gamma-ray count

will be increased due to (n,γ) reaction in 113Cd. Reliable PSD techniques allow

gamma-ray background to either be rejected or utilised for dual-particle imaging

[111, 41].

Nuclear imaging used in medical applications requires that the images pro-

duced are of highest possible resolution in order to, for instance, distinguish which

parts of a human body are affected by cancer. Therefore, coded-aperture based

gamma-ray imaging systems are often used in this setting to enhance spatial res-

olution [221]. Furthermore, traditional single opening collimators tend to require

long time to perform scanning of large areas, especially in nuclear decommission-

ing applications, due to the limited FOV. Coded-aperture based approach allows

FOV to be improved by increasing the number of small openings in the aperture.

It can be also increased by implementing an adjustable coded aperture, where the

aperture built as a part of this project can be moved within the enclosure. As

such, the highest FOV can be achieved when the aperture is placed at the farthest

point of the enclosure. It can then be gradually moved backwards to increase the

FOV, when the overall system gets closer to the hot-spot.

The amount of radioactive waste at reprocessing plants such as Sellafield Ltd
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is constantly increasing. Therefore, the ability to reduce the time required to

characterise the storage facilities would be highly beneficial. It is often unknown

whether traces of specific radioactive isotopes are present in the waste. The ability

to perform dual-particle imaging with a small-scale device could further reduce

the time required to characterise the area under investigation, as the deployment

time could be reduced. When complemented with appropriate photodetector and

readout electronics, the system proposed in this thesis would meet these criteria.

In a similar way, neutron based cancer treatments such as Fast Neutron Ther-

apy (FNT) and Boron Neutron Capture Therapy (BNCT) are gaining importance.

They are capable of attacking tumours that are normally resistant to radiotherapy

[222]. Unfortunately, it is often impossible to avoid affecting the healthy surround-

ing tissues. Therefore, small-scale, high resolution device capable of imaging the

affected area of patient’s body would be highly required to estimate the damage

to healthy cells. A proof-of-concept study documented in this thesis presents a

partial solution that could be easily adapted for such application.

167



Chapter 10

Future work

The proof-of-concept study of the scintillator based coded-aperture approach to

neutron imaging presented in this thesis shows a good potential for adaptation

in nuclear decommissioning applications. There are, however, areas where this

concept system would benefit from improvements. These areas, together with

suggested recommendations, are presented in this chapter.

10.1 Design changes

The system has been designed to utilise standard rank-7 MURA based coded-

aperture pattern. The main reason behind this design was the ability to match

the size of the aperture cell to the single pixel of the photodetector. However,

with the advent of the latest commercially available SiPMs the pixel size can be

reduced to an active area of 1 mm, and subsequently the theoretical spatial resolu-

tion increased. Furthermore, SiPMs offer the advantage of requiring considerably

lower bias voltage to operate in comparison with PMTs, which reduces the overall

volume of the detector system.

Although the changes outlined above would have profound effect on the over-

all resolution of the system, further reduction of the aperture dimensions may not

be currently plausible. It would be beneficial from the viewpoint of the spatial

resolution of the system to increase the rank of the aperture, which effectively in-

creases the number of aperture cells. These could be designed to provide very high

resolution, but manufacturing the aperture in tungsten using currently available
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techniques with very small elements can be problematic.

As the 113Cd content of the aperture has not been realised due to safety issues,

the thickness of the aperture could be further investigated. Currently implemented

thickness of 25.4 mm could possibly be reduced, and a layer of HDPE could be

added. This addition would provide neutron modulation layer that could realis-

tically reduce the number of fast neutrons reaching the scintillator through the

opaque elements of the aperture. However, further simulation work is required to

decide the exact thickness of the aperture.

10.2 Scintillation detector

As the key element of the system, dimensions as well as material of the scintil-

lation detector could be revised. The choice of the solid organic scintillator was

restricted to commercially available plastics from Eljen Technology. Research sam-

ple obtained from LLNL was tested in 2016, and compared in terms of its PSD

performance to other available solid organic options. This scintillator has now be-

come a commercially available plastic scintillator EJ-276, whose PSD performance

is comparable to that of the well-established EJ-309 liquid scintillator. It is there-

fore expected that replacing the material of the pixelated plastic scintillator would

significantly improve system’s ability to provide dual-particle detection operation.

Even though there are possibilities to reduce the dimensions of an individual

pixel of the photodetector, it is unlikely that it would be feasible to make the

dimensions of the scintillator cells smaller. This is primarily dictated by neutron

mean free path, which decides how far a neutron needs to travel in a material

before it undergoes an interaction. Therefore, it is likely that there would not be

a direct match between the dimensions of the detector cell and the photodetector

pixel. As a result, single scintillator dimensions could be maintained, but addi-

tional computational techniques may need to be required at the readout stage to

infer the location of the interaction. Increasing the size of the scintillator would

undoubtedly reduce the overall cost of the scintillator, but would introduce addi-

tional computational overhead.
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10.3 Readout electronics

Readout electronics for the system has been also developed during this project.

The development completed has been presented at two topical conferences and, the

articles documenting the accomplished work have been published in the conference

proceedings. Theses publications are attached to this thesis in appendix A and

appendix B.

The work completed consisted of electronic simulation stage performed in LT-

Spice and TINA simulation packages, where the resistive network capable of re-

ducing the expected number of 169 pixels to four (two for each axis) signals was

tested. Further reduction could be achieved in either analogue or digital domain

which would enable to have one signal for each axis, and those signals could then

be digitised to infer the location of the interaction within the 13 × 13 array. A

double channel readout electronics based on an FPGA and two 150 MS/s ADC has

been implemented, which would be capable of interpreting the signals obtained

from the resistive network.

In line with the discussion section presented in chapter 8, 150 MS/s digitiser

may not be able to provide sufficient PSD performance for the system. However,

with the availability of the latest digitising solutions, it is now possible to obtain

multi-channel (4) systems with up to 5 GS/s sampling rate. As such, the final

reduction stage from 4 to 2 signals of the resistive network could be easily im-

plemented in the digital domain without having an effect on the overall timing

operation of the system.

10.4 Complete instrument testing

Key parts of the system have been tested, and provided strong support for the pos-

sibility of implementing a scintillator based coded-aperture small-scale pixelated

approach to neutron and gamma-ray detection. It would be beneficial to perform

further testing of the coded aperture presented in an unmoderated mixed-field

environment (252Cf, 241AmBe). The final stage would see the complete instrument

being tested in a real-life location such as Sellafield Ltd.
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10.5 Medical applications

As previously hinted in chapter 9, small-scale devices capable of performing high

resolution neutron detection could be relatively easily adopted in medical appli-

cations. With the increasing necessity of being able to observe the impact of

BNCT and FNT on healthy tissues in human body, a device such as the one pro-

posed could be customised (by changing the scintillation detector) to either target

thermal or fast neutrons.
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Design and development of a real-time readout

electronics system to retrieve data from a square

multi-anode photomultiplier tube for neutron

gamma pulse shape discrimination.

Conference Paper presented at 20th IEEE-NPSS Real Time

Conference 2016 - Padova, Italy, 5-10 June 2016
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Design and Development of a Real-time Readout 
Electronics System to Retrieve Data from a 

Square Multi-anode Photomultiplier Tube for 
Neutron Gamma Pulse Shape Discrimination

Michal Cieslak, Student Member, IEEE, Kelum Gamage, Member, IEEE,

Abstract—Pulse Shape Discrimination (PSD) algorithms can
reliably separate neutrons and gamma-ray photons interacting
in a scintillation detector. When implemented in the digital do-
main, the PSD algorithms allow real-time discrimination between
neutron and gamma sources. This paper presents a design of a
readout electronics system to retrieve data from a multi-anode
photomultiplier tube (MAPMT) for a scintillator based coded-
aperture neutron imager. The scintillator is to be coupled with
Hamamatsu H9500, a square MAPMT, where each anode of the
MAPMT is linked to a resistor network to infer the position
of incidence of radiation within the scintillant. Additionally, the
resistor network output signals are to be filtered through a novel
noise reduction circuit to preserve the data corresponding to
each pulse. Localised pulses are digitised using high sampling
rate Analogue to Digital Converter (ADC). Sampled signals are
temporarily stored in a local ping-pong buffer, before being
processed on a field programmable gate array (FPGA). Initial
results suggest that 150 MSPS rate provides sufficient information
for neutron gamma source discrimination using PSD. Parallel
real-time signal processing, implemented on the FPGA, enables
multi-channel functioning to generate an array of interactions
within the scintillator in terms of gamma rays and neutrons.

Index Terms—Pulse shape discrimination, Readout electronics,
Coded-aperture, Neutron detection, Analogue to digital conver-
sion.

I. INTRODUCTION

SCINTILLATOR based radiation detectors have been suc-
cessfully employed in application fields, such as nuclear

medicine [1], [2], homeland security [3] and nuclear decom-
missioning [4], [5]. In each case, accurate localisation of
the radioisotopes is of vital importance, since failing to do
so would pose a threat to human lives. Although specific
requirements may differ between implementations, each of the
above application fields necessitates high signal-to-noise ratio
(SNR), as well as spatial resolution of the results.
In a typical single anode scintillation counter the scintillator

is optically coupled to a photomultiplier tube (PMT). The
photocathode of the PMT transforms photons emitted by the
scintillator to photoelectrons. The photoelectrons can then be
counted via electronic systems connected to the anode of
the PMT. These systems do not account for the position of
interaction within the scintillator [6].

M. Cieslak and K. Gamage are with the Engineering Department, Lancaster
University, Lancaster, LA1 4YW, UK, e-mail: (m.cieslak@lancaster.ac.uk and
k.gamage@lancaster.ac.uk).

Recent research into anisotropic properties of crystalline
scintillation materials suggest that some positional informa-
tion can be inferred from the scintillator response [7]. The
localisation of a particle interaction with the scintillant can
also be achieved by replacing the PMT with a multi-anode
photomultiplier tube (MAPMT).
Flat panel MAPMTs from Hamamatsu Photonics, such as

H8500 [8] and H9500 [9], have replaced old type of cross-
wire MAPMTs, substantially increasing the sensitive area of
the similar size device. If coupled to a correct scintillator,
they have shown superior spatial resolution performance, when
used in gamma cameras [1], [2], [10], [11] and neutron
detectors [12]. However, due to a high number of anodes,
readout electronics circuits are required to provide sufficient
filtering of the extracted signal, as well as cross-talk avoidance.
In this paper a design of a new readout electronics circuit

for H9500 MAPMT aimed at neutron/gamma pulse shape
discrimination (PSD) is discussed. The event localisation is
based on resistive network approach [13] requiring a novel
signal filtering implementation to preserve the data corre-
sponding to each interaction within the scintillator. The X
and Y coordinates are to be recorded and individual pixels
identified. Signal from the inferred location is to be filtered
through a band pass filter and amplified before connecting to
a high speed analogue to digital converter (ADC).

II. RESISTIVE CHARGE DIVISION NETWORK

Flat panel MAPMT H9500 from Hamamatsu photonics has
been successfully applied in high resolution gamma imag-
ing systems, such as positron emission tomography (PET)
and single photon emission computed tomography (SPECT)
scanners [14]. The MAPMT’s high number of pixels offers
exceptional angular resolution when coupled to appropriately
selected sensitive detector. However, multiple anodes present a
challenge associated with retrieving a high number of signals
simultaneously. The challenge has been directly addressed by
the development of readout electronics for H8500 and H9500
MAPMTs [11], [15] in gamma cameras.
Each of H9500 MAPMT’s 256 anodes is a 2.8 x 2.8 mm2

square, offering a high resolution results when incorporated in
gamma-rays and neutron localisation systems [12], [15]. The
sensitive area of H9500 is built of 16 x 16 matrix of individual
pixels and is equal to 49 x 49 mm2. If the signal appearing

978-1-5090-2014-0/16$31.00 © 2016 IEEE
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on the individual MAPMT’s anode was to be processed inde-
pendently, 256 ADC channels would be required to perform
full analysis. The standard readout electronics circuit proposed
by Popov and Majewski [15] reduces the number of required
channels to 32. Additional circuitry can also be added to the
standard readout electronics to further reduce the number of
the output channels to 4 (2 channels in X direction and 2
channels in Y direction). A schematic diagram of the standard
readout electronics is presented in Fig. 1.

Fig. 1. Readout electronics circuit for 256 channels Hamamatsu H9500
MAPMT proposed by Popov and Majewski [15]

This method of positional data extraction has been success-
fully adapted in scintillator based high resolution gamma cam-
eras. As crystal scintillators, such as NaI(Tl) and CsI(Tl), are
sensitive exclusively to gamma-rays, number of interactions
in a specific 2-D position can be counted, when light photons
are detected on the anode of the MAPMT. Consequently,
location of the gamma source can be detected with very high
accuracy. It has been shown, that when tested with NaI(Tl)
block scintillator, gamma ray interaction within an area of the
single anode can be differentiated [15]. However, adaptation
of the system for fast neutron imaging poses difficulties, as
the scintillation detectors available are generally sensitive to
both gamma-rays and neutrons.
Despite the difficulties, it was attempted to adopt the readout

electronics circuit proposed by Popov and Majewski [15] for
fast neutron radiography [12]. However, the system tested
utilised EJ-200 plastic scintillator as a sensitive detector and
was tested with D-D 2.5 MeV neutron generator. Although it
showed accuracy of better than 0.5 mm in X and Y direc-
tions, its behaviour in mixed radiation environment cannot be
assessed, as single radiation type environment was generated.
Hence, further investigation and testing in mixed radiation
fields would be required to fully evaluate the performance of
the system.
In both cases (gamma and neutron detectors), the presented

systems are only capable of detecting one type of radiation.
Modern methods of fast neutron detection utilise PSD capable
organic scintillators, which are sensitive to both gamma-ray
and neutrons. A lack of detector sensitive exclusively to fast
neutrons prevents the direct adaptation of the system from Fig.
1. for neutron localisation. Since organic plastic scintillator,
such as EJ-299-33, detects fast neutrons as well as gamma-rays
PSD would need to be performed on each individual channel
to reliably class an event detected as neutron or gamma. For
high resolution system based on one H9500, PSD would be
required for all 256 channels.

III. LTSPICE SIMULATION OF THE READOUT ELECTRONICS

One way to reduce the number of channels would be to
ensure that the signal extracted via readout electronics carries
not only the positional data but also maintains the shape of
the pulse, so that the origin of the interaction detected within
the scintillator can be correctly identified. For testing purposes
a schematic similar to the circuit shown in Fig. 1. was built
in LTSpice simulation package for all 256 anodes of H9500
MAPMT. Simulated gamma and neutron pulses presented in
Fig. 2. were connected to randomly chosen anodes in order to
evaluate the signal appearing directly on 32 outputs.

Fig. 2. Simulated gamma and neutron pulses connected to the resistive
network

Fig. 3. Resistive network output signals probed at chosen locations

Simulated pulses were connected to two anodes and then
probed at the two corresponding X outputs (black and blue
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traces) and single Y output (red trace) as reflected in Fig.
3. It shows that the pulses appear attenuated on the outputs.
Amplification would be required before connecting to the
ADC, as lower resolution ADCs may not be capable of differ-
entiating between very low sample values. Moreover, a way
of separating pulses reaching multiple anodes simultaneously
must also be addressed in the design of the filtering circuit.
Finally, a development of an additional circuitry targeting
noise, which appears within a resistive charge division readout
methods [16], is required.

IV. ANALOGUE TO DIGITAL CONVERSION FOR PSD

Digital PSD has become a standard method of neutron
identification in organic scintillation detectors, with Charge
Comparison Method (CCM) algorithm being one of the most
popular techniques implemented in the digital domain. It has
proved superior to analogue zero crossing method [17]. On
average, digital CCM performed 20% better than the zero
crossing method implemented in the analogue domain.
The crucial part of a digital system implementing PSD

is its ADC. Resolution and sampling frequency of an ADC
determine the accuracy of the digitised signal, as well as
discrimination precision between gamma-rays and neutron
events. Generally, the higher the sampling rate the lower
the resolution. Although the current state-of-the-art ADCs
offer very high sampling rates, PSD has been successfully
performed using 14-bit, 150 and 200 MSPS ADCs [18],
[19]. Moreover, a recent research performed by Ruch et al.
[20] suggest that 12-bit, 250 MSPS ADC provides sufficient
accuracy for good PSD performance.
As a proof of concept, two Analog Devices AD9254 14-

bit, 150 MSPS ADCs on TERASIC AD/DA Data Conversion
Card, were utilised. The data conversion card was connected
to an Altera Cyclone IV EP4CE115 FPGA. As the data con-
version card also contains a fast digital to analogue converter
(DAC), 200 ns neutron and gamma pulses were generated for
testing purposes. Pulses generated by the DAC were connected
to the inputs of the two AD9254 ADCs. Outputs of the
ADC channels were handled by a pair of ping-pong buffers
implemented on the FPGA. Digitised samples were sent via
12Mbits/s universal asynchronous receiver/transmitter (UART)
to a computer running Linux. A Python script allowed for the
implementation of high speed UART, resulting in a throughput
of approximately 6000 samples/s.
Off-line analysis of the recorded samples was performed

and reconstructed pulses plotted. These were analysed in order
to assess their suitability for the digital CCM implementation.
The digital CCM can be easily performed by the summation of
all the ADC samples (long integral) and a number of samples
associated with the tail of the pulse (short integral) [21]. Based
on the ratio between the short and the long integral it can
be determined if the pulse resulted from gamma or neutron
interaction within the scintillator. The difference between the
two generated pulses can be clearly recognised with the ADCs
used. However, higher sampling rate ADC would be necessary
for scintillation detectors producing faster light pulses than
those generated in the simple test performed.

V. CONCLUSION AND FUTURE PERSPECTIVE

The work completed to date focused mainly on the devel-
opment of FPGA code to extract sufficient number of ADC
samples for digital PSD using CCM algorithm. Two ADCs
present on the data conversion card allowed simultaneous
processing of two channels. Although the shape of the re-
constructed pulses suggests that higher sampling rate will be
required, the outputs of two concurrently operating ADCs can
be linked to the inputs of the rows and columns summing
amplifiers to infer the location of the interaction. Furthermore,
if the filtering circuit preserves sufficient information about the
origin of the interaction in the scintillant, it should be possible
to perform PSD for individual anode of the MAPMT.
Future work will be focused on the development of the

filtering circuit for the positional PSD implementation. Also,
emphasis will be placed on replacing AD9254 ADC with a
500 MSPS, 12-bit Texas Instruments ADS5463, which would
enable input signal to be sampled every 2 ns. As it will
have a significant impact on the accuracy of neutron/gamma
discrimination, a faster FPGA may need to be introduced
to provide reliable operation with the ADC of the higher
sampling rate. When identified and localised, counted pulses
will be combined with coded-aperture decoding algorithm
to perform real-time source localisation. Once completed,
the system is expected to combine high spatial resolution
achieved in coded-aperture imaging systems with accurate
neutron/gamma discrimination within organic plastic scintil-
lator.
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Abstract—Localised response of a sensitive light detector,
such as Hamamatsu H9500 multi anode photomultiplier tube
(MAPMT), is of vital importance for coded-aperture imaging
systems. When coupled with a suitable sensitive detector (e.g.
EJ-299-34 plastic scintillator), output signals of the MAPMT
can be retrieved to infer the interaction location in the pixe-
lated scintillator. Given the number of anodes in H9500 (256),
significant processing power would be necessary to handle each
pulse individually. Therefore, a readout electronics system was
developed, based on resistive network approach, which reduces
the number of output signals to individual X and Y coordinates,
and subsequently allows particle identification. Coordinates re-
trieved in this manner can be analysed in real time and used
to infer the two-dimensional location. Particle type can be also
exploited by pulse shape discrimination (PSD) application to the
scintillator’s response. In this study, 169 anodes were used (due
to coded-aperture design rules), and reduced to two X and Y
output signals. These have been digitised using a bespoke FPGA
based two channel 14-bit 150 MSPS digitiser. The digital data are
transferred to a host application using UART to USB converter
operating at 12 Mbits/s. Promising results have been observed
when the scintillator’s response was tested in single particle field
of 137Cs. However, further tests performed in the mixed-field
environment of 252Cf suggest that faster digitiser may be required
to obtain the required PSD performance.

I. INTRODUCTION

Neutron radiation is an example of highly penetrating radia-
tion, which if not controlled, can pose a significant threat from
nuclear safety and security viewpoint. Therefore, effective
neutron detection it is of vital importance in areas, such as
medicine [1], border control [2] and nuclear decommissioning
[3]. Moreover, the localisation of neutron emitting isotopes
can be particularly challenging in nuclear decommissioning
applications, where large areas may be contaminated and exact
location of the radioactive substance unknown. Collimator
based imaging systems with a single opening in the aperture,
can be used to scan the large areas and create an image
identifying the location of the neutron emitters [4]. However,
the drawbacks of such system include the fact that process

of image creation can be time consuming (due to scanning
requirement) and the effective field-of-view much limited.

Coded-aperture neutron imaging systems show promising
results when considered as an alternative to the single opening
collimators. Relatively large scale neutron detectors utilising
coded-aperture approach have been previously tested and
characterised [5], [6]. Both examples exploit pulse shape
discrimination (PSD) capabilities of organic liquid (EJ-309)
and plastic (EJ-299) scintillators. Small scale implementation
of the coded-aperture imaging was previously realised with
CLYC (Cs2LiYCl6:Ce) inorganic scintillation block as the
radiation sensitive detector [7].

In this study a pixelated organic plastic scintillator (Fig. 1)
was coupled to Hamamatsu H9500 MAPMT. The size of the
single pixel has been matched to the size of a single anode of
Hamamatsu H9500 (2.8mm x 2.8 mm) to reduce the risk of
crosstalk between the anodes. Also, each scintillator block (2.8
mm x 2.8 mm x 15 mm) has been covered with 3M reflective
tape to avoid interference between adjoining blocks. Given
the sensitivity of the scintillator to both neutrons and gamma-
ray photons, such configuration requires a bespoke readout
electronics system. It is required that the readout electronics
can not only infer the location of the interaction, but also
enable particle classification (either neutron or gamma-ray
photon).

II. METHODOLOGY

The readout electronics system, consists of resistive network
and pulse shaping circuit followed by Field Programmable
Gate Array (FPGA) based signal digitiser. The resistive net-
work, first proposed by Popov [8], splits the voltage incurred
as a result of an interaction in the specific pixel into equal parts
on X and Y axis. This is then passed on to the weighted pre-
amp pulse shaping stage, where based on the voltage detected,
X and Y coordinates of the interaction can be computed.
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Fig. 1. Solid pixelated organic plastic scintillator (EJ-299-34).

This stage has been simulated using TI-TINA (SPICE
based) simulation package. Simulated neutron pulses were ap-
plied to three adjoining anodes and transient response recorded
at the relative outputs of the pre-amp stage. Fig. 2 presents
the proportional response of the simulated circuit at selected
outputs, which advocates the claim that two-dimensional co-
ordinates of the interaction can be inferred using this method.
Furthermore, the resistive network does not appear to distort
the shape of the applied pulse, presenting the potential of PSD
techniques application for particle identification.

Following the successful simulation of the circuit, resistive
network was designed and built into a printed circuit board
(PCB). It contains 507 surface-mount resistors in 803 and
605 packages, split onto four printed circuit boards (PCBs),
which are directly attached to the output connectors of the
Hamamatsu H9500 MAPMT. Complete assembly attached to
the MAPMT is presented in Fig. 3. It reduces the number of
output signals from 169 to 26. This is further reduced to 2
signals (X and Y coordinates) through the shaping pre-amp
and summing op-amp circuitry.

Fig. 2. Proportional response of the circuit simulated in TI-TINA software
package for pulses connected to three adjoining anodes on one axis. VF17-
VF19 correspond to transient response to the simulated neutron pulse con-
nected to the three adjoining anodes.

Analogue pulses present at the output stage of the summing
op-amp circuitry are digitised utilising two Analog Devices

Fig. 3. A network of 507 resistors that reduces the number of output signals
from 169 to 26 (13 on X and 13 in Y axis).

AD9254 150 MSps, 14-bit amplitude resolution ADCs directly
linked to Altera Cyclone IV EP4CE115 FPGA. Verilog VHDL
code has been developed that reads the outputs of the two
14-bit ADCs and transfers the data at 12 Mbits/s to a host
application (such as Python application on a Laptop running
Linux) via USB to UART converter. Each sample is transmit-
ted to the host application with a channel identifier (A or B),
e.g. A4087, B6743.

In order to further assess PSD capability of the pixelated
scintillator, the anode of the PMT was directly linked to a
10-bit, 500 MSps "raw" data digitizer where the data were
transferred from the digitizer to a host PC using Ethernet
protocol. The drawback of this system is single channel
operation. However, much higher sampling rate is expected to
allow more accurate pulse reconstruction despite the reduced
ADC resolution.

III. RESULTS AND CONCLUSIONS

Simulation of the resistive network deem a result (Fig.
2) that is proportional to the location of the interaction of
the incoming particle, suggesting localised response of the
MAPMT can be obtained in this way. Additionally, pulse
shape analysis of the response of the pixelated scintillator
to single particle field of 137Cs proposes PSD as a viable
technique for particle identification, given the comparison to
modelled pulses, as presented in Fig. 4.

Initial simulation and experimental results obtained, based
on the single particle type detection, present a potential for
good localisation and particle separation capabilities of the
complete system. Given the neutron-gamma separation poten-
tial of the scintillator, the complete system was also tested in
dual-particle environment of the spontaneous fission field of
252Cf.

Two different digitizer systems were tested, as initial results
obtained using the FPGA based 150 MSps digitizer system
failed to discriminate neutrons from gamma-ray photons. Re-
sults obtained from the 500 MSps "raw" data digitizer (Fig. 5)
show somewhat promising PSD potential, given the modulated
energy spectrum of 252Cf at Lancaster University. However,
the estimated figure-of-merit (FOM) of 0.337 suggests con-
siderably poorer performance when compared with the FOM
of 0.649 previously quoted in the literature for the cylindrical
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(a)

(b)

Fig. 4. A comparison of a) A mathematical model of gamma-ray photon
and neutron induced pulses from organic scintillator, b) A recoded gamma-ray
pulse from 137Cs.

plastic scintillator samples tested in the same environment [9].
Additional tests and analysis with "bare" mixed-field sources
would also be advantageous to further assess the suitability of
the system for similar applications.
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Glossary

ADC Analogue-to-Digital Converter

AI Artificial Intelligence

BNCT Boron Neutron Capture Therapy

CCD Charge Coupled Device
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CVL Core-valence luminescence

DSP Digital Signal Processor

FNT Fast Neutron Therapy

FIR Finite Impulse Filter

FOM Figure-of-Merit

FOV Field of View

FPGA Field Programmable Gate Array

HDPE High Density Polyethylene

HURA Hexagonal Uniformly Redundant Array

MAPMT Multi-anode Photomultiplier Tube

MCP Microchannel Plate

MURA Modified Uniformly Redundant Array
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Glossary
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PMT Photomultiplier Tube

PN Pseudo-Noise

PNP Pseudo-Noise Product

PSD Pulse Shape Discrimination

PSPMT Position Sensitive Photomultiplier Tube

RPM Radiation Portal Monitoring

SDCC Simplified Digital Charge Comparison

SNR Signal-to-Noise Ratio

SiPM Silicon Photomultiplier
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FPGA Trigger Based on an Artificial Neural Network for the Detection

of Neutrino-Induced Air Showers,” IEEE Transactions on Nuclear Science,

vol. 64, no. 6, pp. 1271–1281, 2017. 30

[44] M. J. Cieslak and K. A. A. Gamage, “Localised response retrieval from

Hamamatsu H9500 for a coded aperture neutron-gamma imaging system

based on an organic pixelated plastic scintillator (EJ-299-34),” pp. 8–10,

2018. 31, 142

[45] K. Akurugoda Gamage, L. Evans, and M. Cieslak, “Signal noise filter-

ing techniques in radiation detection applications for neutron gamma pulse

shape discrimination,” in 2016 European Nuclear Conference (ENC-2016),

pp. 256–258, European Nuclear Society, 10 2016. 32

[46] K. Jahoda, C. B. Markwardt, Y. Radeva, A. H. Rots, M. J. Stark, J. H.

Swank, T. E. Strohmayer, and W. Zhang, “Calibration of the rossi x-ray

188



References

timing explorer proportional counter array,” The Astrophysical Journal Sup-

plement Series, vol. 163, pp. 401–423, 2006. 37

[47] P. E. Vanier, “Improvements in coded aperture thermal neutron imag-

ing,” Proceedings SPIE, Penetrating Radiation Systems and Applications

V, vol. 5199, pp. 124–131, 2004. 37, 50

[48] J. Tous, J. Blazek, J. Zemlicka, and J. Jakubek, “Evaluation of a YAG:Ce

scintillation crystal based CCD X-ray imaging detector with the Medipix2

detector,” Journal of Instrumentation, vol. 6, no. 11, pp. C11011–C11011,

2011. 37

[49] M. Woodring, D. Beddingfield, D. Souza, G. Entine, M. Squillante, J. Chris-

tian, and A. Kogan, “Advanced multi-dimensional imaging of gamma-ray ra-

diation,” Nuclear Instruments and Methods in Physics Research Section A:

Accelerators, Spectrometers, Detectors and Associated Equipment, vol. 505,

no. 1-2, pp. 415–419, 2003. 37, 39

[50] T. Nakamura, E. Schooneveld, N. Rhodes, M. Katagiri, K. Sakasai, and

K. Soyama, “Evaluation of the performance of a fibre-coded neutron detector

with a ZnS10/B2O3 ceramic scintillator,” Nuclear Instruments and Methods

in Physics Research Section A: Accelerators, Spectrometers, Detectors and

Associated Equipment, vol. 600, no. 1, pp. 164–166, 2009. 37

[51] J. Lilley, Nuclear physics: principles and applications. Manchester physics

series, J. Wiley, 2001. 38, 40

[52] M. Hirota, C. Takada, K. Takasaki, T. Momose, O. Kurihara, T. Saze, S. Ito,

and K. Nishizawa, “Feasibility of in vivo measurement of 239Pu distribution

in lungs using an imaging plate.,” Applied radiation and isotopes, vol. 69,

no. 5, pp. 808–813, 2011. 38, 40

[53] K. Masumoto, A. Toyoda, K. Eda, and T. Ishihara, “Measurement of the

spatial distribution of neutrons in an accelerator room by the combination of

activation detectors and an imaging plate,” Radiation Safety Management,

vol. 1, no. 1, pp. 12–16, 2002. 38

189



References

[54] R. Mortimer, H. Anger, C. Tobias, and U. A. E. Commission, The gamma-

ray pinhole camera with image amplifier. U.S. Atomic Energy Commission.

UCRL, University of California Radiation Laboratory, 1954. 38

[55] O. Gal, B. Dessus, F. Jean, F. Laine, and C. Leveque, “Functioning of the

cartogam portable gamma camera in a photon counting mode,” in Nuclear

Science Symposium Conference Record, 2000 IEEE, vol. 1, pp. 6/308–6/312

vol.1, 2000. 38

[56] O. Gal, B. Dessus, F. Jean, F. Laine, and C. Leveque, “Operation of the

cartogam portable gamma camera in a photon-counting mode,” IEEE Trans-

actions on Nuclear Science, vol. 48, pp. 1198–1204, Aug 2001. 38

[57] B. A. Cattle, A. S. Fellerman, and R. M. West, “On the detection of solid

deposits using gamma ray emission tomography with limited data,” Mea-

surement Science and Technology, vol. 15, no. 7, pp. 1429–1439, 2004. 38

[58] R. H. Dicke, “Scatter-hole cameras for x-rays and gamma rays,” The Astro-

physical Journal, vol. 153, pp. 101–106, June 1968. 38, 41, 42, 129

[59] E. E. Fenimore and T. M. Cannon, “Coded aperture imaging with uniformly

redundant arrays,” Applied optics, vol. 17, no. 3, pp. 337–347, 1978. 39, 42,

110, 129, 131

[60] N. Gehrels, G. Chincarini, P. Giommi, K. O. Mason, J. A. Nousek, A. A.

Wells, N. E. White, S. D. Barthelmy, D. N. Burrows, L. R. Cominsky, K. C.

Hurley, F. E. Marshall, P. Meszaros, P. W. A. Roming, L. Angelini, L. M.

Barbier, T. Belloni, S. Campana, P. A. Caraveo, M. M. Chester, O. Citterio,

T. L. Cline, M. S. Cropper, J. R. Cummings, A. J. Dean, E. D. Feigelson,

E. E. Fenimore, D. A. Frail, A. S. Fruchter, G. P. Garmire, K. Gendreau,

G. Ghisellini, J. Greiner, J. E. Hill, S. D. Hunsberger, H. A. Krimm, S. R.

Kulkarni, P. Kumar, F. Lebrun, N. M. Lloyd Ronning, C. B. Markwardt,

B. J. Mattson, R. F. Mushotzky, J. P. Norris, J. Osborne, B. Paczynski,

D. M. Palmer, H. Park, A. M. Parsons, J. Paul, M. J. Rees, C. S. Reynolds,

J. E. Rhoads, T. P. Sasseen, B. E. Schaefer, A. T. Short, A. P. Smale, I. A.

Smith, L. Stella, G. Tagliaferri, T. Takahashi, M. Tashiro, L. K. Townsley,

190



References

J. Tueller, M. J. L. Turner, M. Vietri, W. Voges, M. J. Ward, R. Willingale,

F. M. Zerbi, and W. W. Zhang, “The Swift Gamma Ray Burst Mission,”

The Astrophysical Journal, vol. 611, no. 2, pp. 1005–1020, 2004. 39, 43, 44

[61] J. Hong, S. V. Vadawale, M. Zhang, E. C. Bellm, A. Yousef, J. Noss, J. E.

Grindlay, and T. Narita, “Laboratory coded aperture imaging experiments:

radial hole coded masks and depth-sensitive CZT detectors,” Proceedings

SPIE, Hard X-Ray and Gamma-Ray Detector Physics VI, vol. 5540, pp. 1–

10, 2004. 39, 43, 44

[62] T. Tumerl, T. J. O. Neilll, K. Hurley, H. Ogelman, R. J. Paulos, R. C. Puet-

tefl, I. Qpniss, W. J. Hamilton, and R. Proctor, “All-sky X-ray & Gamma-

ray Astronomy Monitor ( AXGAM ),” IEEE Transactions on Nuclear Sci-

ence, vol. 44, no. 3, pp. 572–576, 1997. 39, 44

[63] E. Del Monte, E. Costa, G. Di Persio, I. Donnarumma, Y. Evangelista,

M. Feroci, M. Frutti, I. Lapshov, F. Lazzarotto, M. Mastropietro, E. Morelli,

L. Pacciani, G. Porrovecchio, M. Rapisarda, A. Rubini, P. Soffitta, M. Ta-

vani, and A. Argan, “An X-ray imager based on silicon microstrip detector

and coded mask,” Nuclear Instruments and Methods in Physics Research

Section A: Accelerators, Spectrometers, Detectors and Associated Equip-

ment, vol. 576, no. 1, pp. 191–193, 2007. 39, 43, 44, 110, 148

[64] M. Feroci, E. Costa, P. Soffitta, E. Del Monte, G. Di Persio, I. Donnarumma,

Y. Evangelista, M. Frutti, I. Lapshov, F. Lazzarotto, M. Mastropietro,

E. Morelli, L. Pacciani, G. Porrovecchio, M. Rapisarda, a. Rubini, M. Ta-

vani, and a. Argan, “SuperAGILE: The hard X-ray imager for the AGILE

space mission,” Nuclear Instruments and Methods in Physics Research Sec-

tion A: Accelerators, Spectrometers, Detectors and Associated Equipment,

vol. 581, no. 3, pp. 728–754, 2007. 39, 43, 44

[65] M. Alnafea, K. Wells, N. M. Spyrou, M. I. Saripan, M. Guy, and P. Hin-

ton, “Preliminary results from a Monte Carlo study of breast tumour imag-

ing with low-energy high-resolution collimator and a modified uniformly-

redundant array-coded aperture,” Nuclear Instruments and Methods in

191



References

Physics Research Section A: Accelerators, Spectrometers, Detectors and As-

sociated Equipment, vol. 563, no. 1, pp. 146–149, 2006. 39

[66] M. Alnafea, K. Wells, N. Spyrou, and M. Guy, “Preliminary Monte Carlo

study of coded aperture imaging with a CZT gamma camera system for scin-

timammography,” Nuclear Instruments and Methods in Physics Research

Section A: Accelerators, Spectrometers, Detectors and Associated Equip-

ment, vol. 573, no. 1-2, pp. 122–125, 2007. 39

[67] A. L. Damato, B. K. P. Horn, and R. C. Lanza, “Coded source imaging for

neutrons and X-rays,” IEEE Nuclear Science Symposium Conference Record,

vol. 1, pp. 199–203, 2007. 39

[68] A. A. Faust, R. E. Rothschild, P. Leblanc, and J. E. McFee, “Development of

a coded aperture X-Ray backscatter imager for explosive device detection,”

IEEE Transactions on Nuclear Science, vol. 56, no. 1, pp. 299–307, 2009. 39

[69] M. Gmar, M. Agelou, F. Carrel, and V. Schoepff, “GAMPIX: A new gen-

eration of gamma camera,” Nuclear Instruments and Methods in Physics

Research Section A: Accelerators, Spectrometers, Detectors and Associated

Equipment, vol. 652, no. 1, pp. 638–640, 2011. 39, 46, 47, 114

[70] A. N. Sudarkin, O. P. Ivanov, V. E. Stepanov, A. G. Volkovich, A. S. Turin,

A. S. Danilovich, D. D. Rybakov, and L. I. Urutskoev, “High-energy radia-

tion visualizer (HERV): A new system for imaging in x-ray and gamma-ray

emission regions,” IEEE Transactions on Nuclear Science, vol. 43, no. 4,

pp. 2427–2433, 1996. 39

[71] A. Sudarkin, O. Ivanov, V. Stepanov, and L. Urutskoev, “Portable gamma-

ray imager and its application for the inspection of the near-reactor premises

contaminated by radioactive substances,” Nuclear Instruments and Methods

in Physics Research Section A: Accelerators, Spectrometers, Detectors and

Associated Equipment, vol. 414, no. 2-3, pp. 418–426, 1998. 39

[72] P. Marleau, J. Brennan, E. Brubaker, N. Hilton, and J. Steele, “Active

coded aperture neutron imaging,” in 2009 IEEE Nuclear Science Symposium

Conference Record (NSS/MIC), pp. 1974–1977, October 2009. 39, 50

192



References

[73] R. S. Woolf, B. F. Phlips, A. L. Hutcheson, L. J. Mitchell, and E. A. Wulf,

“An active interrogation detection system (ACTINIDES) based on a dual

fast neutron/gamma-ray coded aperture imager,” 2012 IEEE Conference on

Technologies for Homeland Security (HST), pp. 30–35, 2012. 39, 51

[74] P. Hausladen, J. Newby, F. Liang, and M. Blackston, “The Deployable Fast-

Neutron Coded- Aperture Imager : Demonstration of Locating One or More

Sources in Three Dimensions,” 2013. 39, 52, 53, 88, 111, 148, 164, 166

[75] M. J. Joyce, M. D. Aspinall, F. D. Cave, and A. Lavietes, “A 16-channel real-

time digital processor for pulse-shape discrimination in multiplicity assay,”

IEEE Transactions on Nuclear Science, vol. 61, pp. 2222–2227, Aug 2014.

39, 91

[76] R. J. Ott, J. MacDonald, K. Wells, and R. J. Ott, “The performance of a ccd

digital autoradiography imaging system,” Physics in Medicine and Biology,

vol. 45, no. 7, p. 2011, 2000. 40

[77] C.-H. Baek, S. J. An, H.-i. Kim, S.-W. Kwak, and Y. H. Chung, “Develop-

ment of a pinhole gamma camera for environmental monitoring,” Radiation

Measurements, vol. 59, pp. 114–118, 2013. 41

[78] J. Islamian, A. Azazrm, B. Mahmoudian, and E. Gharapapagh, “Advances

in Pinhole and Multi-Pinhole Collimators For Single Photon Emission Com-

puted Tomography Imaging,” World Journal of Nuclear Medicine, vol. 14,

no. 1, pp. 3–9, 2015. 41

[79] J. G. Ables, “Fourier transform photography: A new method for x-ray

astronomy,” Proceedings of the Astronomical Society of Australia, vol. 1,

pp. 172–173, December 1968. 41

[80] A. Poularikas, Signals and Systems Primer with MATLAB. Electrical Engi-

neering & Applied Signal Processing Series, Taylor & Francis, 2006. 42

[81] D. Calabro and J. K. Wolf, “On the synthesis of two-dimensional arrays with

desirable correlation properties,” Information and Control, vol. 11, no. 5-6,

pp. 537–560, 1967. 42

193



References

[82] F. J. MacWilliams and N. J. A. Sloane, “Pseudo-random sequences and

arrays,” Proceedings of the IEEE, vol. 64, no. 12, pp. 1715–1729, 1976. 42

[83] M. H. Finger and T. A. Prince, “Hexagonal Uniformly Redundant Arrays

for Coded-Aperture Imaging,” International Cosmic Ray Conference, vol. 3,

pp. 295 – 298, August 1985. 42, 43

[84] W. R. Cook, M. Finger, T. A. Prince, and E. C. Stone, “GAMMA-RAY

IMAGING WITH A ROTATING HEXAGONAL UNIFORMLY REDUN-

DANT ARRAY,” IEEE Transactions on Nuclear Science, vol. NS-31, no. 1,

pp. 771–775, 1984. 42

[85] A. Goldwurm, K. Byard, A. J. Dean, C. J. Hall, and J. S. J. Harding, “Lab-

oratory images with HURA coded apertures,” Astronomy and Astrophysics,

vol. 227, pp. 640–648, 1990. 42

[86] E. Caroli, J. B. Stephen, G. Di Cocco, L. Natalucci, and A. Spizzichino,

“Coded aperture imaging in X- and gamma-ray astronomy,” Space Science

Review, vol. 45, pp. 349–403, September 1987. 43, 44

[87] S. R. Gottesman and E. J. Schneid, “PNP - A new class of coded aperture

arrays,” IEEE Transactions on Nuclear Science, vol. 33, no. 1, pp. 745–749,

1986. 43

[88] S. R. Gottesman and E. E. Fenimore, “New family of binary arrays for coded

aperture imaging.,” Applied optics, vol. 28, no. 20, pp. 4344–4352, 1989. 43,

47, 54, 55, 56, 110, 131

[89] S. V. Vadawale, J. Hong, J. E. Grindlay, and G. Skinner, “Monte-Carlo sim-

ulations of the expected imaging performance of EXIST high-energy tele-

scope,” in Proceedings SPIE, Optics for EUV, X-Ray, and Gamma-Ray As-

tronomy II, vol. 5900, pp. 590014–12, 2005. 43

[90] J. E. Grindlay and J. Hong, “Optimizing wide-field coded aperture imaging:

radial mask holes and scanning,” in Proceedings SPIE, Optics for EUV,

X-Ray, and Gamma-Ray Astronomy, vol. 5168, pp. 402–410, 2004. 43

194



References

[91] G. Bélanger, A. Goldwurm, P. Goldoni, J. Paul, R. Terrier, M. Falanga,

P. Ubertini, A. Bazzano, M. Del Santo, C. Winkler, A. N. Parmar, E. Ku-

ulkers, K. Ebisawa, J. P. Roques, N. Lund, and F. Melia, “Detection of Hard

X-Ray Emission from the Galactic Nuclear Region with INTEGRAL,” The

Astrophysical Journal, vol. 601, pp. L163–L166, February 2004. 43

[92] O. Ivanov, A. Sudarkin, V. Stepanov, and L. Urutskoev, “Portable x-ray and

gamma-ray imager with coded mask: performance characteristics and meth-

ods of image reconstruction,” Nuclear Instruments and Methods in Physics

Research Section A: Accelerators, Spectrometers, Detectors and Associated

Equipment, vol. 422, no. 1–3, pp. 729 – 734, 1999. 44, 45

[93] R. Accorsi, Design of Near-Field Coded Aperture Cameras for High-

Resolution Medical and Industrial Gamma-Ray Imaging. PhD thesis, Mas-

sachusetts Institute of Technology. Dept. of Nuclear Engineering., 2001. 45,

46, 148

[94] R. Accorsi, F. Gasparini, and R. Lanza, “A coded aperture for high-

resolution nuclear medicine planar imaging with a conventional Anger cam-

era: experimental results,” IEEE Transactions on Nuclear Science, vol. 48,

no. 6, pp. 2411–2417, 2001. 46, 166

[95] S. Sun, Z. Zhang, L. Shuai, D. Li, Y. Wang, Y. Liu, X. Huang, H. Tang,

T. Li, P. Chai, X. Jiang, B. Ma, M. Zhu, X. Wang, Y. Zhang, W. Zhou,

F. Zeng, J. Guo, L. Sun, M. Yang, Y. Zhang, C. Wei, C. Ma, and L. Wei,

“Development of a panorama coded-aperture gamma camera for radiation

detection,” Radiation Measurements, vol. 77, no. 0, pp. 34–40, 2015. 46

[96] J. T. Santo, M. Maul, Y. Lucero, M. Clapham, B. Battle, D. Sluszka, and

B. Carberry, “Application of Remote Gamma Imaging Surveys at the Turkey

Point PWR Reactor Facility,” 2006. 46

[97] K. A. Hughes, G. Mottershead, D. J. Thornley, A. P. Comrie, and O. Group,

“Use of gamma-ray imging instrumentation in support of TRU waste char-

acterization challenges,” in Waste Management Conference, Tucson, AZ,

pp. 1–9, Feb 2004. 46

195



References

[98] P. Peerani, A. Tomanin, S. Pozzi, J. Dolan, E. Miller, M. Flaska,

M. Battaglieri, R. De Vita, L. Ficini, G. Ottonello, G. Ricco, G. Der-

mody, and C. Giles, “Testing on novel neutron detectors as alternative to

3He for security applications,” Nuclear Instruments and Methods in Physics

Research, Section A: Accelerators, Spectrometers, Detectors and Associated

Equipment, vol. 696, pp. 110–120, 2012. 47, 49

[99] L. B. Rees and J. B. Czirr, “Optimizing moderation of He-3 neutron de-

tectors for shielded fission sources,” Nuclear Instruments and Methods in

Physics Research Section A: Accelerators, Spectrometers, Detectors and As-

sociated Equipment, vol. 691, pp. 72–80, 2012. 48

[100] A. S. Tremsin, D. S. Hussey, R. G. Downing, W. B. Feller, D. F. R. Mildner,

D. L. Jacobson, M. Arif, and O. H. W. Siegmund, “Neutron collimation

with microchannel plates: calibration of existing technology and near future

possibilities,” IEEE Transactions on Nuclear Science, vol. 54, pp. 1–5, April

2005. 48

[101] N. Mascarenhas, J. Brennan, K. Krenz, J. Lund, P. Marleau, J. Rasmussen,

J. Ryan, and J. Macri, “Development of a Neutron Scatter Camera for Fis-

sion Neutrons,” 2006 IEEE Nuclear Science Symposium Conference Record,

vol. 2, no. 2, pp. 185–188, 2006. 48

[102] P. Marleau, J. Brennan, K. Krenz, N. Mascarenhas, and S. Mrowka, “Ad-

vances in Imaging Fission Neutrons with a Neutron Scatter Camera,” in Nu-

clear Science Symposium Conference Record, 2007. NSS ’07. IEEE, vol. 1,

pp. 170–172, October 2007. 48, 53

[103] G. Liu, M. J. Joyce, X. Ma, and M. D. Aspinall, “A digital method for the

discrimination of neutrons and γ-rays with organic scintillation detectors

using frequency gradient analysis,” IEEE Transactions on Nuclear Science,

vol. 57, no. 3, pp. 1682–1691, 2010. 49

[104] Inradoptics, Stilbene Single Crystals. Data sheet. 49, 58, 93, 114

196



References

[105] N. P. Hawkes, K. A. A. Gamage, and G. C. Taylor, “Digital approaches

to field neutron spectrometry,” Radiation Measurements, vol. 45, no. 10,

pp. 1305–1308, 2010. 49

[106] F. Brooks, “A scintillation counter with neutron and gamma-ray discrimina-

tors,” Nuclear Instruments and Methods, vol. 4, no. 3, pp. 151 – 163, 1959.

50, 78, 81, 86, 87, 89, 109, 135, 150

[107] J. Adams and G. White, “A versatile pulse shape discriminator for charged

particle separation and its application to fast neutron time-of-flight spec-

troscopy,” Nuclear Instruments and Methods, vol. 156, no. 3, pp. 459 – 476,

1978. 50, 87

[108] P. Marleau, J. Brennan, E. Brubaker, and J. Steele, “Results from the coded

aperture neutron imaging system,” in Nuclear Science Symposium Confer-

ence Record (NSS/MIC), 2010 IEEE, pp. 1640–1646, October 2010. 50, 51,

111

[109] R. S. Woolf, B. F. Phlips, A. L. Hutcheson, and E. A. Wulf, “Fast-neutron,

coded-aperture imager,” Nuclear Instruments and Methods in Physics Re-

search Section A: Accelerators, Spectrometers, Detectors and Associated

Equipment, vol. 784, pp. 398–404, 2015. 51, 111

[110] P. Hausladen and M. Blackston, “Passive and Active Fast-Neutron Imaging

in Support of AFCI Safeguards Campaign Prepared by,” Energy, no. August,

2009. 52

[111] P. Hausladen, M. Blackston, E. Brubaker, D. Chichester, P. Marleau, and

R. Newby, “Fast-Neutron Coded-Aperture Imaging of Special Nuclear Ma-

terial Configurations,” 2012. 52, 166

[112] J. Brennan, E. Brubaker, M. Gerling, P. Marleau, K. McMillan, A. Nowack,

N. R.-L. Galloudec, and M. Sweany, “Demonstration of two-dimensional

time-encoded imaging of fast neutrons,” Nuclear Instruments and Methods

in Physics Research Section A: Accelerators, Spectrometers, Detectors and

Associated Equipment, vol. 802, pp. 76 – 81, 2015. 52, 53

197



References

[113] S. Hayes and K. Gamage, “Scintillator based coded-aperture imaging for

neutron detection,” in 3rd International Conference on Advancements in

Nuclear Instrumentation Measurement Methods and their Applications (AN-

IMMA), pp. 1–6, June 2013. 53

[114] C. Yong-Hao, C. Xi-Meng, Z. Xiao-Dong, L. Jia-Rong, A. Li, S. Jian-Xiong,

Z. Pu, W. Xin-Hua, Z. Chuan-Xin, H. Tie, and Y. Jian, “Study of n-γ

discrimination in low energy range (above 40 keVee) by charge comparison

method with a BC501A liquid scintillation detector,” Chinese Physics C,

vol. 38, no. 3, p. 036001, 2014. 54

[115] M. Gerling, P. Marleau, and J. Goldsmith, “Comparison of Stilbene neutron

detection performance to EJ-309,” 2014. 54, 58, 88

[116] G. H. Hardy and E. M. Wright, An Introduction to the Theory of Numbers.

Oxford University Press, fifth ed., 1979. 55

[117] T. E. Booth, H. Grady Hughes, A. Zukaitis, F. B. Brown, R. D. Mosteller,

M. Boggs, J. S. Bull, R. E. Prael, R. Martz, R. A. Forster, A. Sood, J. T.

Goorley, and J. E. Sweezy, MCNP - A General Monte Carlo N-Particle

Transport Code, Version 5, 2005. User manual. 56, 59

[118] Y. Wu, J. Song, H. Zheng, G. Sun, L. Hao, P. Long, and L. Hu, “CAD-based

Monte Carlo program for integrated simulation of nuclear system SuperMC,”

Annals of Nuclear Energy, vol. 82, pp. 161–168, 2015. 56, 115

[119] K. A. A. Gamage, M. J. Joyce, and G. C. Taylor, “A comparison of colli-

mator geometries for imaging mixed radiation fields with fast liquid organic

scintillators,” IEEE Transactions on Nuclear Science, vol. 59, pp. 1432–1437,

Aug 2012. 57, 109, 110

[120] M. B. N. Soppera, E. Dupont, Book of Neutron comparison of evaluated and

experimental data. No. June, Nuclear Energy Agency, 2012. 58

[121] N. Zaitseva, B. L. Rupert, I. Pawe lczak, A. Glenn, H. P. Martinez, L. Car-

man, M. Faust, N. Cherepy, and S. Payne, “Plastic scintillators with effi-

cient neutron/gamma pulse shape discrimination,” Nuclear Instruments and

198



References

Methods in Physics Research Section A: Accelerators, Spectrometers, Detec-

tors and Associated Equipment, vol. 668, pp. 88–93, 2012. 58, 88, 107, 109,

112, 126

[122] N. Zaitseva, A. Glenn, L. Carman, H. P. Martinez, R. Hatarik, H. Klapper,

and S. Payne, “Scintillation properties of solution-grown trans-stilbene single

crystals,” Nuclear Instruments and Methods in Physics Research Section A:

Accelerators, Spectrometers, Detectors and Associated Equipment, vol. 789,

pp. 8 – 15, 2015. 58, 79, 88, 91, 147

[123] D. B. Pelowitz, “MCNPX USER’S MANUAL - Version 2.7.0,” no. April

2011. 59, 110

[124] A. Osovizky, D. Ginzburg, A. Manor, R. Seif, M. Ghelman, I. Cohen-Zada,

M. Ellenbogen, V. Bronfenmakher, V. Pushkarsky, E. Gonen, T. Mazor, and

Y. Cohen, “SENTIRAD-An innovative personal radiation detector based on

a scintillation detector and a silicon photomultiplier,” Nuclear Inst. and

Methods in Physics Research, A, vol. 652, pp. 41–44, 2011. 68

[125] R. Seymour, C. D. Hull, T. Crawford, B. Coyne, M. Bliss, and R. A. Craig,

“Portal, freight and vehicle monitor performance using scintillating glass

fiber detectors for the detection of plutonium in the illicit trafficking radi-

ation assessment program,” Journal of Radioanalytical and Nuclear Chem-

istry, vol. 248, pp. 699–705, Jun 2001. 68
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