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ABSTRACT
DETECTOR ARRAYS FOR NUCLEAR SECURITY AND SAFEGUARDS APPLICATIONS
By
Jessica Hartman

Dr. Alexander Barzilov, Examination Committee Chair
Associate Professor of Mechanical Engineering
University of Nevada, Las Vegas

Over the last two decades it has become increasingly apparent that there is a need for new technologies
capable of reliable and efficient fast neutron detection. As national and international stockpiles of 3He
continue to dwindle, the need to find a new gold standard of neutron detection becomes more critical.
Moreover, neutrons are generated typically in the MeV energy range. The use of 3He detectors for fast
neutron measurements requires the use of moderators. Detector arrays capable of fast neutron detection
are one solution to this problem. To this end, the focus of this work was the study of detector arrays for
fast neutron detection applications, particularly as they relate to nuclear security and safeguards.
The detector array study was carried out in three stages. The first stage focused on the identification and
comparison of potential scintillator mediums for use in fast neutron detection. EJ-299-33A, CLLB, and
CLYC were selected for initial modelling. Each material was identified through exhaustive literature
surveys to be capable neutron/photon pulse shape discrimination and selected primarily for this feature.
Single cell models of homogeneous compositions were developed using each of these materials.
Simulations were done using the MCNP6 code. Additional simulations were performed for heterogeneous
models consisting of a cell of the plastic scintillator EJ-299-33A filled with several layers of crystalline
scintillator material. The efficiency of these heterogeneous samples was considered in relation to the size
of the crystal components used.
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The second stage focused on simulation and investigation of detector arrays, their susceptibility to crosstalk between detector pixels and their potential in radiation imaging applications. The occurrence of
cross-talk was studied for three cases 1) each pixel was unshielded and in direct contact with its
neighbors, 2) lead shielding was placed between the pixels of the detector array, 3) pixels were staggered
across two rows to avoid direct contact between neighbors. Imaging simulations were carried out to study
the feasibility of using 2.5-MeV and 14-MeV neutron sources to identify targets or hidden materials
without physically inspecting the contents of a container or object under scrutiny.
The final phase of this work focused on experimental testing of the pulse shape discrimination capabilities
of an EJ-299-33A plastic scintillator sample. Emphasis was placed on the material’s suitability for fast
neutron detection particularly when employed in mixed neutron/photon fluxes. Measurements were done
with photon sources and a PuBe source. Measurement data was analyzed to determine the figure of merit
for the scintillator and identify its suitability for pulse shape discrimination applications.
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CHAPTER 1 – INTRODUCTION
Statement of Need for Fast Neutron Arrays for Imaging
The 9/11 attacks forced a re-evaluation of the national security measures employed against potential
terrorist activities. Renewed efforts were made to develop detection technologies capable of locating and
identifying nuclear material being moved outside of regulatory control. In 2004, the U.S. government
commissioned a study of the potential impact of a nuclear terrorist attack on a continental shipping port.
The result was a study focused on the detonation of a 10-kiloton nuclear bomb at the Port of Long Beach
in California. The result was the complete destruction of both the Port of Long Beach and the Port of Los
Angeles, including the ships docked in both ports. Projections estimated initial losses of 60,000 lives and
more than $1 trillion dollars between economic and property losses, due to the initial blast. An additional
150,000 people were expected to suffer exposure to harmful radiation levels as a result of the subsequent
fallout [1].
In 2007, the United States passed Public Law No 110-53 to combat the potential risk of an event like the
one detailed in the RAND report. It mandated that by 2012, 100% of all aviation and maritime cargo be
scanned prior to its departure from foreign ports [2]. Despite the implementation of cargo scanning
systems at shipping ports along the Pacific, Atlantic, and Gulf Coasts, the deadline has been extended
three times, most recently until 2018 [3]. Between 5% [3] and 6% [4] of all incoming maritime containers
are flagged as “high-risk” and subjected to additional scanning [3] and possible physical inspection by
security personnel [4]. Most containers are pre-screened and flagged using the country of origin, shipper’s
history, and cargo manifest details rather than imaging data.
General purpose containers have a range of options available [5], but the average maritime shipping
container is a standard 40’ length with doors at one or both ends [6]. Additional doors can be added on
one or both sides for ease of loading/unloading the cargo. Built from steel with interior dimensions of 12
m, 2.35 m, and 2.37 m and a volume of 67 m3 [7], a single container provides ample space for
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transporting anything from agriculture products to vehicles and even chemical or nuclear materials. As of
June, 2016, U.S. Customs and Border Protection (CBP) reported that only 29 of the 74 maritime ports
accepting foreign cargo already had imaging equipment in use [3]. Additional data indicated that CBP
processed an average of 80,000 standard shipping containers per day in 2016 [8] and roughly 29 million
containers over the course of the year. Of these, roughly 12 million entered the U.S. via maritime ports,
and fewer than 1 million were flagged and subjected to additional imaging processes or physical
inspection. Similar problems exist for cargo shipped via road or rail.
Part of the problem in establishing a 100% scan rate stems from the imaging systems themselves [6].
Designed for the purpose of identifying nuclear material being transported outside of regulatory control,
current detection systems are expensive. When China purchased radiation detectors for the Beijing
Olympics in 2008, the average cost per detector was $27,000 [9]. Other companies like Ludlum
Measurements, Inc. offer personnel portal monitors such as the Model 52 [10] for $12,543 [11] and the
Model 53 [12] for $52,995 [11]. The most concerning flaw though is their high rate of false-positives
which result in wasted resources for security personnel and costly time delays for shippers.
The development of a reliable imaging system is critical to the continued security of the U.S. and one
viable solution is the use of detector arrays capable of fast neutron measurements. Fast neutrons represent
a radiation which can deeply penetrate materials found in cargo shipments. Neutrons interact differently
with nuclei than photons providing additional data for better identification of materials. Moreover,
neutrons can initiate fission reactions in nuclear materials thus enabling their identification through
detection of photons and neutrons emitted in fission events. If implemented fast neutron array based
systems would offer an improvement on current dual-energy photon systems, and could be used with
novel detector materials making them quicker and easier to mass produce while reducing the cost and
fragility of the overall system.
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Detector Arrays
Developed in the 1980’s, radiation detector arrays are a standard feature of modern imaging systems.
Although the composition and design of the array can differ between products, the basic concept is the
same. Detector arrays have two key components [13], multiple detector elements which comprise the
array and an attached electric circuit which processes data from the detector elements.
In scintillation detectors, radiation enters the detector as a particle or electromagnetic wave and interacts
with the detector’s medium. The interaction between the radiation and atoms can result in the loss of
some or all of an incident particle’s or wave’s energy. This energy loss produces a flash of scintillation
light which is registered using the attached optical readout and electronic components, and translated into
an electronic signal waveform that can be recorded and analyzed.
Detector arrays are currently employed for a variety of applications across several fields such as
medicine, industry, and security. The nuclear security and safeguards applications are of particular
interest, and there is room for improvement of the systems already deployed. Current technology makes
use of detector arrays in x-ray, dual-energy photon radiography, neutron imaging, and neutron/photon
radiography techniques. While accelerator research and development has made it easier to produce safe
and reliable radiation sources, the detector arrays could be improved by using materials which are
inherently capable of discriminating between different radiation types.

Radiography Methods
Radiography methods are based on radiation attenuation. As radiation travels through a given material
there is a chance that it will do one of three things. It could pass straight through the material without
interacting with it. It could enter the material and suffer one or more collisions with it before passing out
of the material. It could enter the material and after suffering one or more collisions with the material
present it could lose enough energy that it is absorbed by the material and doesn’t exit.
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The chance that radiation will follow one of these paths is affected by several factors including the type of
incident radiation (neutron, photon, alpha, etc.), the energy of the radiation as it enters the medium, and
the material composition of the medium (its density, thickness, nuclear cross-section, etc.). Standard
attenuation equations are used to determine the specific radiation transmitted through a specified material
of a given thickness.
Dual-energy photon radiography methods are commercially available, and employed at various ports and
border crossings within the United States. This technology functions by placing the target object between
a radiation source, such as an accelerator, and a detector array or screen. When the accelerator is turned
on, radiation of a given type and energy is emitted from the source and passes through the target volume,
either being “trapped” in the material or passing through it and into the detector medium. Collisions in the
detector medium are “seen” when particles or radiation interact and cause a detectable flash of light which
is converted into a signal for online or post-processing analysis.
The purpose of this research is to study the potential of fast neutron detectors for security and safeguards
applications. By employing scintillator materials in the detector array it is possible to produce a detection
system capable of working only with a neutron source. Many modern scintillators are manufactured with
inherent pulse shape discrimination (PSD) capabilities and data can be post-processed to store only those
measurements resulting from incident neutrons, while discarding photon-related measurements.
Alternatively, PSD-capable fast neutron detector arrays can also be used in dual photon and fast neutron
imaging systems to provide more accurate information about the targets being imaged.
The inherent difference between neutron and photon interactions is reflected in the equations used to
determine their transmission through materials. As electromagnetic waves, photons are more likely to
interact with high-Z materials due to the greater number of electrons in their atomic shells. As a result, the
attenuation equation for photons (Eqn. 1) is dependent on the linear attenuation coefficient (μ) and the
thickness (t) of the medium:

4

𝐼
= 𝑒 −(𝜇𝑡)
𝐼0

(Equation 1)

As uncharged particles, neutrons largely ignore the electron cloud, making them more likely to interact
with elements and atoms that have a volume filled primarily by the nucleus rather than the electron cloud.
Due to this, they are more sensitive to low-Z materials and materials with a large macroscopic crosssection. This is reflected in the neutron attenuation equation (Eqn. 2), which uses the total macroscopic
cross-section (Σtot) of the atoms in the medium in place of the linear attenuation coefficient and the
medium thickness (t).
𝐼
= 𝑒 −(Σ𝑡𝑜𝑡 𝑡)
𝐼0

(Equation 2)

Using these differences in transmission for neutrons and photons, it is possible to calculate a set of
transmission ratios (TRs) for specific materials. Fig. 1, shows the comparison of TRs for selected low-Z
(polyethylene, water, aluminum), and high-Z (iron, lead) materials. These values were determined for
three source configurations: 1) 0.2-MeV photons and 0.1-MeV neutrons, 2) 0.2-MeV photons and 2.5MeV neutrons, and 3) 3-MeV photons and 6-MeV photons. Comparison of the results showed a
considerable benefit to using neutrons for this application. Standard radiography imaging systems use 3MeV and 6-MeV photon sources, but these energies and radiation offer only a limited range of TR values
even when considering materials with vastly different nuclear and material properties such as lead and
polyethylene. Using the 3-MeV/6-MeV system, the TR values for lead and polyethylene were 0.964 and
1.466 respectively. In contrast, using a photon/neutron system with low energies (0.2-MeV/0.1-MeV)
showed considerably more variation the TR values for these materials. The TR value was 7.273 for lead
and 0.109 for polyethylene. Similarly, using a 0.2-MeV/2.5-MeV photon/neutron system produced TR
values of 9.538 and 0.487 for lead and polyethylene respectively.
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Fig. 1. Transmission ratio comparison for different dual-radiation imaging
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CHAPTER 2 – LITERATURE REVIEW
The need for fast neutron detection is not novel. With the discovery of the neutron in 1932 [14], the
question of how to achieve neutron detection has fascinated researchers. The realization of an organic
scintillation detector in 1947 [15] encouraged further research as scientists began looking for a reliable,
and efficient way to detect these uncharged particles [16]. The first fast neutron detector, a ZnS Lucite
sandwich, was reported only 2 years later in 1949 [17], while the second was a mixture of ZnS and Lucite
powders published in 1952 [18]. Fast neutron detection has remained a topic of interest, but it wasn’t until
the 1990s and early 2000s that fast neutron detector research again took center stage due to dwindling 3He
supplies and increased terrorist activities [19, 21].
Several neutron detection based techniques have been developed and demonstrated to be particularly
effective for national security applications like explosive detection and identification [22]. There are two
key issues which make fast neutron detection a challenge. First, neutrons lack a charge which makes
direct detection of these particles difficult [16]. Second, the isolation of neutron response from
measurements due to background or secondary particle creation requires additional data treatments.

Neutron Detection Methods
The first challenge to fast neutron detection is that these particles are not directly ionizing particles.
Historically this has made the development of fast neutron detectors methods more difficult than charged
particle detectors [23]. Instead of focusing on detecting the neutrons themselves, early detectors were
designed to detect the charged products resulting from neutron interactions with detection mediums [2324]. Depending on the energy of the incident neutron (thermal or fast), there are a variety of techniques
which can be used in analysis of neutron detection. Over the last 20 years, there have been several
reviews and summaries published neutron-based detection techniques [19-22, 25-30].
Neutron detection technologies are used in active and passive assays techniques. Neutron-based
interrogation techniques are broken into two groups depending on the system being used [30]. Passive
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interrogation techniques are non-invasive, using devices or system components that never directly interact
with the subject [30]. The concept is similar to passing a Geiger counter near an object, without directly
touching or further examination, in order to determine if radiation is present. In general these systems are
limited in their reliability and can be slow to produce results. Active interrogation systems do not suffer
these limitations and are considered the better and more dependable of the two [27, 29]. Neutron-based
systems in this category generally work by aiming neutrons at an object, where they interact directly with
it in order to quickly produce more information than passive techniques or systems can [30].
The technology already exists for a wide range of neutron-based active interrogation techniques as
reviewed by Gozani [21, 29], Whetstone [30], and Hussein [27]. Among these, thermal neutron analysis
(TNA), fast neutron analysis (FNA), and pulsed fast neutron analysis (PFNA) are frequently employed for
security and imaging applications. TNA is one of the oldest techniques, first commercially deployed at
the John F. Kennedy International Airport in 1990 [31]. This technique relies on the use of radioactive
sources like 252Cf or accelerators to produce fast neutrons which must then be moderated to reach thermal
energies (0.025 eV) [27-28, 30]. The moderated neutrons are aimed at a target object, and TNA has
proven particularly effective in identifying nitrogen and hydrogen both of which are present in explosive
materials [28, 30]. TNA suffers two significant drawbacks though as fails to properly detect carbon and
oxygen which are equally important in accurately identifying explosives [30]. Due to the use of
accelerator sources, this technique can also suffer from neutron leakage during moderation making it less
than ideal [27]. FNA techniques improve upon TNA techniques though their ability to detect nitrogen,
carbon, and oxygen by using un-moderated fast neutron sources [28, 30]. FNA systems are also ideally
suited to portable device applications since the moderator component required by standard TNA systems
is removed [27, 30]. By relying on fast neutron interactions via inelastic scattering with the target object,
FNA becomes particularly susceptible to high background readings as scattered neutrons and their
products affect detector readings [30]. It has also been reported to have poor imaging capabilities when
tested with larger objects [28]. PFNA corrects the drawbacks of both the TNA and FNA systems by
employing a pulsed source [27-30] which delivers bursts of neutrons from the accelerator source to a
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target. This modification allows for the detection and identification of more elements (H, C, N, O, Cl, Si,
and K) while reducing the neutron background below the levels present in TNA and FNA systems [30].

Current Neutron Detectors
With national and worldwide stockpiles of 3He continuing to dwindle, the need for a fast neutron detector
capable of replacing current proportional counter systems without sacrificing their reliability or efficiency
becomes critical [16]. There are a wide range of detectors capable of fast neutron detection, but this
review focuses on Microchannel Plate Detectors (MCPs) and scintillator detectors, the latter of which can
be further separated into homogeneous, heterogeneous, composite, phoswich, and gel categories. These
detectors have gained popularity within the last decade, and continue to offer promising solutions to the
3

He supply problem. Other detector types have been proposed and developed, but most of these lack the

capability for fast neutron detection, opting instead to focus on photon or thermal neutron detection.
Detectors
Over the last two decades, significant research has been focused on the potential of MCPs in radiation
detection. Claims have been made that MCPs were first conceived in the 1950s [32-33], but the earliest
publication available on the topic came from Bendix Research Laboratories in 1962 [34-35]. MCP
research focused primarily on development of these systems for electron and photon measurements [36],
but in the last two decades, interest has grown in developing MCP systems capable of UV, alpha, cold
neutron, and thermal neutron measurements [32, 37]. As the threat of dwindling 3He supplies continues to
rise, there have also been several recent attempts at using MCPs for fast neutron detection [38]. By
exploiting doping techniques, using
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B or Gd, it is possible to manufacture MCPs with a sensitivity

levels and detection efficiencies similar to standard 3He tubes and proportional counters [39].
Timepix detectors are an adaptation of the MCP family, which apply an application-specific integrated
circuit called an (ASIC) to the MCP for signal processing. Details about these detectors were first
published in 2007 [40-41], and in the last 10 years they have been the subject of much interest, and have
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been shown to have acceptable background rates, imaging and timing properties when developed for
Cherenkov light detection [42]. Improvements to the centroiding algorithms employed by these detectors
have also been documented, allowing for improved spatial resolution when subjected to high count rates
[43]. These detectors have also proven useful for neutron detection applications [32, 39, 44-47].
Scintillator detectors are typically defined as a photomultiplier tube (PMT) coupled with a scintillator cell
[48]. When scintillation events occur as the result of nuclear reactions and interactions taking place in the
scintillator cells, the PMT amplifies these signals produced by the events and passes the data to other
attached electronics. Scintillation counting was used as early as 1908 [49], but the first publication wasn’t
until 1929, when Chariton and Lea performed their alpha-counting experiments in environments with
significant β and photon radiation background [49-51]. Scintillator materials have since been the center of
considerable research efforts, especially with the advent of the PMT which was a catalyst for numerous
scintillator related innovations in the 1950’s [52]. More recently, research and development has focused
on liquid, plastic, and crystalline materials [53], with considerable attention paid to their application in
source detection and identification tasks [54-57].
Scintillator materials can be defined either as organic or inorganic depending on the presence of carbon in
their chemical structure [48]. Inorganics lack carbon atoms, and are typically manufactured as solid
crystals. These scintillators tend to suffer reduced response times, while boasting greater light output
making them an ideal choice for photon applications [48, 55, 58]. Only a dozen inorganic scintillators
were commercially available in 1992 [59], but a 1997 publication discussed the scintillation capabilities
over 400 inorganic scintillator materials [59-60]. Inorganic scintillators are still a source of interest as
evidenced a 2012 report released by Sandia National Lab which identified and studied 640 different
elpasolite scintillator materials [61]. Two inorganic crystal scintillators, CLLB (Cs2LiLaBr6:Ce) and
CLYC (Cs2LiYCl6:Ce), have seen renewed interest from researchers. Both have been the subject of
studies focusing on their spectroscopy and PSD capabilities which proved their effectiveness in
differentiating between incident photon and neutron signals [62-63]. Unfortunately production of both
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crystals remains an expensive, lengthy, and difficult process, especially when large crystals or multiple
crystals with uniform properties are required.
Organic scintillators have a chemical structure that includes carbon, and are available in a wide range of
materials, including crystals, liquids, plastics, and even gels. They also tend to possess a higher hydrogen
content than their inorganic counterparts, making them particularly suitable for fast neutron detection [48,
58]. Although the majority of crystal scintillators are considered inorganic, stilbene (C14H12) and
anthracene (C14H10) are the textbook examples of organic crystals, and were frequently used in the early
1950s and 1960s. Their high resolution and sensitivity made them an ideal choice for neutron detection,
but their fragility and high cost of production encourage the development of alternatives. Anthracene
offered unparalleled scintillation efficiency, but the lack of reliable PSD properties made this material
unfit for neutron measurements [48, 58]. Stilbene possessed a lower scintillation efficiency than
anthracene, but it’s inherent PSD properties made it possible to use in mixed radiation measurements,
where signal separation was preferred or required [48, 58]. This crystal has remained a source of interest
to researchers [16, 64], and boasts better scintillation properties when compared with current plastic (EJ276) and liquid (EJ-309) options [65]. Despite recent advances in crystal growth [66], the monetary and
time costs of crystal production, as well as their fragile nature are prohibitive to widespread use.
Liquid scintillators have been the standard in neutron detector systems and applications for many years.
They require less time to produce, but remain fragile and costly due to the construction process [67].
Typical liquid scintillator designs make use of a metal cap filled with liquid scintillator and an inert gas
bubble that acts as an expansion void. The metal cap is then sealed with a transparent glass plate which is
fragile and subject to damage if dropped or roughly handled. Manufacturing processes and solvent
impurities have also been shown to negatively affect detector consistency, with significant pulse height
differences reported between liquid samples from the same batch [52]. These scintillators are also known
to suffer extremely low flash points, below 26°C, although recent developments by ELJEN Technologies
have produced scintillators with a significantly higher flash point of 144°C (Appendix A) [16]. The
inherent PSD capabilities of liquid scintillator materials also make them ideal for neutron detection.
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BC501A in particular has been employed in the EUROBALL scintillator array developed for neutron
detection [68-69].
Unlike crystalline and liquid scintillators, plastics have the advantage of being robust, easier to machine
into an infinite selection of shapes and sizes, and more cost effective to manufacture in large quantities
[65, 70-71]. In 2014, nearly all commercially available plastic scintillators were based on formulas
developed in the 1950’s and 1960’s and lacked PSD capabilities [71-72]. This changed with reports of the
first PSD capable plastic scintillator in 2012 [73], EJ-299-33A soon became the first commercially
available plastic scintillator known to have inherent PSD properties [65, 71, 74]. This material was
capable of reasonable neutron/photon PSD, but only above a 0.5 MeV threshold, below this neutron and
photon signatures became indiscernible [54]. Recent developments in plastic scintillator production and
manufacturing have resulted in EJ-276 and EJ-276G replacing the original EJ-299-33A material as
reported by the manufacturer on their specification sheet (Appendix A). This material shows improved
PSD capabilities, particularly in lower energy ranges where EJ-299-33A had struggled. A survey of
scintillator materials (Stilbene, EJ-309, and EJ-276) revealed that with the new EJ-276 version plastic
scintillators had finally reached a point where their scintillation and PSD capabilities made them a viable
replacement for current liquid scintillators [65]. Plastic scintillators continue to fascinate and offer
limitless possibilities for detection applications, including use in fiber optic arrays [71, 75-77]. Although
this technology is not yet commercially available, the design has been patented for x-ray imaging [75] and
has potential in neutron measurements due to the PSD capabilities of the material.
Heterogeneous scintillator detectors offer a unique solution to the size and growth limitations of crystal
scintillator detectors. Proposed in 1998, the idea to create a heterogeneous scintillator using ground up
organic scintillator crystals or crystal grains was a novel one [71, 78-79]. These scintillators can be
broken into two categories depending on the manufacturing process. Polycrystalline scintillators are
created when the crystal grains are sintered together using a method called hot pressing [80]. Composite
scintillators are created by inserting the crystal grains into an inert medium, usually a glue or polymer
base [16, 24, 53, 71, 79-84].
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By opting to use these heterogeneous scintillators instead of single crystals, the cost and difficulty of
manufacturing can be reduced either by eliminating the growing phase or by using the crystal waste
material frequently produced while treating fully grown crystals [80]. Another benefit of composite
scintillators is their potential use in developing large-area detectors for array or imaging applications [80,
85]. In addition to nearly infinite size options, variation of the crystal grain sizes used allow for direct
manipulation of the material properties and sensitivity to unique radiation signatures such as photon,
alpha-particle, and neutron [80-81, 86-87].
Significant research has also been carried out on composite scintillators in the last decade, particularly
those employing stilbene and p-terphenyl crystals, for the purpose of adapting and applying these
detectors in fast neutron detection [24, 53, 79-82, 84]. Composite scintillators have also been successfully
applied for simultaneous thermal and fast neutron measurements, showing discrimination between the
two energy ranges even when measured against background photon radiation [71, 83]. The dimensions of
these scintillators are driven by the efficiency required for neutron detection. Although they can be
designed with a nearly infinite surface area, the scintillator thickness should be as small as possible to
ensure high enough efficiency for use in neutron detection applications [16, 71].
The concept of a phosphor sandwich or “phoswich” detector was first published by D.H. Wilkinson in
1952 [88]. The design works by optically coupling different detector mediums, each with inherently
unique time decay properties to a single PMT [48, 88-89]. By doing so, it is possible to take advantage of
the unique scintillator properties to simplify PSD processing and separation of measurement data
recorded with the detector. Wilkinson was primarily focused on applying this technology to photon
spectroscopy with potential neutron detection applications [88].
Phoswich development has focused primarily on designs incorporating 2 or 3 selected scintillators or
other detection mediums. Significant research has been done on the phoswich applications for identifying
β-particles, alpha-particles, and photons using 2-scintillator [89-93], and 3-scintillator models [94-100],
with radioxenon applications in particular benefiting from development of a phoswich well detector [101108]. Additional work has been done to identify phoswich combinations capable of neutron detection,
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with successes being reported for various combinations of plastic, liquid, and crystal scintillators.
Combinations of NE213 and NE211 [109], and EJ-299-13 and EJ-399-06 [110-112] have all proven
effective for high-altitude and extraterrestrial measurements of high energy neutrons (>100MeV), while
NaI(Tl) and NE102A have been successfully tested in neutron fluxes between 100-MeV and 350-MeV
[113]. Additional work has been published on the use of EJ-299-33A and a 6Li-loaded glass cell for
differentiation between photons, thermal neutrons, and fast neutrons [114].
The measurement and study of the neutron dose equivalents suffered by astronauts has been a focus of
international study and co-operation, with Russia and USA carrying out joint experiments on Space
Shuttle flights STS-57 [115], STS-60 [116], and STS-89 [117]. Data from STS-57 indicated that roughly
half of the neutron dose equivalent suffered by astronauts is due to fast neutrons between 1-MeV and 15MeV [115, 118]. Later experiments from flight STS-89 indicated that nearly 30% of total dose equivalent
was due to fast neutrons in the range of 1-MeV to 10-MeV [117-118].
The greater risk of radiation exposure, and the need to accurately determine the neutron dose suffered by
astronauts was the driving force behind the development of a new generation bubble detectors [118].
Bubble Technology Industries Inc. developed a visco-elastic scintillator material for neutron detection for
use in the Canadian space program [119]. This gel scintillator holds great potential, with similar
performance characteristics being reported when compared to commercially available liquid scintillators
such as BC501A and NE213 [119-120]. Gels also have the added benefit of not being highly flammable
unlike their liquid counterparts which have been labeled as fire hazards [120].
These scintillators have been incorporated into a hybrid superheated drop and bubble detector design,
where droplets of superheated liquid are seeded in a visco-elastic material [118]. As the gel is exposed to
incident neutrons, the particles strike the superheated droplets initiating bubble nucleation through the
recoil particles. The affected gas bubble will grow, allowing for visual detection of irradiation. Since the
gel captures the bubbles as they are formed, these detectors can be used multiple times as long as they are
re-pressurized to force the bubbles back into the gel matrix [118, 121].

14

The Canadian High-Energy Neutron Spectrometry System (CHENSS) combines this gel scintillator with
the phoswich concept to reduce measurement interference from the proton background generated by
galactic cosmic rays [122]. In this system, the gel scintillator is surrounded completely by a shell of
plastic scintillators which prevent the proton background from reaching the gel scintillator and registering
incorrectly as neutron signatures [122].
Pulse Shape Discrimination (PSD)
Although the ability to isolate measured neutron responses from background photon responses can be
complicated due their similar penetration ranges [18, 71], scintillator materials offer an inherent solution
to this problem. Exploiting this property in the processing of measurement data allows signatures or
spectra from specific particles/radiations to be isolated. As early as 1956, alpha-particles and photons
were being distinguished using PSD [123]. Also referred to as pulse shape selection by F.D. Brooks, the
unique PSD attribute of scintillator materials was being explored in 1958 for the purpose of isolating
measured neutron and photon responses[124]. PSD techniques rely on an inherent property, whereby
incident particles or radiation exhibit unique decay times determined by the incident particle as it interacts
with a given scintillator material [15, 71, 123-125]. As incident particles interact with the atoms of a
scintillator material, they produce flashes of light which can be measured and recorded by an attached
PMT [59, 126]. The intensity and duration of each flash is translated into a waveform with characteristics
dependent on the incident particle/radiation that created it.
Fig. 2 shows a comparison of neutron and photon waveforms recorded using the Igor Pro software with
the Emorpho digitizer for data collection. Comparing the basic shape, it is obvious that photon induced
signals exhibit sharper peaks with almost no tail. In contrast, neutron induced signals possess a wider
peak and significantly longer tail. PSD techniques apply two variables to these waveforms for analysis
and separation of measured data. The first is the Integration Time (IT), also referred to as the total
integration time. This value represents the integral of the wave form, spanning the recorded time of the
full signal from its initial occurrence (~0.025 μs in Fig. 2) until the cut-off (~0.475 μs in Fig. 2). The
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second variable is the Partial Integration Time (PIT) which identifies a cut-off point dividing signals into
“head” and “tail” portions (~0.125 μs in Fig. 2).

Fig. 2. Comparison of neutron and photon pulses for PSD technique

Both the PIT and IT values are user-defined and can be adjusted in the eMorpho digitizer to adjust the
PSD process and optimize the separation of incident radiation measurements. Using both values, each
signal can be identified as a neutron, photon, or other particle using the PID value. This value is
calculated using the integral of each signal between its initialization (1.2 μs) and its PIT and IT values as
shown in Eqn. 3, making the PID value the ratio of the signal’s “tail” to its “head”. When comparing
photon and neutron responses, smaller PID values identify the signals caused by photons, while larger
PID values identify those resulting from neutron interactions.

𝑃𝐼𝐷 =

∫𝐼𝑇 − ∫𝑃𝐼𝑇
∫𝑃𝐼𝑇

(Equation 3)

Passive and active assay techniques have been developed for nuclear security and safeguard applications.
These techniques require development of advanced neutron detection technology. Significant research
and development has also been done on the capability of MCPs and scintillator detectors for fast neutron
detection. MCPs show great promise but can be complicated and costly to produce for detector array
applications, especially when ASICs are integrated into the system. Scintillator detectors are simple in
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comparison, available as plastics, crystals, liquids, and gels. Plastic scintillators enable design of detectors
of various shapes and sizes, including multi-pixel arrays.
Neutron/photon PSD is a critical aspect of fast neutron detection due to the presence of photon signatures
in measurements. Employing PSD techniques makes it possible to separate the signatures and focus on
the neutron component of measurements for detection and identification tasks.
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CHAPTER 3 – SCINTILLATOR FEASIBILITY STUDY
Homogeneous Scintillators
Although there are several ways to categorize neutrons based on their energies, fast neutrons are defined
in this document as any neutron with energy of 0.5-MeV or more. The first objective in this work was to
determine the feasibility of scintillator materials for use specifically in fast neutron detection. To achieve
this, simulations were performed using version 6.1 of the Monte Carlo N-Particle Transport (MCNP6.1)
code produced and maintained by Los Alamos National Laboratory [127-128]. This code provides an
extensive set of particle tracking and tallying features based on the Monte Carlo technique. By applying
user defined inputs, it can trace a wide range of nuclear particles (neutrons, electrons, alpha-particles, etc.)
and electromagnetic waves (photons) as they are transported through a model, interacting with materials,
depositing/gaining energy, and potentially escaping the geometrical boundary of the model.
MCNP6.1 was used to model the geometry in Fig. 3 and calculate the efficiencies for different scintillator
configurations. It consisted of a 5.08 cm by 5.08 cm cube of scintillator material placed 1 cm from a
mono-energetic, neutron beam. The scintillator cell and the beam were aligned so that the beam was
focused on the center of the square face of the scintillator

Fig. 3. Simulation geometry for scintillator efficiency modeling
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Several versions of this model were examined with consideration given to varying the scintillator material
and the neutron energies for each simulation. Neutron energies were used between 1-MeV and 14-MeV
using 0.5-MeV increments. The F8 tally was employed to track particle interactions within the scintillator
material resulting from incident neutrons. Several F8 tallies were included in each simulation to identify
the measurement contributions resulting from unique radiations and particles including photons, protons,
deuterons, tritons, and alpha-particles. F4 tallies were employed to identify the average surface flux of
detector cells as well as their reaction rates and efficiencies.
The plastic scintillator, EJ-299-33A, is a transparent material produced by ELJEN Technologies.
Composed of hydrogen and carbon with a proprietary blend of additives and wavelength shifters, this
material offers a durable, lightweight alternative to standard detectors. Since its commercial release in
2012, it has been the subject of considerable research and development, leading to the creation of EJ-276
and EJ-276G. Reported by ELJEN as replacements for EJ-299-33A, the basic material properties of these
two materials are similar to those of the EJ-299-33A. These properties are collected in Table 1 for
comparison, and are taken from the material data sheets provided by ELJEN Technologies (copies of the
material sheets are included in Appendix A). Due to this similarity, and the availability of EJ-299-33A for
experimental verification, the material card was built using the specified hydrogen and carbon contents
for EJ-299-33A.

Table 1 – Plastic Scintillator Properties from ELJEN Technologies (Appendix A)
Max Emission Wavelength
Light Output
Material Density
No. H atoms per cc
No. C atoms per cc
Scintillation Efficiency

EJ-299-33A
420 nm
56%
1.08 g/cc
5.13x1022
4.86x1022
8,600 γ/1 MeV e-

EJ-276
425 nm
56%
1.096 g/cc
4.53x1022
4.89x1022
8,600 γ/1 MeV e-

EJ-276G
490 nm
52%
1.096 g/cc
4.53x1022
4.89x1022
8,000 γ/1 MeV e-

Several combinations of cell dimensions were studied by varying the width, height, and depth. Cell width
and height were defined as the horizontal and vertical dimensions of the surface perpendicular to the
neutron beam; depth was defined as how far the scintillator cell extended from this surface (Fig. 4).
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Fig. 4. Scintillator cell dimensions

Table 2 shows the breakdown of simulation versions according to the scintillator cell dimensions which
were used. It was decided to maintain the square shape of the scintillator surface facing the source, so the
length and width remained equal to each other in each simulation. Surface areas of 1 cm by 1 cm, 2.54 cm
by 2.54 cm, and 5.08 cm by 5.08 cm were selected, while cell depth was varied between 1.50 cm, 2.54
cm, 5.08 cm, and 10 cm. The incident energy of source neutrons was also varied between simulations;
each combination of cell dimensions was processed for 1-MeV, 2.5-MeV, 6-MeV, and 14-MeV.

Table 2 – Scintillator Cell Dimensions
Cell Width

Cell Height

1 cm

1 cm

2.54 cm

2.54 cm

5.08 cm

5.08 cm

Cell Depth
1.50 cm
2.54 cm
5.08 cm
10.00 cm
1.50 cm
2.54 cm
5.08 cm
10.00 cm
1.50 cm
2.54 cm
5.08 cm
10.00 cm

Efficiency of the plastic scintillator EJ-299-33A was determined for each of the geometry combinations
listed in Table 2 using MCNP6. F4 tally cards were modified to track the potential occurrence of (n,γ),
(n,p), (n,d), (n,t), and (n,α) reactions by including SD and FM cards which changed the tally from an
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average flux tally to a reaction rate tally. Figs. 5a and 5b show the results of these simulations for neutron
source energies of 2.5-MeV and 14-MeV respectively. Comparison of the reaction rates for the different
surface area and depth combinations indicated that while a 10-cm depth would show some improvement
in reaction rates and subsequently the detector efficiency, it was not sufficient enough to warrant the
increased cost and volume of the detector. The exception to this was the data set for the 2.5-MeV neutron
source, where reaction rates for the 5.08 cm by 5.08 cm size scintillator were several times larger than the
values for the same scintillator sample with smaller surface areas and cell depths of 5.08 cm and 10 cm.

(b)
(a)
Fig. 5. Reaction rates of EJ-299-33A to incident neutrons of (a) 2.5-MeV and (b) 14-MeV

This study focused on comparison of the efficiency of three scintillator materials. Selection of the EJ-29933A, CLYC-6, CLYC-7, and CLLB scintillators was based on commercial availability of the scintillators
and data of their inherent PSD capabilities [54, 62-63]. Studies of homogenous samples of these plastic
and crystalline scintillators were completed, although only the results for plastic are presented here. EJ299-33A was found to be ideal for fast neutron detection measurement due to its short decay time (~50
ns), inherent PSD capabilities and durability. In comparison, crystal scintillators exhibit slower response
times, increased fragility, and can be extremely costly to produce. A brief comparison of selected
properties for CLLB, CLYC-6, and CLYC-7 scintillators is provided in Table 3. Decay times are shown
for a neutron component, such as a slow cerium self-trapped excitation (Ce-STE) in CLYC-6 and CLYC-
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7. It is worth noting that these crystal scintillators are capable of photon spectroscopy and exhibit
significantly higher scintillation efficiencies when compared to EJ-299-33A (Table 2).

Table 3 – Crystal Scintillator Properties
Neutron Detection
PSD Capable
Photon Spectroscopy Capable
Decay Time (neutron component)
Scintillation Efficiency (γ/1 MeV)
Energy Resolution (@ 662 keV)

CLYC-6
Thermal
Yes
Yes
1,000 ns
20,000
4.8%

CLYC-7
Fast
Yes
Yes
1,000 ns
20,000
4.5%

CLLB
Thermal
Yes
Yes
 270 ns
60,000
2.9%-3.0%

Although photon spectroscopy is not critical to fast neutron detector array development, it does have
applications in dual radiation radiography where detection of both fast neutrons and photons is needed.
Plastic scintillators are not capable of photon spectroscopy, and by incorporating both plastic and crystal
materials into a single scintillator cell (heterogeneous scintillators) it is possible to exploit the different
scintillation properties in order to analyze gamma-ray spectrum for a given measurement in addition to
fast neutron detection.

Heterogeneous Scintillators
The potential of heterogeneous scintillator combinations was studied for simulations which mixed crystal
scintillator shards into a plastic scintillator matrix. Fig. 6 shows an example of the model for one of these
simulations. In this case, an isotropic point neutron source was positioned 20 cm from the circular face of
a cylindrical scintillator cell. Instead of making this cell a solid body like the homogenous model, it was
broken into an encompassing body of one scintillator (shown in grey), and several layers of spheres
defined as a different scintillator material (shown in purple). For this set of simulations, the cylinder was
defined as the plastic scintillator EJ-299-33A, and the purple spheres were modeled through several
iterations as the crystal scintillators CLLB, CLYC-6, and CLYC-7. Incident particle counts and response
functions were tallied within the plastic scintillator and each of the crystalline beads for comparison.
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Fig. 6. MCNP model of a heterogeneous scintillator using EJ-299-33A and crystal spheres.

Fig. 7 shows a more detailed view of the crystal layer arrangement inside the plastic cylinder. Spheres
were placed in a linear pattern, with a vertical and horizontal distance between each sphere equal to the
diameter of the sphere. Three different iterations were tested for each plastic/crystal combination
assuming crystal diameters of 2 mm, 3 mm, and 5 mm.

Fig. 7. Internal arrangement of modeled scintillator material.

Table 4 provides a quick break down of the simulation iterations with the list of the scintillator and
diameter combinations which were computed with MCNP. The CLYC-6 was modeled with a 6Li
enrichment of 99.99% (0.01% 7Li), while the CLYC-7 crystals assumed a 7Li enrichment of 99.99%
(0.01% 6Li).
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Table 4 – Scintillator Composition Details
Plastic Scintillator

Crystal Scintillator
CLYC-6

EJ-299-33A

CLYC-7

CLLB

Crystal Diameter
2-mm
3-mm
5-mm
2-mm
3-mm
5-mm
2-mm
3-mm
5-mm

Isotropic neutron point sources were defined with one of three initial energies (2.5-MeV, 4-MeV, 6-MeV)
depending on the entry of the sdef card. Using the F8 tally option available in MCNP, the spectral
distributions of the heterogeneous scintillator models were identified. Multiple F8 tally cards were added
to each simulation file in order to collect the spectral distributions for photons, protons and alpha-particles
as seen by the plastic and crystalline scintillator components. The results of these spectral distribution
simulations are collected in Figs. 8-16.
Figs. 8-10 show the spectral distribution data for an EJ-299-33A plastic scintillator matrix containing
several layers of CLYC-6 crystals with 2 mm diameters. Figs. 8a, b, and c offer a comparison of the
spectral distributions due to incident neutrons from a 2.5-MeV source. Spectra were broken down into
their component parts as alpha-particles (Fig. 8a), protons (Fig. 8b), and photons (Fig. 8c). Similar results
are summarized in Figs 9a-c for a neutron source energy of 4-MeV, and in Figs 10a-c for a neutron source
energy of 6-MeV. The CLYC-6 components easily picked up the spectral distributions of each particle of
interest. Unlike the CLYC-6 scintillator which produced noticeable spikes in the alpha-particle spectrum
for source energies of 2.5-MeV, 4-MeV, and 6-MeV, the plastic scintillator did not exhibit any peaks, or
non-zero values for this spectral distribution (Figs. 8a, 9a, 10a). The proton spectra showed better results
from the plastic component, but the magnitude of the spectral distribution values were far more noticeable
for the CLYC-6 component as evidenced in Figs. 8b, 9b, 10b. The photon spectra results for the plastic
and CLYC-6 components showed the greatest similarity (Figs. 8c, 9c, 10c), with CLYC-6 showing higher
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counts below the energy threshold of 0.5 MeV, above this limit the spectral distribution of the EJ-29933A exhibited higher counts per energy bin.

(a)
(c)
(b)
Fig. 8. (a) Alpha, (b) proton, and (c) photon responses of EJ-299-33A & CLYC-6 to 2.5 MeV source.

(a)
(b)
(c)
Fig. 9. (a) Alpha, (b) proton, and (c) photon responses of EJ-299-33A & CLYC-6 to 4 MeV source.

(a)
(b)
(c)
Fig. 10. (a) Alpha, (b) proton, and (c) photon responses of EJ-299-33A & CLYC-6 to 6 MeV source.

Figs. 11-13 show the spectral distribution data for an EJ-299-33A plastic scintillator matrix containing
several layers of CLYC-7 crystals with 2 mm diameters. CLYC-7 components reported the spectral
distributions of alpha-particles, protons, and photons for neutron source energies of 2.5-MeV (Figs. 11ac), 4-MeV (Figs. 12a-c), and 6-MeV (Fig. 13a-c). The EJ-299-33A component did not exhibit any counts
for the alpha-particle spectra (Figs. 11a, 12a, 13a), but it did record counts a magnitude lower than those
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of the CLYC-7 component for the proton spectra (Figs. 11b, 12b, 13b). Photon spectra results showed the
greatest similarity between the scintillators (Figs. 11c, 12c, 13c), with CLYC-7 showing higher counts
below 0.5-MeV, and EJ-299-33A exhibiting higher counts above this energy bin.

(a)
(b)
(c)
Fig. 11. (a) Alpha, (b) proton, and (c) photon responses of EJ-299-33A & CLYC-7 to 2.5 MeV source.

(c)
(a)
(b)
Fig. 12. (a) Alpha, (b) proton, and (c) photon responses of EJ-299-33A & CLYC-7 to 4 MeV source.

(a)
(b)
(c)
Fig. 13. (a) Alpha, (b) proton, and (c) photon responses of EJ-299-33A & CLYC-7 to 6 MeV source.

Figs. 14-16 show the spectral distribution data for an EJ-299-33A plastic scintillator matrix containing
several layers of CLLB crystals with 2-mm diameters. CLLB components reported the spectral
distributions of alpha-particles, protons, and photons for neutron source energies of 2.5-MeV (Figs. 14ac), 4-MeV (Figs. 15a-c), and 6-MeV (Fig. 16a-c). The EJ-299-33A component did not exhibit any counts
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for the alpha-particle spectra (Figs. 14a, 15a, 16a), but it did record counts a magnitude lower than those
of the CLLB component for the proton spectra (Figs. 14b, 15b, 16b). Photon results for the plastic and
CLLB components showed the greatest similarity (Figs. 14c, 15c, 16c), with CLLB showing higher
counts below the 0.5-MeV energy bin, and EJ-299-33A exhibiting higher counts above this energy bin.
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Fig. 14. (a) Alpha, (b) proton, and (c) photon responses of EJ-299-33A & CLLB to 2.5 MeV source.
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Fig. 15. (a) Alpha, (b) proton, and (c) photon responses of EJ-299-33A & CLLB to 4 MeV source.
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Fig. 16. (a) Alpha, (b) proton, and (c) photon responses of EJ-299-33A & CLLB to 6 MeV source.

The effect of the packing (volume) fraction on scintillator efficiency was studied for several variations of
the EJ-299-33A/CLLB model. The CLLB material was defined with a 6Li enrichment of 95%, and
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models were developed for 5 layers of spherical CLLB crystals placed inside of an EJ-299-33A cylinder.
Each layer was placed at a specific depth within the plastic matrix (Table 5).

Table 5 – CLLB Layer to Depth Correlation
Layer
1
2
3
4
5

Depth of Layer
0.55 cm
1.55 cm
2.55 cm
3.55 cm
4.55 cm

The depth was defined as the distance between the circular face of the plastic scintillator matrix and the
central axis of the spheres. Figs. 17a and 17b show an example of how the depth of these layers remained
constant while the diameter of the CLLB crystals was varied.

(a)
(b)
Fig. 17. CLLB layer placement in EJ-299-33A matrix for crystal diameters of (a) 5-mm, (b) 9-mm

The position of the spheres within a given layer was also fixed in relation to the central coordinate of each
sphere. Figs. 18a and 18b show two views of the heterogeneous scintillator, looking perpendicularly at
the circular face. A cross pattern was used to preserve the geometry through several iterations of the
sphere diameter. Each sphere in a given layer was separated from its neighbors by a constant distance (X)
as measured from the center of one sphere to the center of a neighboring cell’s center. Using this layout, it
was possible to vary the sphere diameters from 1 mm to 10 mm in 1 mm increments without making
additional changes to the geometry of the heterogeneous scintillator model or being required to reduce the
total number of crystal spheres in each layer.
28

(a)
(b)
Fig. 18. Geometry for individual CLLB crystal layers with diameters of (a) 5-mm, (b) 9-mm

Knowing that the model possessed 5 layers of crystals, with 13 crystals per layer, it was possible to
determine the total volume of CLLB material in the heterogeneous scintillator. This value was
subsequently used to identify the Packing Fraction of the CLLB which was defined as the ratio of the
CLLB volume to the total volume encompassed by the 5.08 cm by 5.08 cm cylinder of EJ-299-33A (103
cm3). Table 6 reports the different volumes and packing fractions with respect to the CLLB crystal
diameters modeled. Increasing the crystal diameter by a factor of 10 would increase the packing fraction
of the CLLB by a factor of 1000.

Table 6 – CLLB Model Packing Fractions
Diameter (mm)
1
2
3
4
5
6
7
8
9
10

CLLB Volume (cm3)
0.034
0.272
0.919
2.178
4.254
7.351
11.674
17.425
24.811
34.034

Packing Fraction (CLLB/Total)
3.3E-4
2.6E-3
8.9E-3
2.1E-2
4.1E-2
7.1E-2
0.1134
0.1692
0.2410
0.3305

Scintillator efficiency was based on the reaction rate for 6Li(n,α) and was directly influenced by the value
of the CLLB packing fraction (Fig. 19).
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Fig. 19. Efficiency of CLLB component based on 6Li(n,α) reaction rate for different packing fractions.

Isolating the reaction rate data by layer made it possible to determine the contribution of each layer to the
overall efficiency. Fig. 20 shows a comparison of this data. The crystal layer closest to the source
consistently produces the greatest contribution, with larger diameters having higher contributions.

Fig. 20. Effect of diameter and layer depth on contribution of CLLB crystals to detector efficiency.

Feasibility of various scintillators was examined for fast neutron detection. Simulations were broken into
two parts. The first step was the study of EJ-299-33A plastic scintillator to determine its efficiency and
suitability for fast neutron detection. Models were developed for 2.5-MeV and 14-MeV neutron beams
incident upon a scintillator cell. These energies were selected to simulate Deuterium-Deuterium (DD) and
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Deuterium-Tritium (DT) accelerator sources which are commercially available. For each beam, the depth
of the scintillator and the area of the scintillator surface which faced the beam were varied to study the
effect of these dimensions on the neutron induced reaction rates occurring within the scintillator cell.
These reaction rates were used as an indication of the efficiency of the scintillator cell. The overall trend
in data indicated that larger cell volumes had the potential for higher reaction rates.
The efficiency of heterogeneous scintillators for fast neutron detection was also considered. For this work,
heterogeneous scintillators were defined as a single, cylindrical cell of plastic scintillator material with
several layers of crystal scintillator spheres arranged inside of it. Isotropic neutron point sources were
defined with energies of 2.5-MeV, 4-MeV, and 6-MeV. Simulations were performed for the crystal
scintillators CLYC-7, CLYC-6, and CLLB. Although the plastic scintillator component remained a
constant size, the diameter of the crystal spheres was varied to determine if there was an ideal size at
which the plastic/crystal combination would work best. Quantitative results were reported using the pulse
height tally available in MCNP6. Separate tallies were added to each simulation to track the spectral
distribution of photons, protons, and alpha-particles as seen by the plastic and crystal components.
Additional simulations were carried out to identify the impact that the packing fraction of a crystal
scintillator had on the overall efficiency of the heterogeneous scintillator cell using the reported reaction
rates for 6Li(n,α). In addition, the heterogeneous scintillators enable photon spectroscopy.
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CHAPTER 4 – NEUTRON DETECTOR ARRAY MODELING
Cross-Talk Simulations
After determining the viability of detector materials for fast neutron detection, the next step was
computational modeling of detector arrays. The detector array was defined as a set of detectors, each a
single block of scintillation material acting as a pixel. The greatest challenge in developing these detector
arrays was the occurrence of cross-talk between detector cells. Fig. 21 illustrates this multi-step
phenomenon. First an incident particle (or radiation) enters a detector cell, interacting with the material
there. Assuming a collision with one or more atoms of the material, the particle will lose a portion of its
energy causing a scintillation event before leaving the cell. The flash of light from this event is translated
into a waveform by the detector instrumentation. Upon exiting the first cell, the particle may enter a
neighboring detector cell, depositing some or all of its remaining energy through interactions and causing
a new scintillation event. In this case both detector cells will register the same incident particle as
different particles, each generating a unique response based on the energy deposited.

Fig. 21. Cross-talk example
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This made it necessary to consider the effects of cross-talk on the measurements collected from a given
detector array. The F4 tally available in MCNP6 was used to report the average flux for each detector cell
in particles/cm2 and normalized per starting particle. The addition of cell flagging (CF) cards to each tally
made it possible to track particles as they entered and exited the different “pixels” in the detector array by
creating an additional bin to store flagged contributions. Figs. 22a and b show examples of the tallies used
for these input files. Fig. 22a shows the cards for tally 10004 which was designed to track neutron
contributions to each of the 25 detector cells and report a single average-flux value per cell. The addition
of the cell flagging card (CF10004) told MCNP6 to generate an additional data set for each reported flux
value for tally 10004, recording the average-flux value considering only those neutrons which were
flagged as having passed through at least one of the cells listed on the CF10004 card first. Fig. 22b shows
the card for tally 10014 which was designed to track neutron contributions to each of the 25 detector cells
and report a single average-flux value per cell. In this case, the cell flagging card CF10014 told MCNP6
to generate an additional data set for each reported flux value for tally 10014, recording the average-flux
value considering only those neutrons which were flagged as having passed through detector cell 20001
first. These tally and cell flagging cards were repeated in the input file to identify the contribution to each
average flux value caused by particles passing through other cells first. Additional tally and cell flagging
cards were included in the input deck for the purpose of tracking and tallying the photon contributions to
each of the detector cell responses.

(a)

(b)
Fig. 22. Cell flagging of neutrons (a) leaving any cell in the array, (b) leaving a specific cell in the array
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Cross-talk simulations were performed for “staggered” and “packed” detector array systems assuming a
neutron beam with a user-defined position and energy (pos and erg values in Fig. 23). These simulations
were tested for several combinations of neutron beam position and energy, with the outputs being
exported to excel for processing and comparison.

Fig. 23. SDEF card for 6-MeV Neutron Beam

Packed Detector Simulations
A standard set-up for detector arrays makes use of a “packed” arrangement, where individual detectors
are grouped together either in close contact or with a thin layer of material or shielding placed between
each scintillator cell to reduce the potential occurrence of cross-talk. The simulation geometry for the
packed detector simulations is shown in Fig. 24. Each simulation used a single neutron beam, which was
defined to be mono-energetic with a designated energy and direction. The detector array consisted of a 25
scintillator detectors arranged in a 5  5 grid, where each detector was in direct contact with neighboring
scintillator cells. Initial simulations assumed the dimensions of each scintillator cell to be 1 cm  1 cm 
1.5 cm. This size was selected due to commercial availability of crystal scintillators at this size. It is
possible to grow larger crystals, but the process is still a lengthy one, and the presence of defects in larger
crystals is more likely than those of a smaller size.
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Fig. 24. Simulation model for packed detector array.

In addition to varying the scintillator material and the dimensions of the scintillator cells used in each
simulation, several versions of the packed detector model were completed with different position cards
used to define the origin of the beam source. Each beam remained oriented perpendicularly to the detector
array as shown in Fig. 24, but changes to the beam origin changed the point on the detector array where
the incident particles from the beam were focused (Fig. 25).

Fig. 25. Neutron beam focus relative to cells

Nine beam impact locations were tested, each positioned to line up with the center of a different detector
cell. Beam 1 was centered on Cell 1, Beam 4 centered on Cell 6, Beam 7 was centered on Cell 11, etc., as
demonstrated by the red circles in Fig. 25. This variation allowed for comparison of cross-talk effects
based on beam position. Figs. 26a and b show examples of the simulation results for the CLYC-6
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scintillator material using a 6-MeV neutron beam source with incident neutron particles focused on Cell
13. Cell 13 reported the largest average flux without considering cross-talk (Fig. 26a), this outcome was
expected since incident particles were specifically aimed at this cell. Fig. 26b represents the average flux
for each detector cell assuming the tracked particles had previously left at least one other detector cell in
the array. Since most incident particles would enter the detector array at Cell 13, this cell showed the
smallest potential for cross-talk. It did exhibit a non-zero value, indicating that some particles may have
exited Cell 13, entered another cell, and been reflected back into Cell 13. This contribution was minimal
compared to the data for neighboring Cells 8, 12, 14, and 18.
The data in Figs. 26a and b used vertical units of neutrons/cm2 and horizontal units of pixels. These units
were used consistently for all cross-talk data plots, but to preserve the clarity of the figures units were not
printed on the axis for each figure.

(a)
(b)
Fig. 26. (a) Average flux and (b) flagged cross-talk contributions for EJ-299-33A using a 6-MeV neutron beam

Combining the F4 tally with a CF card for a single cell made it possible to track the contribution to the
average flux per cell caused by the cross-talk generated from a specific cell. Figs. 27a-y show the
breakdown of these results for each designated cell shown in Fig. 26b. Each plot shows the average flux
in the detector array due only to particles that are flagged as they leave a specific cell. As an example,
Fig. 27a shows the flagged contributions tallied in each detector cell, assuming the tallied particle exited
Cell 21 before being tallied. Fig. 27b shows similar flagged contributions, assuming the tallied particle
exited Cell 22 before being tallied.
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(a)

(b)

(c)

(d)
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(i)
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(t)

(u)

(v)
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Fig. 27. Average flux from flagged particles for EJ-299-33A scintillator using a 6-MeV neutron beam
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(y)

The cross-talk contributions for several plastic scintillator simulations are summarized below in Figs. 2830. Fig. 28a displays the cross-talk contributions due to particles leaving Cell 1, compared with Fig. 28b
which shows the cross-talk contributions due to particles leaving any of the cells within the detector array
prior to depositing energy in a different cell. Fig. 29a displays the cross-talk contributions due to particles
leaving Cell 5, compared with Fig. 29b which shows the cross-talk contributions due to particles leaving
any of the cells within the detector array prior to depositing energy in a different cell. Fig. 30a displays
the cross-talk contributions due to particles leaving Cell 9, compared with Fig. 30b which shows the
cross-talk contributions due to particles leaving any of the cells within the detector array prior to
depositing energy in a different cell.

(a)
(b)
Fig. 28. (a) Cross-talk and (b) cross-talk summation contributions for beam position 1

(a)
(b)
Fig. 29. (a) Cross-talk and (b) cross-talk summation contributions for beam position 5

(a)
(b)
Fig. 30. (a) Cross-talk and (b) cross-talk summation contributions for beam position 9
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The reduction of cross-talk effects was also studied by adding lead shielding between the scintillator
elements of the model. The selection of lead was considered to reduce photon cross-talk component. Fig.
31 shows the modified detector array used for these simulations. The same 25 pixel grid was used, but an
additional 1 mm layer of lead was placed between each of the scintillator cells. Since only a very thin
layer of lead was used, the impact on neutron measurements was expected to be negligible, while
reduction of interference due to photons would be maximized. Assuming the use of 1 mm thick lead
plates to surround the sides of each cubic cell (1 cm dimensions) while leaving each front (facing the
source) and back (surface coupled to a PMT) face, this would add an additional weight of 0.76 lbs to the
array, with each millimeter of thickness added to the lead shielding increasing the weight of the array by
an additional 0.76 lbs. By increasing the size of the scintillator cells to 5.08 cm  5.08 cm with a 1 cm
depth and maintaining a lead thickness of 1 mm the weight of the array would be increased by 3.8 lbs.
Each subsequent millimeter of lead would add an extra 3.8 lbs. If the depth of the scintillator cells was
increased to 5.08 cm, the weight of the lead would increase to 19.4 lbs, with each additional millimeter of
lead shielding adding another 19.4 lbs.

Fig. 31. Simulation model for packed detector array with lead shielding.

Simulations were performed for 1-MeV, 2.5-MeV, 6-MeV, and 14-MeV neutron beams incident upon a
detector array with 1 mm sheets of lead placed between the individual scintillator cells. Results from
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these simulations are reported in Figs. 32 and 33, where color coding of data sets is used to indicate the
cross-talk data produced by a given neutron beam energy. In these plots, 1-MeV neutron beam data is
denoted by dark blue, 2.5-Mev neutron beam data is identified by light blue, 6-MeV neutron beam data
uses green, and 14-MeV neutron beam data is colored yellow. It is interesting to note that the lower
energy neutron beams exhibit larger cross-talk contributions than higher energies, but this can be
explained by the difference in material interactions caused by the energy difference. Comparing the crosstalk contribution depicted in Fig. 32 for Cell 18 (Tally 10184), the largest contribution to cross-talk was
due to radiation from the 1-MeV neutron beam, while the lowest contribution was caused by the 14-MeV
neutron beam.
Each figure shows a comparison of the cross-talk contribution caused by each cell within the detector
array. Fig 32 displays the cross-talk data for each shielded cell, with each plot assigning a maximum
value to the vertical axis based on the highest count per source particle reported for that tally. This
demonstrated the occurrence of cross-talk despite the focus of the neutron beam being several cells away.
Magnitudes of the reported counts per source particle for a given tally varied by factors as large as 100.
Fig. 33 provides a visual comparison of the overall impact of the cross-talk occurring between the
detector array cells. For this case, each subplot’s vertical axis was normalized using the maximum value
of counts/source particle reported by the simulations being compared. Although it gives the appearance
that no cross-talk occurs in cells farther from the focus of the neutron beam, this is due only to the scale of
the vertical axis.
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Fig. 32. Cross-talk contributions for neutron beams focused on Cell 9 of shielded model
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Fig. 33. Normalized cross-talk contributions for neutron beams focused on Cell 9 of shielded model
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Staggered Detector Simulations
A novel option that recently received attention is the use of a detector array comprised of independent
detectors, placed so that they cover a solid angle of emission despite being spaced out [129]. Due to the
limited range of most radiations in air, the distance between the detectors should reduce the potential of
cross-talk between the different detectors. Although it can significantly reduce the potential occurrence of
cross-talk, the gaps between the detectors can lead to the presence of artifacts when data is subjected to
reconstruction processes and treatments [129]. This trade-off can be exploited by reducing and optimizing
the gap distance between detectors so as to minimize the occurrence of both cross-talk and artifacts.
Fig. 34 shows the geometry used to model a staggered detector arrangement for this purpose. Cubic
scintillator cells were modeled in two rows using a staggered checkerboard pattern to effectively
eliminate gaps between the detectors without causing artifacts due to empty array volumes.

Fig. 34. 3D view of staggered array used in simulations

Simulations were performed for 2.5-MeV and 14-MeV neutron beams incident upon a detector array with
a staggered checkerboard pattern of scintillator cells. Results from these simulations are reported in Figs.
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35 and 36, where color coding of data sets is used to indicate the cross-talk data produced by a given
neutron beam energy. In these plots, 2.5-MeV neutron beam data is denoted by dark blue and 14-MeV
neutron beam data is colored yellow. As in the previous simulations with shielded scintillator cells, the
lower energy neutron beam appeared to cause larger cross-talk contributions than the 14-MeV neutron
beam.
Each figure shows a comparison of the cross-talk contribution caused by each cell within the detector
array. Fig 35 displays the cross-talk data for each shielded cell, with each plot assigning a maximum
value to the vertical axis based on the highest count per source particle reported for that tally. This
demonstrated the occurrence of cross-talk despite the focus of the neutron beam being several cells away.
Magnitudes of the reported counts per source particle for a given tally varied by factors as large as 100.
Fig. 36 provides a visual comparison of the overall impact of the cross-talk occurring between the
detector array cells. For this case, the upper limit of each subplot’s vertical axis was defined using the
maximum value of counts per source particle reported by the simulations being compared. Although it
gives the appearance that no cross-talk occurs in cells farther from the focus of the neutron beam, this is
due only to the scale of the vertical axis.
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Fig. 35. Cross-talk contributions for neutron beams focused on Cell 9 of staggered model
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Fig. 36. Normalized cross-talk contributions for neutron beams focused on Cell 9 of staggered model
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Figs. 37-40 are comparisons of the cross-talk responses reported for the unshielded packed array, the lead
shielded scintillator array, and the staggered array. Figs. 37 and 38 show the effect of these three system
models on cross-talk for a 2.5-MeV neutron beam. Figs. 39 and 40 show the effect of the system models
on cross-talk for a 14-MeV neutron beam. Each figure uses the same color scheme to identify data from a
specific system model. Cross-talk data from the unshielded scintillator model appears in dark blue. The
dark blue identifies data from the array model which used 1mm lead to wrap the scintillator cells. Yellow
is used for cross-talk data from the staggered array model.
Although the shielding method showed a reduction in cross-talk for both the 2.5-MeV and 14-MeV
neutron beams, the effect was not large enough to justify the additional difficulty and weight of
machining and adding lead sheets to the detector array. Similarly, the reduced cross-talk occurrence
shown by the staggered array was not sufficient enough to make it worth increasing the dimensions of the
detector array and potentially limiting the ease of transporting the detector array.
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Fig. 37. Comparison of cross-talk contributions to average flux for packed, shielded, and staggered arrays for 2.5-MeV neutron beam focused on Cell 9
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Fig. 38. Comparison of cross-talk contributions to average flux for packed, shielded, and staggered arrays for 2.5-MeV neutron beam focused on Cell 9
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Fig. 39. Comparison of cross-talk contributions to average flux for packed, shielded, and staggered arrays for 14-MeV neutron beam focused on Cell 9
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Fig. 40. Comparison of cross-talk contributions to average flux for packed, shielded, and staggered arrays for 14-MeV neutron beam focused on Cell 9
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Imaging Applications
While current imaging technologies encompass fast neutron and dual photon techniques, the goal of this
research was to study detector arrays capable of fast neutron detection. If the chosen scintillator is
inherently capable of PSD, photon signatures can be discarded on-the-fly or during post-processing,
allowing just the fast neutron signatures to be used for imaging applications. To this end, additional
computational studies were carried out to explore detector array applications in imaging technologies.
This was explored using the additional tallying options offered by the MCNP suite. While F4 tallies are
preferred for determining the average flux per cell, MCNP5 offers the FIR, RMESH, and F5 tallies for the
purpose of generating data sets representative of the responses a physical detector array would produce
during experimental testing. The FIR tally was found to be ideal for this task, and was applied for use
with the models considered here. Several computational studies have been carried out simulating the
effectiveness of using detector arrays.
Computational Study 1 – Box Model with fan beam source [130]
The model for this study made use of a single, mono-energetic, isotropic point source to produce neutrons
and photons with designated energies. 2D and 3D views of the simulation geometry are shown in Figs.
41a and 41b. An aluminum container filled with objects was placed between the point source and detector
array. The point source was collimated to produce a 3cm wide fan beam of neutrons with energies of 2.5MeV and 14-MeV. Using the FIR tally, the detector array for this model was defined with horizontal and
vertical dimensions of 6 cm  92 cm. This area was further divided into a 3  100 pixel grid, where each
pixel had a surface area of 2 cm  0.92 cm. To produce complete radiographic images of the container it
was subjected to translational movement across the XY plane with transmission data being collected in
twelve different “slices”. A complete image of the container and its contents was then produced by
combining together a set of slices. Additional data was generated for potential 3D reconstruction
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applications by performing simulations where the container was rotated about the vertical z-axis between
0° and 180° using 5° increments.

(a)

(b)
Fig. 41. (a) 2D and (b) 3D views of the fan beam system modeled in MCNP

The aluminum container was designed as a cube, with external dimensions of 50 cm  50 cm  50 cm and
3 cm thick walls. To demonstrate the effectiveness of the fan beam and detector array system, the
container was filled with an assortment of parallelepipeds and L-shapes, as depicted in Fig. 41b. These
objects were given the geometric arrangement shown in Fig. 42, where each body was assigned a unique
set of properties summarized in Table 7. Three materials, iron, polyethylene, and lead were selected due
to the variation in their Z-values. This difference made it possible to compare the radiographic
transmission images produced by neutron sources to determine their effectiveness in imaging
applications.
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Fig. 42. Interior object dimensions for fan beam imaging

Table 7 – Dimensions of Items Included in Fan Beam Model
Number (Fig. 42)
1
2
3
4
5
6
7

Object
L-shape
L-shape
L-shape
Parallelepiped
Parallelepiped
Parallelepiped
Parallelepiped

Interior Objects
Material
Dimensions (cm)
Polyethylene
5(T)  8(W2)  10(H2)  16(W1)  16(H1)
Iron
5(T)  8(W2)  10(H2)  16(W1)  16(H1)
Lead
5(T)  8(W2)  10(H2)  16(W1)  16(H1)
Polyethylene
10(T)  6(W)  10(L)
Lead
10(T)  6(W)  6(L)
Lead
5(T)  6(W)  6(W)
Polyethylene
5(T)  6(W)  6(W)

Several of the radiographic transmission images produced from these 2.5-MeV and 14-MeV neutron
simulations are shown in Figs. 43a-c and 44a-c respectively. Transmission values for each pixel were
reported per source particle as particles/cm2. In both the 2.5-MeV and 14-MeV simulations the data
showed that the detector array was capable of easily discriminating between the container and interior
objects. Data from the 14-MeV set of simulations showed improved material discrimination when
compared with the data from the 2.5-MeV simulations, even when rotating the model 150° about the
vertical axis. Lower energy neutrons exhibited reduced transmission rates (only about 25% of incident
neutrons reached the detector) when passing through the aluminum walls of the container compared with
the neutron transmission rates for the 14-MeV neutrons (~50%). Similar trends were exhibited for each of
the orientations when comparing neutron transmission through the hidden cells of polyethylene, iron, and
lead. Although data from the 2.5-MeV neutron source could differentiate between individual cells and the
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surrounding container, it was not sufficient by itself to indicate that the material of cells was different
(Figs. 43a-c). Simulation data for 14-MeV neutrons demonstrated an improved stand-alone capability for
potential object discrimination, producing visibly unique transmission values for different materials and
thicknesses (Figs. 44a-c).

(a)

(a)

(b)

(b)

(c)
Fig. 43. Radiograph images from DD source for (a) 0°,
(b) 50°, and (c) 150° orientations

(c)
Fig. 44. Radiograph images from DT source for (a) 0°,
(b) 50°, and (c) 150° orientations
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Computational Study 2 – Box Model with cone beam [131]
Additional box model studies were done using a revised system set-up similar to that used in the fanbeam simulations. The collimator on the isotropic point source was modified so that the source would
produce a cone beam of neutron radiation. The detector array was also expanded to include 10,000 unique
points placed in a 100 pixel  100 pixel grid, with each detector having a surface area of 0.92 cm  0.92
cm. Since the detector array was widened to cover the full transmission area created by the source and
container, the need for translational motion was negated. Instead, only rotational motion of the container
was implemented in simulations studies. As indicated in Figs. 45 and 46, the container model was still
rotated about its central vertical (z-axis). The container model was placed in the system such that the
center of the container was 274cm away from the source, and 55cm from the detector array. 5° increments
were used in rotating the container between 0° and 180° to produce a total of 36 unique radiographic
transmission images.

Fig. 45. Top view of imaging system using an isotropic, mono-energetic point source

As previously stated, the internal configuration of the container was modified to include more cells of
varying materials and dimensions. The container properties remained consistent with the previous model,
it was a cubic box made of aluminum with an external side length of 50 cm, and a wall thickness of 3 cm.
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Fig. 46. Model set-up for imaging using an isotropic, mono-energetic point source

New materials including tungsten, copper, calcium, and salt were added to the model to provide a wider
array of low-Z and high-Z options. A new geometric configuration was introduced as a conical and
spherical bodies were added and two of the L-shapes were broken into smaller cells to produce the layout
shown in Fig. 47. An additional irregular body was also included to test the resolution of the detector
pixels when examining off-angle bodies with surfaces that cross multiple detector pixels. The material
properties and dimensions of each included cell are summarized and recorded in Table 8.

Fig. 47. Model set-up for imaging using an isotropic, mono-energetic point source
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Table 8 – Dimensions of Items Included in Cone Beam Model
Aluminum Box
Exterior Dimensions (cm)
50  50  50
Number (Fig. 47)
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Object
Cone
Parallelepiped
Parallelepiped
Parallelepiped
Parallelepiped
Parallelepiped
Irregular Body
Parallelepiped
Parallelepiped
Parallelepiped
Parallelepiped
Parallelepiped
L-shape
Sphere

Wall Thickness (cm)
3
Interior Objects
Material
Dimensions (cm)
Iron
8(H)  6(Dia)
Tungsten
10(T)  9.9(W)  8(L)
Copper
10(T)  6(W)  7.9(L)
Calcium
10(T)  6(W)  8(L)
Copper
10(T)  6(W)  7(L)
Calcium
10(T)  6(W)  8(L)
Lead
10.1  13.6  8.7  6
Tungsten
10(T)  9(W)  8(H)
Graphite
10(T)  6(W)  6(H)
Boron
10(T)  6(W)  10(H)
Calcium
5(T)  6(W)  6(H)
Salt (NaCl)
5(T)  6(W)  6(H)
Polyethylene
10(T)  8(W2)  10(H2)  16(W1)  16(H1)
Water (H2O)
6 (Dia)

The radiographic transmission images (Figs. 48a-c) produced from these simulations indicated that a 2.5MeV neutron source may not be a high enough energy to penetrate through both the walls of the
aluminum container and the increased number of hidden objects. Although there were still several spots
which showed almost 100% transmission of incident source particles, these identified the external
environment surrounding the box itself. The interior of the box, including the specific locations of the
hidden cells showed less than 30% transmission. The exception to this was radiographic data for the 0°
orientation (Fig. 48a) which exhibited general shapes and showed increased transmission in the very
center of the box, where the center of the radiation cone would have been focused. Additionally it is
possible to make out some slight definition of cells, although the transmission values are too similar to
clearly define different materials for these cells. Figs. 48b and c were able to differentiate between the
external environment, the walls of the container, and the interior but not much else. There were spots
visible where the transmission values were near zero, but there was no clear definition or outline of the
shapes which were responsible for the reduced transmission in this location.
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(a)

(b)

(c)
Fig. 48. Radiograph images from DD source at (a) 0°, (b) 50°, and (c) 150° orientations
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Computational Study 3 – Engine Model [132]
With consideration for potential industrial applications, fast neutron imaging was studied for a simplified
V6 engine. Fig. 49 depicts the 3D model used, with the source, target, and detector array. The source
point was aligned with the center of the detector array, at a distance which allowed for radiographic image
of the engine to be fully captured by the array. Simulations used an isotropic point source to generate
neutrons with energies of 0.1-MeV, 0.5-MeV, and 2.5-MeV. The FIR tally was used to add a 100 cm 
100 cm array of point detectors and to subdivide the array into a 200 pixel  200 pixel grid. This
effectively gave each point detector (pixel) a surface area of 0.5 cm  0.5 cm.

Fig. 49. 3D MCNP model of the imaging scenario

Figs. 50a and b show enlarged views of the engine, including hidden cells. Three aluminum blocks were
assembled in a Y-shape to create the engine. One block served as the base, the other two were used to add
the “arms” of the engine. A cylindrical void was added to the base with a diameter of 17.8 cm (DB) and a
length of 58 cm (LB), and each arm was given 3 cylindrical voids with diameters and lengths of 18 cm
and 29.9 cm respectively. The external height (H), width (W), and length (L) of the engine were 46 cm,
66 cm, and 60 cm respectively. Engine height was defined from the bottom of the base to the uppermost
point of the arms, and the width was defined between the farthest corners of the arms (Fig. 50b).
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(a)
(b)
Fig. 50. Enlarged (a) 3D and (b) 2D view of engine body with dimensions

The engine was positioned within the model so that its central y-axis was 55 cm from the detector array
and 274 cm from the source (Fig. 51). To generate different sets of radiographic transmission data, the
engine block was rotated about the x-axis of the model (Figs. 52a and b). The point of rotation was
defined as the center of the engine block, to allow for clear comparison of the data for the base and arms.
To test the effectiveness of the detector array in discriminating between materials, the engine body was
defined as aluminum, with additional cylinders of gasoline, polyethylene, and water were placed inside
the voids as labeled in Fig. 53.

Fig. 51. 2D MCNP model of the imaging scenario
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(a)

(b)
Fig. 52. Additional orientations used for imaging of (a) empty and (b) filled sections of the engine

(a)
Fig. 53. Enlarged 3D view of engine body with materials

Several of the resulting radiographic images for this series of simulations are shown in Fig. 54. Generated
for a 2.5-MeV neutron source, the color schemes in the figures are based on the transmission of source
particles through the engine body to the detector array. The 2.5-MeV source energy was selected due to
the popularity and availability of DD neutron generators. The values reported by the FIR tally used units
of particles/cm2 with respect to source, with 100% transmission indicating no material present between
the source and the detector. Similarly, 0% transmission indicated that the material between the source and
the detector array was thick enough to stop and absorb all or at least the majority of incident source
particles.
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Using the transmission values for each simulation, it was possible to generate the different views shown
in Figs. 54a-c. There are obvious differences visible in the transmission between the different rotations of
the model. Looking at the side-view of the engine (Fig. 54a), the aluminum body of the engine proves too
thick for quick or easy identification of any hidden materials. Despite this, it is still possible to identify
the thinnest portions of the engine walls, as seen at this angle, by locating the green and yellow portions.
These portions identify where the voids of the base and arms overlap, leaving less material between the
source and detector array. It is possible to identify the central void the engine arm which was not filled
with an additional material cell. There are also vague outlines in the right and left voids of the arm, where
the polyethylene and water cells do not fully fill their respective voids.
Figs. 54b and c offer clearer images of the interior of the engine due to the rotation of the model. Fig. 54b
shows a clear view of the empty arm of the engine. For this data set, the model was oriented with the
empty arm of the engine parallel to the detector array, and the filled arm perpendicular to the detector
array as was depicted in Fig. 52a. The results here showed good distinction between the voids of the arm,
with nearly 100% transmission of source particles through the center of the arm voids. The increased TRs
correctly indicated that the aluminum walls were thinnest at these points. Focusing on the overlap of the
base and filled arm in this result, it was also possible to make out the outline of the gasoline cylinder, as
well as the location of the water and polyethylene cells. The gasoline shows up as a darker orange bar
which crosses all three of the voids in the arm facing the source, while the polyethylene and water cells
appear as darker red circles within their respective voids.
Fig. 54c shows a clear view of the filled arm of the engine. For this data set, the model was oriented with
the filled arm of the engine parallel to the detector array, and the empty arm perpendicular to the detector
array as was depicted in Fig. 52b. The results here showed improved distinction between the voids of the
arm, with nearly 100% transmission of source particles through the empty central void of the parallel arm.
The transmission values in the neighboring voids were visibly reduced where the extra cells were located.
The polyethylene exhibited lower transmission values (orange) compared with the greater transmission
values of the water (yellow). Focusing on the overlap of the base and perpendicular arm in this result, it
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was also easier to note the outline of the gasoline cylinder against the aluminum body of the engine and
the voids in the arm facing the source.

(a)

(b)

(c)
Fig. 54. 2.5-MeV neutron images of engine (a) side-view, (b) empty arm, and (c) filled arm
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One of the key challenges facing detector array applications is the occurrence of cross-talk between
pixels. Incident particles and electromagnetic waves rarely deposit all of their energy during the first
interaction, which can lead to a single incident particle or wave generating multiple scintillation events
across several cells. To study this effect and potential solutions for it packed, shielded, and staggered
array designs were modeled using MCNP6. The results of these simulations indicated that it was possible
to reduce gamma-ray cross-talk between cells by adding shielding material between the individual
scintillation cells, or by modifying the layout so neighboring cells were not in direct contact with one
another. In both cases the reduction in cross-talk was not sufficient enough to justify the solution. For the
shielded array, not only did the extra material increase the weight of the detector array, it added dead
space between each pixel where incident particles were undetectable. The staggered array model
eliminated this dead space and the additional weight due to shielding, but doubled detector array depth.
This increase was negligible for shallow scintillator cells, but arrays quickly become cumbersome and
difficult to transport as cell depth is increased. Due to the unavoidable occurrence of cross-talk, and the
impractical nature of shielding or staggering detector cells, it would be preferable to exploit cross-talk
information to reconstruct an incident particle’s trajectory through several pixels and identify the point of
entry into the detector array.
By employing fast neutron detectors arrays using PSD capable scintillators, it is possible to use a single
array for dual-radiation imaging tasks. Whether present as background radiation, or created as secondary
charged particles from neutron interactions, photon signatures are always present. When employing PSD
enabled materials for fast neutron detector arrays, it is possible to isolate the photon components of a
measurement or image. Once isolated, this response component can either be preserved and analyzed for
additional information or discarded. Simulations were developed for fan and cone beam based imaging
systems using a standard unit load device and a simplified V6 engine block. In each simulation several
objects were hidden within the target object, each with different material properties and dimensions.
Source radiations and energies were defined using standard combinations that could be replicated with
DD and DT generators.
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CHAPTER 5 – EXPERIMENTAL STUDY
EJ-299-33A Experiments
The final objective of this research focused on experimental study of the plastic scintillator, EJ-299-33A
for fast neutron detector array. The available sample was a square cube of transparent plastic, shown in
(Fig. 55). Manufactured with inherent PSD capabilities, five of the cube’s surfaces were wrapped in white
Teflon tape, leaving only one face exposed for detection applications. Prior to testing, black electrical tape
was wrapped around the covered surfaces to reduce light leakage.

Fig. 55. Plastic scintillator used for experimental verification

The scintillator was coupled to a Hamamatsu R6231 PMT (Figs. 56) using optical grease. This PMT
possessed a 2 in diameter, but the effective area of the exposed face had a 1.8 in diameter. The PMT was
wrapped in black electrical tape prior to testing as a precaution against light leakage.

Fig. 56. Hamamatsu PMT used for PSD testing
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The plastic scintillator and PMT were wrapped with more electrical tape both to secure the pieces
together and to provide an additional barrier against light leakage during measurements. A high voltage
base was added to connect the PMT to an eMorpho unit from Bridgeport Instruments (Fig. 57). This unit
was used to collect and transmit data to a user terminal where measurements were reported and analyzed.

Fig. 57. Detector assembly for PSD testing of EJ-299-33A

After verifying the electronics and scintillator in photon fluxes, the PSD capabilities of the EJ-299-33A
plastic scintillator were tested using the mixed neutron/photon fluxes produced by a 2 Ci PuBe source.
The experimental arrangement for these measurements is shown in Fig. 58. The source is kept in a 55gallon, steel drum filled with paraffin wax. A horizontal beam port was designed into the unit which
extends from the center of the drum to the external environment. In order to perform the measurements,
the PuBe source was raised so that it sat in line with the beam port, and the detector face was placed at the
same level as the beam port. Measurement data was collected for 250 buffers, recording a total of 85,000
scintillation events (340 events per buffer).
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Fig. 58. Detector set-up for PuBe measurements

Results for PSD analysis of a PuBe measurement are shown in Fig. 59, with energy values which were
calibrated using known Co60 and Cs137 sources. For this data, the scintillation events have already been
assigned PID values by the software, using Eqn. 3 (Chapter 2, pg. 17). Each data point in the figure
identifies a single scintillation event observed by the attached PMT. A quick visual inspection allowed for
discrimination between the neutron (red) and photon (black) arms. Using the point on the vertical axis
where the arms appear to separate (PID = 1.05), neutron waveforms were defined as having PID values
greater than this, while those below the limit were identified as photons.
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Fig. 59. PSD data from PuBe response measurement
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Quantitative analysis of the detector’s PSD capability was done by calculating the Figure of Merit (FOM)
using a PID graph, where counts are plotted against PID values. Depending on the radiation source, these
plots will show one or more peaks as Figs. 60a and b show. Fig. 60a is a plot of the measured Counts vs.
PID data for photon source. In this case there is only a single finger present because only photons were
produced by the source and seen by the scintillator and PMT. In contrast, Fig. 60b shows a similar data
set, this time measured in the mixed neutron/photon flux of the PuBe source. Since the detector was
subjected to neutrons and photons, both radiations were detected, creating two unique fingers on the plot.
The taller, narrower peak with the lower PID range (0.05-0.2) is caused by the detected photons, while the
shorter, wider peak with the higher PID range (0.2-0.4) is due to the neutrons detected.

(a)
(b)
Fig. 60. PID plots for (a) photon flux and (b) mixed neutron/photon flux

The goal of calculating the FOM is to determine a detector’s suitability for PSD analysis, it is generally
applied only to measurements where more than one radiation type is detected. In this instance, the plot in
Fig. 60b was used to determine the FOM for the scintillator detector. An FOM calculation is simply the
ratio of the peak separation to summation of the peak widths using the formula and variables identified in
Fig. 61. The first variable, the peak separation (T), was calculated as the horizontal difference between the
peak values of each finger. The remaining values were the widths of the photon (WP) and neutron (WN)
peaks. These values were defined at the point of the Full Width Half Maximum (FWHM) for their
respective peaks. Applying these values to the formula an FOM value of 2.08 was calculated.
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Fig. 61. PSD data from PuBe response measurement

Extensive experimental work was also performed for the EJ-299-33A plastic scintillator [54]. Using the
Van de Graaff accelerator at the University of Kentucky Accelerator Laboratory, response functions for
this particular scintillator were measured for incident neutrons with tuned energies from 0.1-MeV to 8.2MeV and from 12.2-MeV to 20.2-MeV. Part of this work focused on the development of a PSD postprocessing code designed specifically to divide recorded response functions into their respective photon
and neutron components, and carrying out spectral unfolding techniques.
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CHAPTER 6 – CONCLUSIONS & FUTURE WORK
Conclusions
The main objective of this research was achieved. A variety of scintillator materials and compositions
were compared to determine their efficiency and potential application as fast neutron detection
components. In particular, the feasibility of the plastic scintillator EJ-299-33A, and the crystal scintillators
CLLB and CLYC were the subject of numerous studies. Simulations were developed and tested for both
homogeneous and heterogeneous cells of these materials. Although CLLB and CLYC showed reasonable
resolution and efficiency when applied for neutron detection, their fragile crystalline state made them less
than desirable, the additional financial and time costs related to growing large crystals was another
prohibitive factor against their use in neutron detector arrays. Moreover, characteristic scintillation time
of the neutron component for crystal scintillators is much slower than that of plastic scintillators. The EJ299-33A scintillator was demonstrated to have reasonable PSD capabilities making it a good candidate
for fast neutron detector arrays. Additionally the durable plastic nature of this scintillator makes it
possible to mass produce a variety of shapes and sizes without incurring the extreme costs of crystalline
scintillators.
Additional simulations were done to study detector arrays using a 5 pixel  5 pixel design and an incident
neutron beam. In particular, these simulations focused on the occurrence and impact of cross-talk between
the unique scintillator cells in a single array. Models were developed and tested for packed, shielded, and
staggered detector arrays, with the cross-talk in each of these models being compared. While the shielded
and staggered models did show a slight reduction of gamma-ray cross-talk between cells, it was not
significant enough to justify the extra weight and bulkier dimensions caused by these models. Additional
imaging simulations were performed for cargo and an engine block using isotropic neutron point sources
with energies of 2.5-MeV and 14-MeV. The goal of these simulations was to identify the potential of
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employing neutron imaging systems composed of detector arrays and either DD or DT generators. Results
indicated that it was possible to use either neutron source in imaging.
The final part of this research involved testing the PSD capabilities of an EJ-299-33A plastic scintillator
cell. The scintillator detector was tested using photon sources, and its PSD capabilities were investigated
using mixed neutron/photon fluxes from a PuBe source. Analysis of measurement data reported the FOM
of a neutron/photon PSD as 2.08, making EJ-299-33A suitable for fast neutron measurements.

Future Work
The next phase for this research is the assembly of a multi-pixel fast neutron detector for testing in
neutron or neutron/photon fluxes. This phase poses several challenges, the greatest of which is the need
for development of the electronics and hardware necessary to process data from a detector array. SiPM
boards are already commercially available, complete with Si avalanche photodiode arrays which make
their use in directional and imaging related tasks possible. Fig. 62 shows one of these boards, produced by
SensL, which possesses an 88 array of Si avalanche photodiode arrays for a total of 64 pixels. Each Si
avalanche photodiode pixel measures 7 mm  7 mm, with a reported active area of 6 mm  6 mm, is
capable of optical readout of scintillation emissions of the plastic EJ-299-33A.

Fig. 62. Sensel SiPM board with 88 array
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Testing of this arrangement could be done by optically coupling a scintillator cell to the SiPM board and
ensuring the SiPM board and scintillator cell are properly wrapped to prevent light leakage from
interfering with measurements. It is possible to use SiPM for signal processing of plastic scintillator
emissions and neutron/photon PSD, but further development of microelectronics for multiplexing and
data analysis is required before this could be exploited for measurements.
Testing of the fast neutron detector array would also require the acquisition and use of multiple
scintillator cells. Although a solid scintillator cell can be used to fully cover the SiPM, and jumper cables
used to read the output of a single pixel, a single cell should be optically coupled to each SiPM pixel.
These cells should also be wrapped or coated with an opaque material to prevent light leakage and keep
the scintillators optically separated from one another.
A final task for consideration would be the development of a reconstruction technique capable of utilizing
cross-talk between pixels to locate the entry point of a given particle or electromagnetic wave. Since the
elimination of cross-talk between pixels is impractical and available options to reduce it are unsuitable,
being able to utilize this information to locate where radiation initially entered the array would make
detector arrays more efficient.
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APPENDIX A – LIQUID SCINTILLATOR SPECIFICATION SHEETS
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