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ABSTRACT

Neutron detection with directional sensitivity is an increasingly sought-after tech-

nology in nuclear safety and security. To keep the nuclear material secure, an accurate

assessment of its material composition, quantity, and location is needed. The location

of a source can be narrowed down with directional detection. Detection of neutrons is

needed for this application due to the increased difficulty for an adversary to shield

neutrons to evade detection as opposed to γ radiation. Directional detection requires

position sensitivity in the detector volume to obtain information from which directional-

ity can be reconstructed. One approach to achieve position-sensitive neutron detection

is the use of recoil-capture composite scintillators comprising of a neutron recoil and

neutron capture component coupled with an array of silicon photomultiplier (SiPM)

pixels. This dissertation encompasses work to advance the development of directional

recoil-capture neutron scatter cameras, which share much of the underlying technology

with highly segmented reactor antineutrino detectors.

To discriminate neutrons from γ radiation, differences in pulse shapes are exploited

in a process known as pulse shape discrimination (PSD). Detector designs that contain

a capture element such as 6Li can also uniquely identify neutron captures. The first

section of this dissertation extends previous work on heterogeneous composite detectors

that comprise a polyvinyl toluene (PVT) recoil component and a 6Li glass capture

component. In such detectors, it is found that charged particles depositing energy

through two different materials can produce composite pulse shapes with pulse shape

characteristics dependent on the proportion of energy deposited in each material.

The nature of composite pulse shapes in such heterogeneous detectors is investigated

xiii



through experimentation with a representative composite detector with 500-µm shards

and 7 wt.% 6Li glass loading. This detector is also simulated in Monte Carlo simulation

to find energy deposition fractions in the two materials. An estimate for the resulting

PSP is made by combining PVT and 6Li glass waveforms from averaged experimental

waveforms and the simulated energy deposition fraction. From this, a 3σ-region γ

rejection was reconstructed for the 7 wt.%. In addition, estimates for other 6Li glass

loadings were obtained. Some discrepancies are identified between the simulation and

experiment, and the simulation of the effect of uneven shard distribution suggests a

possible explanation.

To gain insight into the potential contribution of capture location information can

have on improving directionality information, a Bayesian updating approach is applied

to an idealized spherical detector 12.7 cm in diameter. Lookup tables describing

the likelihood of the interaction types and locations were constructed with Geant4

simulations of 106 incident neutrons per angle. Using these lookup tables, Bayesian

updating was performed on a sequence of simulated events with an identical setup but

a different random number seed to find the improvement of the angular estimate with

each additional incident neutron. The recoil-only case was compared to the case with

recoil with capture. When a low light output threshold is set, there is no significant

improvement in the angular estimate after a given number of trials. However, in cases

where the neutron/γ discrimination threshold is high, neutron capture was able to

improve an angular estimate of incoming neutron direction by ∼ 20◦ for 100 incident

neutrons due to the recovered recoil events that would fall below the discrimination

threshold.

In practice, position information is not exactly known and thus arrays with tens to

hundreds of channels are needed to attain acceptable event position resolution. The

feasibility of using an application-specific integrated circuit (ASIC) was investigated

for data acquisition, as ASICs provide high channel densities at low cost-per-channel.
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However, the lack of waveform digitization in many of these systems precludes the

use of full waveform analysis for PSD. In this work, an ASIC designed for positron

emission tomography (PET) imaging, Time of Flight Positron Emission Tomography

2 (TOFPET2), was adapted for use in pulse-sensitive measurement. Pulse shape

sensitivity was obtained by splitting an input signal from a SiPM into two channels to

be integrated over two different periods. Rudimentary PSD was shown for a stilbene

cube exposed to a 252Cf source mounted on a SiPM, with a PSD figure of merit (FOM)

of 1.190. In addition, an light emitting diode (LED)-based calibration system was

developed to correct for nonlinearities in the SiPM/ASIC system. To obtain the

calibration curve, an LED powered by a square pulser with varying pulse lengths

and amplitudes produced light pulses and was measured by the SiPM/ASIC system.

The light was also measured using a photodiode with a full waveform digitization

readout. A dependence of the calibration curve on pulse shape was observed at more

intense light levels. With this limitation, an operational range was established where

the calibration curve is independent of pulse shape, and spectroscopy using stilbene

attached to a SiPM was performed with three γ sources, a DD neutron generator

source and a 252Cf mixed neutron/γ source.
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CHAPTER 1

Introduction

1.1 Nuclear Nonproliferation

On the 8th of August, 1945, the destructive potential of atomic nuclei was revealed

to the world with the atomic bombing of Hiroshima. However, nuclear technology has

subsequently come to be used for peaceful purposes, notably the production of clean

energy and the application of nuclear technology in medicine. Although nuclear power

had improved the lives of many, the continual buildup of nuclear arms throughout

the course of the Cold War raised concerns about the danger that the proliferation of

nuclear weapons technology can pose. Several more countries developed and tested

nuclear weapons early: the Soviet Union in 1949, the United Kingdom in 1952,

France in 1960, and China in 1964. The Treaty on the Non-Proliferation of Nuclear

Weapons (NPT) [3] was pivotal as it established an agreement that would ensure

that humanity could continue to use nuclear technology peacefully while mitigating

its risks. Under the treaty, further proliferation of nuclear technology would be

limited to the five states which possessed them at the time and the existing nuclear

weapons states would work toward disarmament. In the years since there still are

challenges to non-proliferation: India, Pakistan, Israel, and DPR Korea, all of which

are non-signatories of the NPT (DPR Korea was a signatory but has since withdrawn)

have developed their own nuclear weapons programs. Enforcement of this treaty and

1



subsequent nonproliferation treaties requires the accounting of nuclear material to

prevent malicious actors from developing nuclear weapons. The ratification of the

NPT and subsequent treaties, and the work of international agencies such as the

International Atomic Energy Agency, have enabled peaceful uses of nuclear science

and technology such as the production of clean energy and medical diagnostics and

treatment.

In order to achieve the nonproliferation goals, it is necessary to control the pro-

duction and transport of material that may be used to develop nuclear weapons and

to prevent the trade of such material. The United States has deemed these materi-

als “special nuclear material”, defined in the Atomic Energy Act of 1954 [4]. These

materials include plutonium and uranium enriched in 233U or 235U [4]. In addition,

the development of fourth-generation and small modular reactors will lead to the

increased complexity of fuel cycles, which can complicate nuclear material accounting.

To keep nuclear material secure, an accurate assessment of its material composition,

quantity, and location is needed. To detect special nuclear material, γ radiation and

neutrons are of particular interest as they are able to penetrate relatively thick objects.

To detect the presence of such material, a detector could observe the radiation from

a potential source passively, known as passive interrogation, or the potential source

could be interrogated with γ or neutron radiation, known as active interrogation [5].

Though γ-ray signatures alone can be effective at identifying such material, detection

may be defeated by using a sufficiently thick layer of high-Z materials such as lead. For

cases such as these, fast neutron detection is necessary due to the increased difficulty

of shielding them. An ability to measure the fast neutron energy spectrum can allow

for the discrimination between different source types, such as highly enriched uranium

(HEU) and natural uranium.

Passive interrogation involves the detection of the emission of fast neutrons and γ

radiation. Passive interrogation is primarily of practical interest for the detection of

2



plutonium, as the low yield of 235U spontaneous fission makes passive measurements

of such neutrons impractical, for which active interrogation where fission would be

induced would be more desirable[6]. In passive interrogation systems, fast neutrons

produced from spontaneous fission and their multiplied neutrons are detected and

discriminated from the background and γ radiation through the use of a detector

capable of particle discrimination.

1.2 Neutron Detection

Neutrons may be detected via their scattering or capture within the detector

volume. In an elastic scattering (n, n) interaction, the neutron scatters off a nucleus

within the detector volume. In a scintillation detector, these recoiled nuclei induce

light emission which can be detected by a light detector such as a photomultiplier

tube (PMT) or a silicon photomultiplier (SiPM). In this process, a portion of the

neutron’s kinetic energy En is imparted on the target nucleus AX with the atomic

mass number A, yielding a well-known relationship derived from the conservation of

energy and momentum:

EAX ≈ 4A

(1 + A)2
(
cos2 θ

)
En. (1.1)

The maximum energy is imparted to the nucleus in a head-on elastic scatter where

θ = 0:

EAX

∣∣
max

≈ 4A

(1 + A)2
En. (1.2)

The energy transferred to AX, and thus the detectable energy, is maximized for low

values of A. It is thus ideal for scintillation detectors used for detecting neutrons to

consist of material with low A, such as 1H, whose nucleus is simply a proton. In this

3



case, the energy imparted to the proton Ep is simply:

Ep ≈ En cos2 θ (1.3)

Ep

∣∣
max

≈ En. (1.4)

For scintillation detectors, organic scintillators are favored due to their high number

density of protons for neutrons to recoil from. Though most detector systems use

proton recoil to detect fast neutrons, other small nuclei are also used for their unique

advantages, such as 2H [7] and 4He [8, 9].

Alternately, neutron capture (n, γ) may be employed. In these detectors, an

incident neutron is captured by a material AX to form A+1X:

n + AX −−→ A+1X. (1.5)

The resulting mass difference is reflected in the Q value of the reaction, which is

detected:

Q = c2
(
mA+1X −mAX −mn

)
. (1.6)

For these detectors, a material with a high neutron capture cross-section such as 6Li

or 10B [10] is used as the capture agent. Since the interaction cross-section for neutron

capture is highest at low neutron energies, the neutron is typically first thermalized in

hydrogen-rich material, which can be nearby or within the detector itself [11]. A rough

diagram of this process is shown in Fig. 1.1. The energy deposited in the material is

nearly equal to the Q value of the reaction type, independent of the incoming kinetic

energy of the neutron prior to thermalization. The energy of the incoming neutron

may still be inferred if the thermalization recoils are detected through capture-gated

spectroscopy [12]. In addition, some capture reactions have been shown have a response
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dependent on incoming neutron energy, notably Cs2LiYCl6:Ce (CLYC), for which

the 35Cl(n, p)35S deposits a proton with energy that varies linearly with the incoming

neutron[13, 14].

Figure 1.1: Diagram of the thermalization and capture process in a detector that is
capable of neutron capture

1.3 Pulse shape discrimination (PSD) in scintillators

Many organic scintillation detectors are sensitive to both neutron radiation and

γ radiation. For useful spectroscopy, then, it is necessary to discriminate between

events of different types from different particles, e.g., Compton scattering of γ rays

and proton recoils induced by fast neutrons. One way of discriminating between these

events is through pulse shape discrimination (PSD). PSD exploits differences in the

time profiles of the pulses produced by radiation of different types in some detector

materials.

In organic scintillators, this is possible due to the different ratios of short-lived

singlet states and long-lived triplet states for electrons versus heavy charged particles

such as protons[10, 15, 16]. These singlet and triplet states are present in the molecular

structure of certain organic molecules such as stilbene; excitation and subsequent

de-excitation of these states are responsible for the production of scintillation light [15].

The long-lived triplet states emit scintillation light through the collision triplet states
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into singlet states (thus the resulting scintillation light is emitted with the same

wavelength but at a different timescale). As this process is dependent on bimolecular

interactions, the triplet state collision process is more abundant in short ionization

tracks with high excitation densities, such as those by protons or other heavy charged

particles [16, 17].

Alternatively, differing pulse shapes can also be the result of the interaction

radiation with different materials in composite scintillators [2, 11, 18]. A case where

two different materials yield a “composite” pulse shape is studied extensively in Ch. 2

of this dissertation, and this composite material consists of a heterogeneous assembly of

an organic polyvinyl toluene (PVT) element and a neutron-capturing glass scintillator.

The glass is doped with an isotope that has a high neutron capture cross-section such

as 6Li or 10B. The scintillating glass material used in this dissertation, GS-20, contains

6Li and is doped with Ce3+ activators to produce the scintillation light [10, 19–21].

In a common implementation of PSD, a raw waveform is taken, and two integrals

are calculated of the resulting baseline-subtracted waveform: the tail integral and the

total integral, as shown in Fig.1.2. The ratio between the tail and total integrals is

frequently defined as the pulse shape parameter PSP used to discriminate between

neutron and γ radiation:

PSP ≡ Qtail

Qtotal

(1.7)

1.4 Fast neutron directionality with silicon photomultiplier-

based detector arrays

In various nuclear safeguards scenarios, it is desirable to detect the directionality

of incoming fast neutrons. For instance, a proximity search of a large number of
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Figure 1.2: Averaged pulse shape and PSD diagram for a composite PVT and 6Li
doped glass shards detector. The PSD in this type of detector is discussed in length
in Ch. 2.

containers for special nuclear material at a port would be prohibitively time-consuming.

Fast neutron directionality may be employed as an alternative to infer the location

of incoming sources. Information on a neutron source’s position would allow for an

enhancement of the signal-to-background ratio or at least narrow down a proximity

search. There are various ways to obtain fast neutron directionality: the coded aperture

which involves an array of detectors behind a “mask” with a known pattern [22],

the time projection chamber which uses a pressurized volume gas along with an

electric and magnetic field to reconstruct the position and momentum of recoiling

particles [23, 24], and the neutron scatter camera, where two neutron events such as

neutron scatters are detected with position sensitivity to reconstruct the incoming

neutron angle [25–27]. In a double scatter camera, the positions of two neutron

scatters to reconstruct a cone of possible incoming neutron angles [25]. In general,

a neutron scatter camera employs an array of several detector segments which are

read out separately [27]. Information about an incoming neutron can be thus inferred

from the signals recorded in various detector segments with which the neutron has

interacted. For example, in a neutron double-scatter camera a fast neutron is detected
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twice via proton recoil in two different detector segments in order to reconstruct a

cone of possible incoming neutron angles [26]. Of particular interest to this work is

the so-called single-volume scatter camera [26, 27]. In one form of the single-volume

scatter camera, the detector volume is segmented into several parts, and read out

using a multi-pixel light detector. These light detectors may include an array of

photomultiplier tubes or a silicon photomultiplier (SiPM) array.

A SiPM pixel consists of hundreds of single-photon avalanche photodiodes (SPADs)

in Geiger mode [10, 28]. Each subpixel is sensitive to single photons, and the light

output of the scintillator can be measured by summing the number of triggered

subpixels. Silicon photomultipliers have the advantage over photomultiplier tubes in

that they do not necessitate high voltage supplies and can operate at voltages on the

order of tens of volts.

This dissertation expands upon the prior development and characterization of

the Segmented AntiNeutrino Directional Detector (SANDD) detector [29, 30], which

was developed for antineutrino detection rather than the detection of fast neutrons.

The SANDD detector is a detector array of 64 lithium-doped plastic scintillator rods

mounted on a SiPM array. This detector is read out from two SiPMs on both sides

of each rod, with position resolution in the x and y directions obtained through the

identification of the triggered SiPM pixel, and the z direction inferred through the time

difference or the relative amplitude of signals detected on the two sides of the rod. One

way in which this dissertation expands upon the SANDD detector is an investigation

into compact data acquisition (DAQ) readouts in Ch. 4 and 5. Whereas the DAQ of

SANDD consists of an entire cabinet of full-waveform digitization modules, the use of

an application-specific integrated circuit (ASIC) for DAQ would miniaturize the DAQ

setup, allowing it to be used for other applications such as nuclear safeguards.
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1.5 ASIC-based readouts for SiPM arrays and Time of Flight

Positron Emission Tomography 2 (TOFPET2)

In segmented detector arrays such as those used in neutron scatter cameras, the

position resolution of neutron interactions requires a finer segmentation with more

detector channels as a finer segmentation would improve interaction position resolution.

The multitude of channels in these detector arrays poses a practical challenge in that

reading out large numbers of channels can be resource-intensive in cost, physical

footprint, and power consumption. As an example, the SANDD antineutrino detection

array using two sets of SiPMS with 64 pixels each would take 128 channels, which

could take a large cabinet of electronics. Although this does not necessarily pose a

problem in a typical antineutrino detection setup, the large physical footprint would

impact the practicality of use in a safeguards setting.

Miniaturization of the data acquisition (DAQ) can be achieved using purpose-built

ASICs. The use of ASICs allows data acquisition circuits to be fabricated directly

on hardware in a manner optimized for a particular purpose, which reduces the

footprint significantly at the cost of flexibility. One such ASIC is the TOFPET2 [31],

standing for “time of flight positron emission tomography”. A typical application of

this DAQ in positron emission tomography (PET) systems involves the use of two

LYSO scintillators to detect two electron-positron annihilation photons at 511 keV.

Although the application of this ASIC is not directly related to neutron scatter camera

detector arrays, this PET DAQ already exists commercially and has features that can

be potentially used for PSD, notably the ability to modify charge integration time on

a per-channel basis. Although the intended application of the TOFPET2 system is

quite different, this investigation may motivate further development of such electronics

in the future.
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1.6 Dissertation Structure

The following chapters contain standalone contributions to the development of

directional fast neutron detection for scintillation detectors comprising both a recoil

and capture component. Composite scintillators are studied in Ch. 2, with the

investigation of compound pulse shapes for a heterogeneous recoil-capture detector,

a design with 6Li shards suspended in a PVT matrix, and how the heterogeneity

affects γ rejection via PSD. For the development of directionality for recoil-capture

scatter arrays, Ch. 3 covers the development of angular reconstruction using recoil

and capture using a Bayesian method on a Monte Carlo simulation. Ch. 4 covers

work on adapting an ASIC-based readout designed for positron emission tomography,

TOFPET2, for a neutron scatter camera with PSD capabilities. Finally, Ch. 5 covers

work characterizing a light emitting diode (LED)-based calibration method for a

SiPM-mounted to the TOFPET2.
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CHAPTER 2

PSD in Composite Scatter-Capture Scintillators

The content of this chapter has been adapted from Ref. [2].

2.1 Introduction

Heterogeneous composite scintillators utilize fast neutron thermalization and

capture for neutron detection and are a promising technology for fast neutron detection

in intense γ-ray fields such as those found in active interrogation environments [1, 11, 32–

38]. These can additionally utilize PSD to distinguish neutron thermalization from

γ- ray interactions [39]. One such composite scintillator type uses a scintillating

PVT matrix with 6Li glass embedded into the detector volume [11, 32, 35]. In that

design, fast neutrons can be detected via elastic scattering in the PVT followed

by neutron capture in GS20 Ce3+-doped 6Li scintillating glass [1, 20]. The EJ-290

PVT used has a decay time of ∼ 3 ns, an index of refraction of 1.58, and a light

output of 10 000 photons · MeV−1 (58 % of anthracene)[40]. The GS20 scintillating

glass has a decay time of 57 ns, an index of refraction of 1.55, and a light output

of 4350 photons · MeV−1 (25 % of anthracene) [41]. This type of detector combines

desirable and complementary features of the two materials: the high hydrogen density

of PVT as a moderator and the high neutron capture cross-section and Q-value of

the capture reaction on 6Li. In addition, the detection of proton recoil in the PVT
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allows for neutron spectroscopy via capture gating [12, 42, 43]. Scintillation from

the PVT and 6Li glass can be distinguished from each other via PSD; this aids the

identification of neutron capture events. To quantify the PSD, the tail integral/total

integral ratio is frequently used and is defined as the pulse shape parameter (PSP).

The fluorescence lifetime of glass is considerably longer than that of the PVT and the

neutron capture in glass produces a consistent light output associated with the capture

Q-value (Q = 4.78 MeV). Thus, when such a PVT/6Li glass composite detector is

exposed to a mixed neutron/γ radiation field, a neutron capture “island” (i.e. a small

region in PSP-light output parameter space) is observed, as shown in Fig. 2.1. Lithium

glass is also sensitive to γ radiation but like PVT, it cannot discriminate neutron from

γ events. However, electrons produced in the glass are also likely to interact with

the PVT since their range is considerably longer than the size of the glass particles

and the mean distance between glass particles, and this produces a compound pulse

shape. This type of detector has been constructed [1, 11, 39] and successfully used

in nuclear security applications for low-energy neutron detection, including detecting

delayed neutrons in active interrogation [44], discriminating uranium isotopes using

the time emission profiles of long-lived delayed neutrons [45], and disambiguating

delayed neutrons from different generations of fission [46].

Figure 2.1: (a) PVT-glass shards detector used in this study [1]; (b) detector response when
exposed to a 252Cf source. The light output is normalized to neutron capture (n.c.) units,
where the value of unity represents the detected light output due to low-energy neutron
capture in 6Li glass. Figure adapted from Ref. [2].

In previous studies, 6Li glass in the form of thin, long rods was used to construct a
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composite detector [11]. However, the fabrication process for this particular geometry

suffers from high cost, which is dominated by the limited commercial availability of

rods. Therefore, shards-geometry detectors, which can be less costly to fabricate,

are being investigated as an alternative [33]. In the shards-geometry configuration,

the 6Li glass is randomly and uniformly distributed in the PVT as discussed in

Ref. [47]. To fabricate this type of detector, 6Li glass is crushed using a vibrational

ball mill and added to the PVT using a vibrational mixer [1, 47]. The principal

design aspects of such a detector include shard size and shard loading, defined as the

weight percent of 6Li glass in the composite scintillator. Increasing the shard loading

improves the neutron detection efficiency at the cost of poorer γ rejection. Here, γ

rejection is defined by the fraction of incident γ rays from a 60Co sourcemisidentified

as neutrons. For this work, an identification region of 3σ in the light-PSP space

is used as this definition of γ rejection has been used in prior work with similar

scintillator detectors [1, 11, 33, 45, 47]. The main subject of this study is the effect of

6Li glass loading levels on the γ rejection performance in the glass shard geometry,

but the developed methodology is generally applicable to heterogeneous scintillators

for various geometries and constituent materials. For this work, a composite detector

with 500 µm average diameter glass shards and 7 wt.% 6Li glass loading is used. The

average shard size distribution was measured using a scanning electron microscope [47].

The distribution of shard sizes averaging 500 µm was obtained from the authors of

Ref. [47], and the shards were simulated as spheres based on this distribution.

The limited γ rejection in these composite scintillators can be attributed to the

fact that energy deposition from γ radiation may occur in the glass as well as in

the PVT, regardless of where the initial interaction takes place. This is because

the energetic electron produced in a γ interaction can have a long enough range to

pass through both the glass and the PVT, causing both materials to simultaneously

emit fluorescence. This effect is likely in a shards-geometry configuration with high
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glass loading due to the increased likelihood of an electron track passing through

glass. The resulting scintillation time characteristic can be considered a “composite

pulse”, with light output contributions from both the relatively slowly decaying glass

fluorescence and the more rapidly decaying PVT fluorescence. The decay observed

from such a scintillator and the associated PSP lie somewhere between the PSP for

the glass-only energy deposition and the PVT-only energy deposition. This tendency

has a detrimental effect on the γ rejection: the PSP and light output resulting from

partial energy deposition in glass may fall within the neutron capture region. For

example, the rods-geometry detector discussed in Ref. [11] has a 3σ γ rejection of

<10−6, while the γ rejection of this shards detector is ∼10−4 [1].

As a result, a trade-off exists when increasing the 6Li glass loading: the neutron

detection efficiency improves at the expense of γ rejection performance. To quantify

this trade-off it is desirable to develop a model to predict the γ rejection for different

shard sizes and loadings. In this work, a model is developed to construct the waveforms

that result from energy deposition in multiple materials. The input to the model is

the energy deposition simulated in the Monte Carlo code Geant4 [48]. By using this

model in conjunction with Geant4 simulations, the γ rejection characteristics of a

detector with a particular geometry and shards configuration can be predicted, which

informs the detector design.

2.2 Heterogeneous composite scintilator model

We model a heterogeneous scintillator composed of two material components, a 6Li-

containing scintillating glass and scintillating PVT, both of which by themselves do not

exhibit PSD. In such a detector, we highlight four canonical types of energy deposition

which may occur when the detector is exposed to γ or neutron radiation(Fig. 2.2):

A. Fast electrons produced in γ-ray induced interactions deposit their entire energy
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within the PVT; this is the most common form of energy deposition for incident

γ radiation when the glass loading is small.

B. Fast electrons deposit their energy in both the PVT and the glass, resulting in a

scintillation time profile that is an intermediate between PVT and glass.

C. A neutron is captured on 6Li in glass and produces heavy charged particles that

deposit their entire energy within the glass.

D. A heavy charged particle (produced by neutron capture in glass or by neutron

scattering in PVT, for instance) traverses both the glass and the PVT volume.

Although it is also possible for a recoil electron to deposit all of its energy in the

glass, these events are highly unlikely for energetic electrons due to their range greatly

exceeding the characteristic dimensions of a glass shard.

Figure 2.2: Illustration of several common electron and heavy charged particle event
topologies in a heterogeneous composite scintillator. A: energetic electron deposits energy
only in PVT; B: energetic electron deposits energy in both PVT and 6Li glass; C: heavy
charged particle from neutron capture deposits energy solely in 6Li glass; D: heavy charged
particle deposits energy in both 6Li glass and PVT. The interaction type D is not discussed
further in this work, since the γ rejection is of primary interest. Figure adopted from [2].

In our model, we denote the 6Li glass and PVT components of the detector with

superscripts “glass” and “PVT”, respectively. The time-dependent detected light

output from such scintillators for electrons, Le(Ee, t), and heavy charged particles,
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Lh(Eh, t), may be described as a sum of two contributions:

Le(Ee, t) = Lglass
e (Eglass

e , t) + LPVT
e (EPVT

e , t) (2.1)

Lh(Eh, t) = Lglass
h (Eglass

h , t) + LPVT
h (EPVT

h , t). (2.2)

Here, Ee and Eh are the energies deposited by electrons (e) or heavy charged particles

(h), respectively. This energy deposition is partitioned between the glass and PVT

components of the scintillator:

Ee = Eglass
e + EPVT

e (2.3)

Eh = Eglass
h + EPVT

h . (2.4)

Each component material has a characteristic emission spectrum, and the emitted

light from different materials may be attenuated by different amounts in transport

to the light detector (such as a photomultiplier tube). To simplify the model, it is

assumed that the light transport efficiency and the time profile of the detected light

output are independent of the location of energy deposition. The light output due

to electrons and heavy charged particle energy depositions is further separable in its

energy (L) and time (S) dependence:

Lglass
e (Eglass

e , t) = Lglass
e (Eglass

e )Sglass(t) (2.5)

Lglass
h (Eglass

h , t) = Lglass
h (Eglass

h )Sglass(t) (2.6)

LPVT
e (EPVT

e , t) = LPVT
e (EPVT

e )SPVT(t) (2.7)

LPVT
h (EPVT

h , t) = LPVT
h (EPVT

h )SPVT(t). (2.8)

Here, it is assumed that neither the glass nor the PVT scintillator provide PSD

and that the characteristic pulse shapes from those two materials are described by

normalized shape functions Sglass(t) and SPVT(t), respectively. The area under the
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shape functions is normalized to unity. Neutron captures occurring in the glass

with heavy charged particle energy deposition in glass are represented by Eq. (2.6),

where the light output is a constant due to the relatively large Q-value compared to

expected neutron energy at which the capture occurs. It is possible for one or both

of the 6Li capture reaction products to cross the glass/PVT boundary and deposit

some of their energy in the PVT. However, this would not modify the γ rejection

performance of the detector; instead, it would affect the neutron capture efficiency.

Due to near-linearity of light output with deposited electron energy, one can write

Lglass
e (Eglass

e ) = κglasse Eglass
e (2.9)

LPVT
e (EPVT

e ) = κPVT
e EPVT

e , (2.10)

where κ is the proportionality constant for energy depositions by electrons, which

also includes the effects of light transport efficiency and quantum efficiency of the

photodetector. In contrast, the light output for heavy charged particles is nonlinear

in energy; such a proportionality constant may not be used.

2.3 Experimental measurement of pulse shape and γ rejection

To obtain the characteristic pulse shapes needed for the model and to examine

the validity of the model, experiments with a composite shards scintillator consisting

of EJ-290 PVT and with 500-µm diameter GS20 glass shards 6Li loaded at 7 wt.%

(shown in Fig. 2.1) was performed. In this type of detector, a GS20 glass block is

crushed and seived to a desired size, in this case 500 µm. Other shard sizes have been

manufactured but have not been studied in this work. Fabrication of this scintillator is

discussed in Ref. [1]. The scintillator is cylindrical and has a diameter of 76.2 mm and

a height of 76.2 mm. The scintillator was mounted on a 2-inch diameter Hamamatsu

R6231 photomultiplier tube using a light guide, and EJ-550 optical grease was applied
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between the light guide and the PMT, as well as between the light guide and the

scintillator. A reflective Teflon coating is applied on the scintillator, as well as a dark

outer coating. A bias voltage of −1150 V was applied to the photomultiplier tube.

In the first experiment, the detector was exposed to a 252Cf neutron source 5 cm

away in the direction away from the photomultiplier tube (PMT). This is in order to

establish the location of the neutron capture feature in the detector response, as well as

to obtain characteristic waveforms. As the composite detector consists of two materials

with different light output responses and different scintillation spectra that may be

detected with different efficiencies, the unit “n.c.” is defined as the mean detected

light output for neutron capture on 6Li in GS20 glass. To measure the response of the

detector to γ radiation, and to determine the γ rejection, the detector was exposed

to a 60Co 1-µCi source placed 105 mm from the detector for 24 h. The sources were

removed and the background was measured for 24 h. This process is consistent with

typical γ rejection measurements, for example those reported in Ref. [11]. The digitizer

used was a 500-MHz, 14-bit CAEN DT5730, and data acquisition was performed

using the ADAQ software [49]; however, only a 250-MHz sampling rate was used.

Raw waveform data were collected, along with event timestamps. The raw waveforms

were processed and PSP values were optimized using the tail-to-total pulse integral

such that the figure of merit for the separation between neutron capture in glass and

electron/proton recoil pulses in PVT is maximized. The figure of merit F is defined

as [50]

F =
µg − µp

Wg +Wp

, (2.11)

where µg and µp represent the mean PSP of the events depositing energy in the glass

and PVT regions, respectively, and Wg and Wp denote the corresponding full-width

half-maxima in the PSP distributions. The optimized total and tail integral limits
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relative to the pulse peak are −20 to 280 ns for the total integral and 42 to 280 ns for

the tail integral. These limits result in F = 2.1. The mean measured glass and PVT

waveforms, along with tail and total integral limits used to extract those waveforms,

are shown in Fig. 2.3.

Figure 2.3: Averaged waveforms for the 7 wt.% GS20 composite detector with PSD
and light output limits indicated (red and blue squares). Waveforms are averaged
from 0.9 to 1.1 n.c. and a PSP of 0.45 to 0.55 for glass (red square) and 0.08 to 0.22
for PVT (blue square). The blue line represents a pulse which originates from an
interaction in the PVT, while the red line represents a pulse which originates from an
interaction with 6Li glass. Figure adopted from [2].

These pulses represent two distinct event topologies illustrated in Fig. 2.2: a recoil

region A and a capture region C. However, in addition, there is an intermediate

region B representing events where electrons deposit their energy in both the PVT

and glass, as shown in Fig. 2.4. The neutron capture region (region B) constitutes a

3σ ellipse in the light output/PSP parameter space, which is determined by fitting

the 252Cf experimental data to a 2D Gaussian function. This 3σ cut region is

standard determining γ rejection in past work characterizing PVT and glass composite

scintillators for high-γ backgrounds[1, 11, 45].

The γ rejection is defined as the ratio of number of γ rays misclassified as neutrons,

i.e. those which fall in the neutron capture region, to the number of γ rays incident

on the detector. In this work, a 3σ region that has been used in prior work such as

[11, 33, 45] is used, which may be important in applications where the expected γ

rate is far larger than the fast neutron rate such as in an active interrogation setting.
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A typical requirement for γ rejection needed for safeguards applications is <10−6 [51].

A smaller value of γ rejection (“better” γ rejection) is desired. For this particular

detector, the γ rejection is 10−4 if the neutron acceptance is based on a 3σ Gaussian

fit.

Figure 2.4: Detector response recorded for a 24-hour exposure of the 7 wt% shards
detector to 60Co radiation, with background subtracted. Region A is the PVT
interaction region, Region B is the neutron capture region, and Region C is the
intermediate region. Figure adapted from [2].

2.4 Geant4 simulation and construction of simulated wave-

form

The model described in Section 2.2 can be applied to energy deposition determined

from a Geant4 simulation to calculate the PSP distribution and light output distribu-

tion for a simulated detector. Using this distribution, the same neutron capture region

used in experiment can be applied to the simulated detector response, providing the γ

rejection for a simulated detector. The process is outlined in this section when applied

to the 500-µm, 7 wt.% shards case and can be adapted to other shards 6Li and PVT

composite detector designs.

A simulation of the interactions occurring in the detector was developed using

Geant4. The dimensions of the detector in the simulation are the same as in the
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experiment. The shards are modeled using 500-µm diameter spheres of 6Li glass.

The shards are randomly and uniformly distributed within the PVT cylinder. For

the 7 wt.% case, approximately 8.2 × 104 shards are simulated. Each shard is placed

at a position (r, θ, z) by sampling random numbers ξr, ξθ, and ξz from a uniform

distribution ranging from 0 to 1 and then calculating (r, θ, z) such that

r = R
√
ξr (2.12)

θ = 2πξθ (2.13)

z = Zξz, (2.14)

where R and Z represent the radius and the height of the scintillator, respectively.

The shard locations are also tested for overlap with other shards and a new location

is chosen should this be the case. For the simulation of irradiation, 106 γ rays from

60Co (1173 and 1332 keV) are produced from a point source 105 mm away from the

detector surface opposite to the one facing the PMT. Only events covering the solid

angle extent of the detector were simulated. No other material is simulated other

than the air surrounding the detector, and the simulation is run with a range cut of

1 µm, that is, a particle that stops after traveling less than 1 µm will not create further

displacements (no additional particle tracks will be produced by the simulation as a

result of electromagnetic interactions caused by that particle).

The energy deposited into glass and the PVT for each incident γ-ray event is

extracted separately from the Geant4 simulation. From this, the fraction of energy

deposited in the the 6Li glass can be determined, as shown in Fig. 2.5. This parameter

is the primary determinant for the resulting pulse shape and thus the event PSP.

Of all simulated events for the 7 wt.% loaded detector, 27 % of events exhibit some

energy deposition in the glass.

To convert the deposited energy into light output, the fluorescence contributions
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Figure 2.5: Fraction of energy deposited in glass for various total deposited γ-ray
energies. Note that most events (73 %) have a vanishing glass deposition ratio, which
is not shown since the plotted range for the fraction of energy deposited in glass is
set to > 0. The features at 963 and 1118 keV are the Compton edges of the 60Co
energy deposition within the glass volumes; however, in experiment these features are
broadened enough to not be discernible. Figure adopted from [2].

from the PVT (LPVT) and the glass (Lglass) are added. This is done for each sample of

the simulated waveform, as described by Eq. (2.1). The Geant4 simulation only models

the energy deposition within the material, which must be converted to scintillation

light output. Since only γ interactions are being simulated, it can be assumed that the

light output scales linearly with the energy deposited[10]. However, the scintillation

efficiency of glass is lower than that of PVT. To determine the total light output, we

add the contributions from glass and plastic energy depositions:

L(Ee, t) = κglasse Eglass
e Sglass(t) + κPVT

e EPVT
e SPVT(t). (2.15)

Here, κglasse and κPVT
e can be determined by measuring the light output using common

check sources (e.g., 137Cs and 60Co) and comparing it with the measured light output

from neutron capture in the composite scintillator. The κglasse parameter is determined

in an experiment using a separate 1-inch cylindrical detector composed of 6Li glass,

by referencing the light output to the neutron capture peak.

For each event, a waveform for the corresponding energy deposition was simulated

and its PSP was calculated. The shape of the waveform was determined from weighted

superposition of two canonical waveforms, Sglass(t) and SPVT(t), one representing
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the events which deposit energy solely in glass, and another representing events

which deposit energy solely in the PVT. Both of these canonical waveforms represent

idealized waveform shapes. The PVT representative waveform was obtained by taking

the raw waveform data from the 60Co experiment and averaging all waveforms with a

PSP within 0.1 of the PVT event PSP and a light output between 0.9 n.c. and 1.1 n.c.

The glass representative waveform was obtained by taking the raw waveform data from

the 252Cf experiment and averaging all waveforms within 1σ in the neutron capture

island in the light-output/PSP space.

The result is an idealized waveform representative of a particular energy partition

between glass and PVT. However, in order to correctly model a realistic PSP parame-

ter, perturbations must be added to the waveform to account for electronic noise and

other statistical effects. To achieve this, each individual waveform sample is convolved

with a three-parameter function which is commonly used for broadening the simulated

light output in organic scintillators to account for energy resolution [18]. The wave-

form perturbation model includes three parameters: α, β, and γ, which are related to

three types of contributions: the α parameter accounts for position-dependent light

transmission, the β parameter accounts for information carrier statistics, and the γ

parameter accounts for light-independent electronic noise:

δL = L
√
α2 + β/L+ (γ/L)2. (2.16)

Of the three parameters to be varied in the resolution model, γ is determined from the

fluctuation of the experimental baseline for the first eight samples (24 ns) of the pulse.

For the parameters α and β, a parameter search is conducted by sweeping their values

through the range of 3 × 10−11 n.c.−2 < α < 3 × 10−6 n.c.−2 and 1.8 × 10−6 n.c.−1 <

β < 1.8× 10−5 n.c.−1. The light output range between 0.9 n.c. and 1.1 n.c. was used to

compare the simulation with the experiment; this range of light output is of interest
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for γ rejection as it corresponds to the light output associated with neutron capture in

GS20 glass. From this comparison, a sum-of-least-squares analysis was conducted in a

parameter search of values of α and β, and the α and β values that returned the lowest

sum of square residual were selected for the simulated waveform perturbation. This

parameter search yielded the results α = 3 × 10−8 n.c.−2, β = 1.2 × 10−5 n.c.−1 and

γ = 5 × 10−3. Perturbations are introduced into the waveform for each time sample

of the simulated waveform independently by sampling random numbers distributed

in a Gaussian distribution with spread σ = δL. It should be noted that this model

assumes that these values of α and β hold constant for detectors of this type and

geometry but with different glass loadings. As only one loading of the geometry used

was available, this assumption is made. The search of these parameters on a detector

of the same type but different loading would be needed to verify this; in particular,

it is possible that α may be affected by different 6Li glass loadings as different glass

loadings may affect light transmission.

An example of an ideal simulated waveform, along with a final waveform with

perturbations added and the comparison with an experimental waveform, is shown

in Fig. 2.6. Both the light output and tail-to-total PSP can be obtained from this

simulated waveform in the same way that it was obtained in the experiment, and

the simulated detector response can be represented in the light output-PSP space, as

shown in Fig. 2.7. The simulated waveform which correlates to the appropriate PSP

distribution exhibits a higher degree of perturbation, or “noisiness” than that measured

in the experiment, as shown in Fig. 2.6. It is hypothesized that this discrepancy could

be attributed to time-dependent factors outside the model described by Eq. (2.16),

such as the gain variations of the PMT and granularity of pulse amplitude digitization.

To alleviate this discrepancy and to further examine the appropriateness of the model,

the effective time sampling rate of the simulation is reduced using a running average of

5 samples. This is done due to the light output model being primarily used to broaden
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Figure 2.6: An example of an experimental waveform and simulated waveform (PSP =
0.22) with and without simulated perturbations. Waveforms are normalized such that
the area under each waveform is 1. Figure adopted from [2].

Figure 2.7: Simulated PSD plot for a 7 wt.% shards detector. The magenta circle
denotes the neutron capture region within which γ induced events are deemed mis-
classified. Figure adapted from [2].

the light output for the entire pulse; this model may not be sufficient when attempting

to model waveforms on a sample-by-sample basis. The resulting PSP parameters from

the experiment can be compared to the simulation; a comparison of the PSP for a light

output range of 0.9 to 1.1 n.c. is shown in Fig. 2.8. The quantity that is compared with

the experiment is the γ rejection, which can be similarly determined in simulation by

calculating the ratio of the number of γ events misclassified as neutrons (by appearing

in the neutron capture region) to the number of simulated γ rays incident on the
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detector. In this case, both the simulation and experiment have a γ rejection of

1 × 10−4.

Figure 2.8: Comparison of simulation and experimental PSP distribution for light
outputs between 0.9 to 1.1 n.c.. Figure adopted from [2].

To study the discrepancies between the simulated and experimental PSP distri-

bution, several hypotheses may be formed and further studied by simulation. One

possibility is the uncertainty in the shard loading during the manufacturing process,

while another possibility are potential inhomogeneities in the distribution of shards.

2.5 Simulated effect of 6Li glass shard loading and nonunifor-

mity on γ rejection

Using the model described in Section 2.2 and implementing it using the results

of simulation as described in Section 2.4, the dependence of γ rejection on shard

loading can be simulated. A worse γ rejection due higher loading is found as a result.

The simulated PSP distribution for the light output region is shown in Fig. 2.9. As

expected, the PSP “tail” toward higher PSPs representing greater degrees of light

production in 6Li glass is evident. The effect of this phenomenon on γ rejection is

shown in Table 2.1 – higher loading levels worsen the γ rejection.

Another possible explanation of the discrepancies in the PSP distribution in

experiment and simulations is the presence of inhomogeneities in the shard distribution

which can be introduced in the manufacturing process. The prior analysis assumes that
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Figure 2.9: Comparison of different shard loading levels for light outputs between 0.9
to 1.1 n.c., for weight percentage of 6Li glass loadings between 1 to 11 wt.%. Figure
adopted from [2].

Table 2.1: Simulated effect of 6Li shard loading on γ rejection. Table adopted from [2].

Loading (wt.%) γ rejection

1 1.2 × 10−5

3 2.4 × 10−5

5 4.0 × 10−5

7 1.1 × 10−4

9 1.2 × 10−4

11 1.8 × 10−4

15 5.3 × 10−4

20 1.3 × 10−3

50 5.1 × 10−3

the shards are homogeneously distributed within the detector. However, a deviation

from homogeneous shard distribution may render a region of the detector more likely

to exhibit partial energy deposition. To test the hypothesis that this effect can have

the impact on the PSP distribution seen in the experiment, a limited study was

conducted. In several simulations the shards distribution was skewed either to the

center of the detector (inner biased) or on the perimeter of the detector volume (outer

biased). The exact nature of such an inhomogeneity is unknown, so for investigation

purposes, a simple linear bias is applied to the distribution of shards.

For this preliminary study, each shard is placed at a position (r, θ, z) where θ and

z are sampled from uniform distributions as in Eqs. (2.13) and (2.14). Inhomogeneity
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in the shards distribution is introduced using a parameter b, a bias parameter, where

b < 0 denotes a bias toward the center, b > 0 denotes a bias toward the outer edge,

and b = 0 represents a homogeneous case as in Eq. (2.12). We obtain the radial

coordinate r of the shard by generating a random number ξr taken from a uniform

distribution and calculating

r =


R

1+b−
√

(1+b)2−4b
√
ξr

2b
, b ̸= 0

R
√
ξr, b = 0.

(2.17)

The resulting shard density using this method of biasing the shard distribution is

illustrated in Figs. 2.10 and 2.11. The expected density in shards per mm2 is

ρ(r2) =
N

z

dξr
d(r2)

=
N

z

(Rb+R− 2br) (Rb+R− br)

R4
, (2.18)

where N is the number of shards and z is the axial dimension (height) of the detector

in mm.

Figure 2.10: Volume density of shards for the inner biased, homogeneous, and outer
biased case for a given value of r2 as expected by the distribution, compared with the
actual simulated distribution of shards. Figure adopted from [2].

The resulting PSP distributions for the homogeneous case detailed in previous

sections, as well as inhomogeneities of bias b = ±0.5 either to the center of the detector

or the perimeter, are shown in Fig. 2.12. Based on these results, it is possible to infer

that the particular detector used in this experiment may exhibit inhomogeneities that

28



Figure 2.11: Illustration of three characteristic shard distributions: (a) inner biased
(b = −0.5), (b) homogeneous, and (c) outer biased (b = 0.5).
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Figure 2.12: PSP distributions for light outputs of 0.9 to 1.1 n.c., for a homogeneous
case as well as radially inhomogeneous cases. Figure adopted from [2].

are biased toward the outside edge of the detector given the inhomogeneities depicted

in Fig. 2.12. However, a different nature of inhomogeneity may be present than the

simple model considered here and give similar results. Further investigation into this

effect can be undertaken in future studies and should be complemented by direct

material characterization.

2.6 Conclusion

A model of energy deposition and resulting effect of γ rejection performance was

established and used to simulate a heterogeneous 6Li glass shard-loaded, PVT-matrix

composite detector. The γ rejection predicted by simulation when the loading is 7%

is 10−4, consistent with the result obtained in the experiment. The effect of the shard

loading was studied and yielded the expected result, where higher loading percentages

of 6Li shards increase the neutron detection efficiency but degrade the γ rejection

performance.

A major area of future work would involve testing the assumptions made in the

broadening of the waveform sampling. In this work, an assumption was made that

the light output broadening parameters would be constant for this detector type with

different loadings, as only one was available. For this, a detector of the same geometry

and shard size but different weight percentage loading would need to be constructed
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and tested.

The model does not match the experimental results exactly. It has been observed

that the simulated waveforms exhibit a greater degree of noise between each time

sample than that in the experiment. This may be attributed to effects that are not

modeled by the light output model used to perturb the waveform samples, such as

electronic noise. However, this sample-to-sample analysis is not of primary concern

for determining the γ rejection, as the PSP only involves two broad integrals summed

over several samples. Should there be an application for sample-to-sample analysis,

exact waveform matching can be further studied.

The modeled PSP distribution at light outputs that are in the vicinity of light

output produced by neutron capture on 6Li in glass exhibits a slightly different shape

from that seen in experiment. A preliminary study was conducted to show that a

possible reason for this discrepancy is an inhomogeneous 6Li shards distribution. A

few possible variations of this inhomogeneity – situations where the 6Li shards are

more densely distributed at the center or the perimeter of the detector – have been

studied and shown to have the corresponding effect on the resultant PSP shape. The

model presented in this chapter could serve as a guide for optimizing the composite

detector designs such that a favorable trade-off may be struck between the shard

loading and neutron capture detection efficiency.
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CHAPTER 3

Directionality from Neutron Capture through

Bayesian Updating

3.1 Introduction

Capture-agent-doped organic scintillation detectors capable of identifying both

neutron recoils and captures are a promising candidate for spectroscopy of low-energy

neutrons via capture-gated spectroscopy [12, 43]. The addition of position sensitivity

in these detectors has the potential to provide neutron directionality information,

which could accelerate material localization in homeland security settings that may

otherwise rely on proximity search. Position-sensitive organic scintillation detectors

have been demonstrated and used as neutron scatter cameras [25, 26, 52, 53] as well as

in near-field reactor antineutrino detection, where they have been shown to effectively

reject backgrounds [30], which may allow for aboveground detector operation [30].

3.2 Scatter-Capture Fast Neutron Detectors

In an organic scatter-capture fast neutron detector, fast neutrons typically first

undergo scattering on hydrogen and carbon nuclei. In the case a neutron loses most

of its energy, which usually occurs through multiple scatters, the probability of its

capture by a dopant with high neutron capture cross-section (e.g., 6Li, 10B, or Gd)
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greatly increases. In such detectors, scatter and capture events may be identified

via a combination of pulse-shape and pulse-height discrimination, and capture-gated

spectroscopy can be used to infer the incident neutron energy spectrum [12, 43]. The

entire rapid thermalization chain is detected as a single pulse, as the amount of

emitted scintillation light exhibits a correlation with the incoming neutron energy [43].

However, the thermalization light output is not linearly proportional to the neutron

energy due to scintillator nonlinearity. The use of a capture signal also allows for

the identification of neutron scattering events that would otherwise generate signals

below the pulse-height-discrimination threshold, which is frequently limited by the

PSD performance.

The kinematics of neutron scattering and the statistical properties of the subsequent

diffusion and capture suggest an opportunity to extract the directionality of an

incoming fast neutron. An illustration of the trajectory of a incoming fast neutorn

upon a recoil-capture detector is shown in Fig. 3.1. Due to the conservation of energy

and momentum, in neutron elastic scattering on a proton, the neutron scatters in the

forward direction, i.e., along the direction of the incident neutron. However, in scatter-

capture detectors, the neutron typically scatters multiple times and diffuses in the

detector volume before neutron capture occurs, which reduces the degree of correlation

between the direction defined by the locations of neutron scatter and capture and the

incident neutron direction. Still, a slight forward-capture tendency of the scattered

neutron may provide some directionality information that supplements that obtained

from the locations of single and multiple neutron scatters. In addition, in the case

where the thermalization pulse is below the detection threshold but a subsequent

neutron capture occurs, the occurrence of capture may improve the detection efficiency

by identifying a neutron scattering event.

In a sufficiently large and efficient detector, crude directionality can be obtained

even with the detection of a single scatter. Due to the attenuation of the neutron flux
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Figure 3.1: Illustration of the scatter-capture process.

by the detector, neutron scatters occur preferentially on the side of the detector facing

the incoming neutron flux [25, 53].

3.3 Simulation in an ideal large spherical detector

To illustrate the basic principle on how directionality could be obtained with

capture information, an idealized simulation was conducted with a pencil beam of DD

neutrons (2.45 MeV) incident into a small aperture leading to the center of a large 1 m

spherical detector, shown in Fig. 3.2. The large-size detector is meant to approximate

an infinite detector where all of the energy of the neutron is deposited, eliminating the

possible effect of geometrical effects in the detected event distribution. The detector is

composed of polyvinyl toluene (PVT) homogeneously doped to 0.1 % by weight of 6Li.

The aperture allows the neutrons to travel to the center of the detector; the capture

location is then registered relative to the weighted center of the scintillation signal

that comprises the entire thermalization process. For this simulation, the incoming

DD fast neutron originates at a polar angle of θn = 0◦, and interacts near the center

of the detector.

The position of the neutron capture in spherical coordinates (rk, θk, ϕk) is recorded,

along with the position of the neutron recoil (rr, θr, ϕr) The difference between the

two points is referred to as the recoil-capture vector (rx, θx, ϕx). The distribution of

the polar component θx is shown in Fig. 3.4. As expected, there is a tendency for the
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Figure 3.2: Geant4 rendering of idealized large-sphere simulation.

neutron to capture at forward angles, i.e., along the direction of incident neutron flux.

Figure 3.3: Schematic showing the θn and ϕn components of the incoming neutron
angle n.

3.4 Bayesian Updating Methodology

An approach that makes use of Bayesian updating is used to estimate the incoming

neutron angle from a combination of scatters and captures. For each neutron, the

probability distribution of the incoming angle is updated regardless of whether the

neutron undergoes only scattering or a combination of scattering and capture. To

illustrate the process of Bayesian updating, one can take its most basic form: the goal

is to determine which incoming neutron angle n is most probable given a certain event
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Figure 3.4: Distribution of cos θx, where θx is the polar angle subtended by the location
of neutron capture relative to the weighted location of proton recoil in the detector
shown in Fig. 3.2. A value of cos θx closer to 1 represents a recoil-capture vector in
the direction of the incoming neutron angle in this case.

topology, [A]. In this work, the topology information used [A] includes information

such as recoil position r, a recoil-capture vector x, and/or a light output cut. This

probability, P (n| [A]), is given by the Bayes’ theorem as

P (n| [A]) =
P ([A] |n)P (n)

P ([A])
. (3.1)

Bayes’ theorem is applied successively to the prior P (n). When a new event is

observed with topology [A], the prior is updated to the posterior using the likelihood

of [A], P ([A]n), which is simulated and used as a lookup table. From this, we obtain

the posterior probability, P (n| [A]), updated after the first event. According to the

principle of Bayesian updating, this posterior probability becomes the prior probability

for the next event.

The incident neutron angle n is discretized, and P (n) is initialized to a uniform

distribution, as without any information we assume that every possible n is equally

likely. This uniform distribution is the initial prior, P0(n). After observation of the
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first event [A]1, the prior is updated to the posterior probability P (n| [A]1):

P (n| [A]1) =
P ([A]1 |n)P0(n)

P ([A]1)
. (3.2)

The new estimate is now P (n| [A]1). When another event is added, this new estimate

becomes the prior P1(n) for the next iteration of Bayesian updating. In general, the

prior Pi(n) for the ith estimate takes into account all previous updates:

Pi(n) = P
(
n|

{
[A]1 ∩ [A]2 ∩ ... ∩ [A]i

})
. (3.3)

The next estimate Pi+1(n) given a sequence of events with
{

[A]1 ∩ ... ∩ [A]2
}

is

Pi+1(n) = P

(
n|

{
[A]1 ∩ ... ∩ [A]i+1

})
=
P ([A]i+1 |n)Pi(n)

P ([A]i+1)
. (3.4)

3.5 Application of Bayesian model to spherical detector sim-

ulation

3.5.1 Preparation of lookup tables

To apply the Bayesian updating method described in Sec. 3.4, a spherical detector

with a diameter of 12.7 cm (5 inches) was simulated in the Monte Carlo Geant4

framework [48]. A spherical rather than a cylindrical geometry is used to minimize

any effects from detector geometry. The size of the detector is larger than the one

discussed in Section 2; a larger size is a better starting point as the attenuation

through material would be more likely to yield directionality information in a larger

detector. For the purpose of populating the lookup table, several simulations with

discretized values of n(θn, ϕn) are used: the entire sphere in increments of 20 bins in

cos θ and 36 bins in ϕ. A plane source of incident 252Cf neutrons is projected upon

the sphere. For each n, 106 incoming neutrons were simulated with a plane source
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covering the cross-sectional area of the detector. A schematic showing the definition

of the coordinate system is shown in Fig. 3.3.

For each incident neutron, the number of recoils and captures, the position of the

neutron capture x, the weighted position of neutron recoils r, time to capture t, and

energy deposited in the detector E are recorded. The light output from recoil L is

estimated as [10, 54]

L =
∑
i

Li =
∑
i

E
3/2
i (3.5)

for each energy deposition i from neutrons scattering off protons. Other energy

depositions such as scatters off of carbon are assumed to produce negligible light

output. The direction of the weighted position r is used to account for energy

deposition through scattering and is calculated as the mean recoil position, with each

recoil weighted by the corresponding light output L:

r =

∑
i riLi

L
. (3.6)

This simulation is used to prepare the following lookup tables:

A. P ([ri]∩{L > Lt} |n), a recoil-only lookup table) above a discrimination threshold

(2 dimensions, rθ, rϕ)

B. P ([ri ∩ xi] |n), recoil-capture lookup table (4 dimensions, rθ, rϕ, xθ, xϕ)

C. P (
[
ri ∩ {x̄} ∩ {L > Lt}

]
|n), recoil lookup table given no capture and light above

a threshold (2 dimensions, rθ, rϕ), and

D. P (
[
ki ∩ {r̄} ∩ {L < Lt}

]
|n), capture location lookup table given no recoil above

a detection threshold is detected (2 dimensions, kθ, kϕ).

Lookup tables are generated for each incident angle n; a lookup table is a normalized
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histogram of the recoil or capture distribution in cos θ and ϕ. The histograms are

binned with 4 bins in each dimension, shown in Fig. 3.5. Each bin represents a

P ([A]i,j |n), with i, j being the indices of the bin of cos θ and ϕ, respectively. Although

increasing the number of bins per dimension could increase accuracy, doing so requires

a longer simulation as the recoil-capture lookup table is 4-dimensional. Potential

additional dimensions that could be used for future work include the radial component

of each position (rr and rx), the light output L itself, or time to capture t, which were

recorded but not used in this particular study.
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Figure 3.5: 4 × 4 recoil-only lookup table P (r|n = [92◦, 125◦]). The recoil-capture
lookup table cannot be easily shown as it is in four dimensions.

This simulation is used to prepare lookup tables P ([ri ∩ xi] |n) by histogramming

the angular components of x and r, effectively creating a four-dimensional lookup table

spanning θr, ϕr, θx, and ϕx. In addition, an alternate lookup table P (
[
ri ∩ {x̄}

]
|n) is

used for recoil events that are not followed by capture.

3.5.2 Bayesian updating on small samples of incident neutrons

To test the Bayesian updating method, a Geant4 simulation with an identical

setup was performed with a different seed. This was done for selected angles (ϕn, θn)

consisting of pairs of 20 polar angles evenly spaced in cos θn and 36 evenly spaced

azimuthal angles. For each incoming neutron, Bayesian updating was performed. The
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choice of the lookup table used is determined based on whether or there is a detectable

recoil or capture. Light output information L is also collected for the simulation and

an arbitrary threshold Lt can be set. Two different types of thresholds are studied. For

the discrimination threshold L > Lt,disc, a neutron capture enables the identification

of a proton recoil that would otherwise be below the discrimination threshold. For a

detection threshold L > Lt,det, a neutron capture will not be able to do this since the

proton recoil is not energetic enough to trigger the data acquisition system, and the

recoil position is lost.

For a discrimination threshold, the process shown in Fig. 3.6 determines which

P ([A] |n) is used. If the neutron does not interact via proton recoil or capture,

no updating is performed as no new information is provided (this is equivalent to

multiplying by a flat distribution). Both a map of the single-event estimate and a

cumulative estimate is obtained. For a detection threshold Lt,det, the process shown

in Fig. 3.7 is used.

To perform the Bayesian updating for each incident neutron indexed i, a cumulative

Bayesian estimate map Pi(n) is calculated. The map is initialized to a flat distribution:

P0(n) =
1

N
, (3.7)

where N is the number of incoming neutron angles included in the lookup table; in

this case, it is effectively a normalization constant. In this analysis, N = 720 for 36

values of nϕ and 20 values of ncos θ. A single-event map pi(n) for an event indexed i is

determined for each incident neutron interacting with the detector:

pi(n| [A]i) =
P ([A]i |n)

P ([A]i)
=

P ([A]i |n)∑
n P ([A]i |n)

. (3.8)
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Start Bayesian Processing for each incident neutron angle n

Import r, x, L from test run

L > Lt,disc?

Capture? Capture?

no yes

Miss
no update

Recoil-only
P (ri ∩ {x̄} ∩

{
L > Lt,disc

}
|n)

no no

Recoil+Capture
P ([ri ∩ xi] |n)

yes

yes

Figure 3.6: Flowchart for selecting a lookup table P ([A] |n) for Bayesian updating
executed for each incident neutron, with Lt being the discrimination threshold.

The cumulative estimate can then be found:

Pi(n) = pi(n| [A]i)Pi−1(n). (3.9)

This iterative process produces an estimate that qualitatively becomes sharper with

increased statistics, i.e., with more incident neutrons. An example of a cumulative

distribution along with its associated single-event estimate is shown in Fig. 3.8, where

an expected value n is calculated. Due to the spherical coordinates used to describe
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Start Bayesian Processing for each incident neutron angle n

Import r, x, L from test run

L > Lt,det?

Capture? Capture?

no yes

Miss
no update

Recoil-only
P (ri ∩ {x̄} ∩

{
L > Lt,det

}
|n)

no no

Recoil+Capture
P (

[
ri ∩ x ∩ {L > Lt}

]
|n)

Capture-only
P (

[
ki ∩ {L < Lt}

]
|n)

yesyes

Figure 3.7: Flowchart for selecting a lookup table P ([A] |n) for Bayesian updating
executed for each incident neutron, with Lt being the detection threshold.

the incoming neutron angle, n with components (θ, ϕ) is calculated in the following

way:

ϕ = arctan

∑
n P (n) sinϕn∑
n P (n) cosϕn

, (3.10)

θ = arctan

∑
n P (n) sgnϕn sin θn∑
n P (n) sgnϕn cos θn

. (3.11)

The figure of merit for the quality of the estimate is the angular discrepancy ψ
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(a)

(b)

Figure 3.8: Examples of single-event Bayesian update estimate map for events with
(a) proton recoils but no capture; (b) proton recoil followed by capture. Expected and
maximum (bin with maximum value) are shown for reference.

Table 3.1: Number of recoils and captures for a given number of incident neutrons for
the example shown in Fig. 3.9

Incident Recoils Captures

1 1 0
10 8 0

100 91 5
1000 853 77

between the estimate ni and actual incident neutron angle na:

ψ ≡|ni − na| = arccos
[
sin θi sin θa cos (ϕi − ϕa) + cos θi cos θa cos (ϕi − ϕa)

]
(3.12)
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Figure 3.9: Bayesian estimated angle probability map after (a) 1; (b) 10; (c) 100; (d) 1000
incident neutron events (left), and single-event estimate for the associated incident neutron
(left).

It is found that for the recoil-capture case, the lookup table has sufficient resolution

such that each single-event estimate is not zero. For the recoil-only case, a lookup

table of 4-bin resolution and an incident neutron count of 106 was sufficient for all

thresholds. However, including capture information adds two additional dimensions,

and thus a higher number of incident neutrons is needed for the lookup table.

There is a case where adding neutron capture information may be beneficial

– that of high neutron/γ discrimination thresholds. In this case, a large fraction

of recoil events may produce an amount of scintillation light that does not trigger

data acquisition (detection threshold), or that is cut off in post-processing due to

the inability to discriminate neutrons from photons (discrimination threshold). The

advantage that the inclusion of capture may provide is that the neutron capture is

usually easily identified by its consistent light output, and in heterogeneous composite

detectors also by its distinct pulse shape [2, 18]. Using the capture information, the
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preceding recoil may be identified even when it is below the discrimination threshold.

To study this condition, various thresholds were applied to the simulated light

output L. The units of light output are arbitrary. Two light outputs are considered:

a “low” threshold and a “high” threshold. These thresholds are shown in Fig. 3.10

together with the spectrum of 252Cf for reference. The low threshold cuts exclude

36 % of incident neutrons with recoil events, and the high threshold cuts exclude 90 %.

For each threshold, the lookup tables from Fig. 3.6 and 3.7 are regenerated. For the

recoil-only case, only recoils that exceed the threshold contribute to the cumulative

estimate.

Figure 3.10: The low (red, 36 % cut) and high (teal, 90 % cut) thresholds used for
studying the effect of thresholds on the Bayesian estimation method. The spectrum is
simulated for a 252Cf source.

The angular discrepancy, i.e., the angle between the estimated and the actual

incident neutron angle, decreases with a higher number of incident neutrons as shown

in Fig. 3.11. Three cases are shown: recoil only, recoil with a detection threshold

(recoil locations below threshold lost), and recoil with discrimination threshold (recoil

locations below threshold recovered).

Especially for the low number of incident neutrons, there is great variation between

different test trials of the Bayesian discrepancy progression, and conclusions cannot

be drawn on the basis of a single test run. Next, several trial runs for the same n

were conducted. The resulting average progression of the estimate with the number of
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Figure 3.11: Angular discrepancy with an increasing number of incident neutrons for
recoil only and recoil-capture with two different types of thresholds, (a) for the lower
threshold and (b) for the higher threshold in Fig. 3.10. Shown is a single trial for
n = (θ = 92◦, ϕ = 125◦).

incident neutrons is shown in Fig. 3.12. The resulting progression when the results of

several discrepancy progression tests with different n are distributed across a range

of angles (9 angles in cos θ and 6 angles in ϕ) in 4π can be averaged, yielding the

progressions shown in Fig. 3.13 For the low-threshold case, detected recoils greatly

outnumber captures at approximately 10 recoils per capture, and thus the addition

to capture in the model does not provide any significant benefit. However, when
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Figure 3.12: Angular discrepancy averaged across 100 trials with n = (θ = 92◦, ϕ =
125◦) when the light output thresholds shown in Fig. 3.10 are applied. (a) is the
progression for low threshold, while (b) is the progression for high threshold.

most recoil neutrons are below a discrimination threshold, the recovery of information

from such neutrons may improve the angular estimate for a fixed number of incident

neutrons. Due to this effect only being apparent for the high-threshold case, it may

be that the improvement in angular discrepancy can be attributed to the recovery of

statistics rather than the capture being the cause of any improvement as predicted

in Section 3.3. Ongoing work is being conducted to address this by implementing

Bayesian updating to events where there is a recoil and a capture and comparing the
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Figure 3.13: Angular discrepancy averaged over 54 different n when the light output
thresholds shown in Fig. 3.10 are applied. (a) is the progression for low threshold,
while (b) is the progression for high threshold.

result to a recoil-only case.

3.6 Conclusion

In this section, a Bayesian updating method was used to estimate incoming neutron

angles given known recoil and capture locations, if present. Based on the comparisons

between simulation test cases that ignore capture and cases where capture was factored
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in shown in Fig. 3.12, there is no significant improvement in determining the direction

of the incoming neutron, as measured by the difference between the estimated and

actual incoming angles. However, in situations where a high particle discrimination

threshold is set, recoil locations can be recovered, and in this case, the use of neutron

capture can improve the angular estimate presumably due to the ability to recover

lost recoil events. It cannot be yet concluded whether there is any improvement

with capture beyond the recovery of lost recoils. One area of ongoing work is to find

whether this improvement is specifically due to the addition of capture, or whether

this improvement is seen solely due to the recovery of events that would otherwise be

lost. This condition occurs when the number of neutron captures is comparable to the

number of neutron scatters that yield light output above the discrimination threshold.

It is noted that the angular discrepancy does not converge to zero with additional

incident neutrons. The exact cause of this is unknown and can be subject to further

investigation. One possibility is the discrete selection of incoming neutron angles,

although each bin would cover an equal area on the unit sphere, the angle between

these selection angles is not evenly distributed.

Further study is recommended on this topic, including developing a better under-

standing of the effect of a realistic geometry and the nature of detector segmentation

on directional neutron inference. The inclusion of other factors such as time to capture

and light output can also be considered, but with the Bayesian approach, this would

require more extensive computational resources for simulations due to the addition of

extra dimensions in the lookup and test data sets.
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CHAPTER 4

Application of an ASIC-based DAQ to a Neutron

Scatter Camera

4.1 The TOFPET2 data acquisition system

New solid scintillation materials, including plastic [55–57] and glass [58], capable

of discriminating nuclear from electronic recoils, are becoming available for radiation

measurements in mixed neutron-γ fields. Scintillation detectors segmented into

large numbers of channels are of increasing interest for fast-neutron detection, as

they can record the location of interaction with high spatial fidelity, which can

enable reconstruction of the source location and separation of signal from background.

Segmented scintillation detectors have been implemented as single-volume scatter

cameras [27], handheld dual-particle imagers [59], and arrays that can detect both

neutron recoil and capture, making them potentially suitable for antineutrino detection

via inverse beta decay [30]. To achieve high spatial resolution, silicon photomultiplier

(SiPM) arrays are used because they combine many optical readout channels in a

small sensor area and volume. One such system under development uses 6Li -doped

plastic scintillator and has been referred to as iSANDD [60]. A large number of signal

channels requires a large number of DAQ channels, which has to date been associated

with high cost, power usage, and technical complexity. These constraints may render a
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system prohibitively large or expensive for use in portable devices for nuclear security

measurements. However, it may be possible to overcome this limitation with compact

ASIC-based DAQ systems. Most ASIC systems do not record full signal waveforms,

which can make the discrimination between different types of interactions, e.g., fast-

neutron scattering and Compton scattering, challenging. One potential way around

this problem is to split a signal into two channels and integrate them over two different

periods. In this work, this method of PSD was performed on the TOFPET2, a DAQ

developed for time-of-flight positron emission tomography [61–66]. By comparing the

two time-integrated signals, PSD can be achieved [60, 67].

In this chapter, the charge collection characteristics of this particular ASIC were

studied through a series of experiments. For the PSD study, the linearity and operating

limitations were first studied by injecting a square electronic pulse input into the

ASIC. In addition, the effect of integration time was tested using a tail pulser signal

as input. These tests demonstrate the PSD capability using two different tail pulses.

Following this, a test involving fast neutron scattering on a stilbene cube mounted

directly to the SiPM array was used to investigate PSD when exposed to a mixed

neutron/γ 252Cf source.

4.2 TOFPET 2 Experimental Setup

The TOFPET2 is a commercially available ASIC developed by PETsys Electron-

ics [31, 68] and is designed for use in positron-emission tomography medical imaging

systems. This core application involves measuring 511 keV photons with scintillators

such as LYSO or LaBr3 with a time resolution of ∼ 100 ps [31, 68, 69]. The TOFPET2

provides a time to digital converter (TDC) and charge to digital converter (QDC)

mode and supports up to 64 independent channels per ASIC. In this work, the

TOFPET2 ASIC evaluation kit [70] was used, which includes two FEM128 front

end module (FEM)s with 128 channels each (two 64-channel TOFPET2 ASICs per
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module), along with the necessary hardware and software for data acquisition running

on a computer under the CentOS 7 Linux operating system. The components of the

evaluation kit were adapted for use with an 8×8 pixel SensL J-Series 60035-64P SiPM.

In addition to the standard evaluation kit, two custom components constructed by the

manufacturer were used: a front end board (FEB) module that enables dual-output

readout (FEB/S-2RO), which facilitates the duplication of SiPM signals, and diag-

nostic FEB with LEMO connectors (FEB/S-8L), which can be used to characterize

the response of the ASIC to pulser signals. The FEB/D mezzanine is an interface

that allows data from several ASICs to be processed and acquired. A diagram of the

FEB/LEMO setup is shown in Fig. 4.2, while a photograph of the setup is shown in

Fig. 4.1. A Peltier-based cooling system provided with the evaluation kit was refitted

to a larger metal enclosure to accommodate the experimental setup.

Figure 4.1: TOFPET2 arrangement used for pulser tests. The FEB/D interfaces with
the computer via an Ethernet connection.

Figure 4.2: Diagram of setup for pulser experiments.
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Before each experiment, a calibration process must be carried out which takes

approximately 1.5 hours. The calibration is reset on every power cycle or when the

temperature of the board deviates by 2 ◦C[71]. Notably, the baseline is determined

once during calibration and for every pulse, so any baseline shifts cannot be adjusted

on a per-pulse basis.

4.3 Measurement of ASIC Linearity with a Pulser

To characterize the ASIC’s linearity and limits of operation, a Stanford Research

Systems DG645 digital delay generator was employed to generate square pulses. To

feed the signal to the ASIC, the pulser signal was split into two using a BNC coaxial

cable T-junction and fed into the FEB/S-8L LEMO diagnostic readout board. The

use of the T-splitter for the pulser is analogous to the use of the FEB/S-2RO board

in a SiPM setup. The split signal is used to enable the measurement of pulse shape.

In communications with PETSys, it was stated that the maximum reliable inte-

gration time setting of the system was 421 ns. Nevertheless, integration time settings

are apparently permitted in the range up to 1000 ns via software. In order to test

the 421 ns limit and to determine what the response when the integration time is

set to large values, 1 µs pulses (of between 120 and 1190 mV) were fed to the LEMO

diagnostic board. Different amplitudes of square pulses with a length of 1 µs were

used, this being far longer than any of the integration times that are tested. As shown

in Fig. 4.3, there is evidence of saturation when the set integration time is above

approximately 500 ns. As these saturation features occur at the same integration

time despite varying amplitude, it can be concluded that this effect is caused by a

limitation in the integration time setting rather than charge collection.

Next, the linearity of the ASIC was tested, also using 1 µs pulses but with a 421 ns

integration time. This experiment establishes the charge collection limitations of the

ASIC. The resulting linearity plot is shown in Fig. 4.4.
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Figure 4.4: Linearity test of ASIC using 1 µs square pulses and 421 ns integration time.
The charge shown is the product of the amplitude of the square pulse and the 421 ns
integration time.

4.4 Tests of integration time characteristics of TOFPET2

using a tail pulser

To emulate the shape of a pulse reminiscent of one produced by a light sensor,

a BH-1 tail pulse generator was used to conduct tests similar to that described in

Section 4.3. Two decay times were used: 50 ns and 100 ns. The tail pulses were also
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integrated using an oscilloscope output trace to calculate the charge in V · ns. Like in

the previous experiment with the square pulser, both the amplitude and integration

time are varied, the amplitude from 50 to 400 mV, and integration times from 41 to

421 ns. The results of the linearity test are shown in Fig. 4.5. Significant nonlinearities

are present for short integration times, below 50 ns. In addition, the ASIC integrates

from the time the threshold is exceeded; this may cause a larger proportion of the

pulse to be excluded from the integral for small pulses. The baseline is calibrated

during the startup calibration stage rather than before each pulse; these two effects

could contribute to unreliability at low integration times.

Following the linearity test for a single channel, a two-channel test was conducted

to test the PSD capabilities. For this experiment, the same tail pulser was used to

produce 50 and 100 ns pulses, also fed directly to the ASIC. The pulser output was

split with a T-splitter and then fed into the FEB/S-8L LEMO connectors to the ASIC.

As a demonstration of the most basic form of PSD, the pulser was initially set to a

50 ns fall time for 20 s, followed by an abrupt change to a 100 ns fall time setting. For

this ASIC, the PSP is defined as in Eq. (1.7):

PSP =
Ql −Qs

Ql

, (4.1)

where Ql is the charge collected from the channel with a longer integration time

tl, representing the “total” collected charge, and Qs is the charge from the channel

integrated over a shorter period ts, representing the “head” of the pulse from threshold

to ts after the threshold. As per the usual convention, the pulse tail is used to calculate

PSP rather than the pulse head, consistent with the definition of PSP in Eq. (1.7).

For tl = 421 ns and ts = 91 ns, the observed PSP is shown in Fig. 4.6. The spread

in PSP is much greater than expected from a tail pulser; this suggests that there

will be a significant contribution of the ASIC to the uncertainty in PSP in an actual
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Figure 4.5: ASIC charge collection values (ADC) for 100-ns fall time tail pulses of
varying amplitudes, when measured with integration times from 20 to 410 ns. The
charge was measured by integrating oscilloscope traces. The data is plotted with
respect to integration time in (a). The same data plotted against pulse charge is
shown in (b). The ASIC charge collection for tail pulses is linear within this operating
range.

detection application.

4.5 Single-pixel PSD with a Stilbene Crystal and

SiPM Readout

To study a typical scenario for radiation detection with PSD, a 6 mm × 6 mm

cube of stilbene was coupled to a single-pixel J-Series SiPM with a layer of optical
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Figure 4.6: (a) PSD plot over time and (b) PSP plot measured using direct pulser
feed into ASIC for 50 and 100 ns fall time pulses, with integration times tl = 421 ns
and ts = 91 ns.

grease in between them. The stilbene cube was wrapped with Teflon tape on the sides

of the cube not contacting the SiPM. The SiPM was then mounted to the custom

FEB/S-2RO splitter board allowing each of the 64 pixels to be read out into two

channels, resulting in 128 channels in total. The stilbene cube was exposed to several

γ-ray sources, including 137Cs, 22Na, and 60Co, to measure the response to γ radiation,

DD and DT generators to measure the response to monoenergetic neutrons, and 252Cf

as a mixed source of broad-spectrum neutrons and γ’s. The long integration time was

set to 410 ns. The actual integration time as reported in the TOFPET2 data files is

11 ns longer than the set integration time, i.e., 421 ns. Several head integration times
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were tested to optimize the PSD: 71, 91, 131, and 171 ns (actual integration times as

reported by the ASIC), and the results are shown in Fig. 4.7. The term ASIC charge

units refers to the raw numerical output of the TOFPET2 that represents a quantity

proportional to the collected charge.
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Figure 4.7: Tail/total PSD plots for head integration times of (a) 71 ns, (a) 91 ns, (a) 131 ns,
and (a) 171 ns.

The PSD figure of merit, F , is defined as

F =
µγ − µn

wγ + wn

, (4.2)

where µγ and µn are the mean PSP ’s, and wγ and wn are the full-width half-maximum

(FWHM) of the PSP for γ’s and neutrons, respectively. One notable feature of PSD

is the deterioration of particle discrimination at higher charges and the drift towards

higher PSP as the collected charge increases. The tail/total PSP distribution for

a Pb-shielded 252Cf source over a narrow light output range of 410 to 470 keVee is

shown in Fig. 4.8.
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Figure 4.8: Tail/total PSP distribution for the light output range 410 to 470 keVee for
(a) 71 ns, (b) 91 ns, (c) 131 ns, and (d) 171 ns.

The FOM of different charge collection bins is shown in Fig. 4.9. Rather than

increasing as the collected charge increases, the FOM is highest at a head integration

time of 131 ns and ∼20–25 ASIC charge units, with an FOM of 1.190, and then it

decreases with increasing charge.

A possible reason for this behavior is the limited total integration time, which also

must be optimized. Typically, for PSD optimization the total integration time should

be as long as possible to encompass the entire pulse, but in the ASIC, due to saturation

effects and degradation of linearity with very long integration times, only a part of

the slowly decaying SiPM pulse is captured in the total integral. These nonlinearities

are attributed to buffer overflows in the DAQ [71]. In the prior experiment, 410 ns

was chosen as the integration time, because above that integration time, the charge

collection linearity degrades and the system saturates. Improving the PSD over a wide
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Figure 4.9: FOM for several ASIC-unit charge collection bins with a head integration time
of 131 ns. Below ∼10 charge units and above ∼ 40 charge units, the two distinct pulse shape
bands cannot be clearly resolved.

energy range is desirable, and if corrections for linearity can be made, the integration

time may be extended to applications in which the light output is below approximately

10 MeVee.

A similar optimization scheme is used: rather than fixing the head integration time,

the total integration time is modified. In this experiment, multiple measurements

with a γ-ray source such 137Cs must also be made to calibrate the charge scale to

keVee, as the variation in the total integration time leads to different total charge

collection values. In these runs, the head integration time is fixed at the value found

to be optimal for the 410 ns total integration time and is equal to 131 ns (reported

ASIC time).

The integration times that provide the best discrimination are then calibrated with

a 137Cs source, as the total integral cannot be directly prepared. These integration

times are selected by finding the FOM of a charge range of ∼23–28 ASIC units, which

is roughly the range that results in the best discrimination for all integration times.
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Figure 4.10: Raw tail/total PSD plots for total integration times of (a) 381 ns, (b) 421 ns,
(c) 461 ns, and (d) 501 ns.

From this analysis, the total integration time of 461 ns demonstrated the highest figure

of merit, 1.246.

4.6 Conclusion

Neutron detectors used in nuclear safeguards that use SiPM-based detector systems,

especially neutron scatter cameras, could benefit from segmentation into hundreds

of channels, which necessitates the need for high-channel-density and low-cost-per-

channel data acquisition systems. However, the available compact systems lack full

waveform digitization, and thus far PSD for identifying different particle types has been

challenging. This work demonstrated PSD on a single channel of the TOFPET2 data

acquisition system (PETsys Electronics), an ASIC-based data acquisition originally

intended for positron emission tomography. A stilbene scintillator cube was placed

on a pixel of a J-series SiPM with the TOFPET2 data acquisition and was exposed
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to 252Cf. PSD was achieved by splitting the SiPM signal into two channels and

integrating the charge for a different duration for each of the channels. For a stilbene

cube exposed with a 252Cf source, a PSD figure of merit of 1.13 was achieved at 410 to

470 keVee with a short integration time of 131 ns and a long integration time of 421 ns.

Gamma-only and neutron-only sources were used to verify that any PSD separation

was indeed from different particle types: a PSP of 0.30 was observed with gammas

and 0.37 was observed for neutrons.
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CHAPTER 5

Calibration of the TOFPET2/SiPM System

5.1 Introduction

This work extends on the work of the previous chapter by introducing an LED

calibration method, which is then applied to neutron and γ spectroscopy. The LED

calibration is necessary to account for any nonlinearities in the ASIC/SiPM system. In

this experiment, a SensL J-Series 60035-64P SiPM was illuminated with a pulsed light-

emitting diode (LED) to develop a calibration curve that accounts for nonlinearities in

the SiPM/TOFPET2 system. Finally, γ and neutron spectroscopy were demonstrated

using a stilbene crystal attached to a single pixel of the SiPM exposed to various

radioisotope sources and neutron generators. The light output spectra obtained from

the TOFPET2/SiPM system exhibit shapes expected from γ rays and monoenergetic

neutrons.

5.2 LED Linearity Experiments

In Chapter 4, linearity as a function of integration time (up to 421 ns) was

investigated. In this chapter, the nonlinearities in the ASIC/SiPM system are assessed,

and a calibration method is introduced to correct the nonlinearities to perform

spectroscopy. A green LED was powered by a DG645 (Stanford Research Systems)
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digital delay generator, and a DET36A (Thorlabs) photodiode was used to record

the LED output. A J-Series SiPM was exposed to the LED light within a dark box

using TOFPET2 for data acquisition. The SiPM was biased at 28 V, with 3.5 V

overvoltage. The bias voltage was provided by the mezzanine board. A schematic of

the experimental setup is shown in Fig. 5.1, while a photograph of the setup is shown

in Fig. 5.2.

Figure 5.1: Illustration of the photodiode and SiPM setup used for LED-based
calibrations.

Figure 5.2: Experimental setup used for LED-based calibrations.

The ASIC output was compared to the signal measured by the photodiode in the

setup shown in Fig. 5.1. Due to the relatively low sensitivity of the photodiode, the

LED was placed in a lens tube pointing directly at the photodiode. The SiPM detects

primarily reflected light. The amount of light received by the SiPM is far less than
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but proportional to the amount of light incident on the photodiode. The photodiode

pulses were amplified using a single channel of a CAEN V975 fast amplifier (10× fixed

gain), as the unamplified photodiode pulses have too small amplitudes to be reliably

collected with the desktop digitizer used. The amplified signal was acquired by a

CAEN DG5730 desktop digitizer (14-bit, 500 MS/s), yielding raw waveforms of the

photodiode signal, as shown in Fig. 5.3. These raw waveforms were baseline-subtracted

using the first 16 samples, and the entire baseline-subtracted waveform was integrated

in post-processing.
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Figure 5.3: Example baseline-subtracted photodiode waveform from the CAEN
DG5730 digitizer. In this example, the LED was driven by a 400 ns width, 5 V
amplitude pulse.

The LED was powered using a Stanford Research Systems DG645 digital delay

generator. Square pulses with amplitudes in the range of 1.3 to 5 V and pulse widths

50 to 400 ns were used to drive the LED, generating light pulses of different amplitudes

and durations. The result using ADC values obtained from a single pixel of the

TOFPET2 is shown in Fig. 5.4. The figure reveals several interrelated features. Above

∼20 ADC (TOPFET2 ASIC), the calibration curves deviate from each other depending

on the width of the square pulse being fed to the pulse generator, and hence the

length of the light pulse incident on the SiPM. As the TOFPET2 has no capability to

digitize waveforms, the shape of the pulse that the SiPM/TOFPET2 system processes

is unknown. Using this calibration, we can establish an operational range where
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light measurements can be calibrated without correction for pulse shape. To fit the

calibration curve, a function that describes the expected number of subpixels (SiPM

microcells) triggered by a given number of incident photons is used [72]. The fitting

of this calibration curve assumes only statistical effects, and does not consider aspects

such as the dead time for any subpixel:

Nfired = Ntotal

[
1 − exp

(
−εNincident

Ntotal

)]
, (5.1)

where Nfired is the number of subpixels triggered, Nfired is the total number of subpixels

on each SiPM pixel, Nincident is the number of incident photons, and ε is the photon

detection efficiency. The general shape of the nonlinearity can be described through

compression losses in the SiPM [73]. These compression losses exist due to the

overpopulation of single-photon avalanche diode triggers, a statistical effect caused by

an excess of photons hitting the SiPM. However, this does not explain the dependence

of the calibration curve on the pulse width, which we hypothesize to be caused by either

the instantaneous charge capacity ASIC-based readout, or the re-firing of subpixels

on the SiPM array. An experiment using a non-ASIC readout for the SiPM with a

similar LED setup may be employed to find to which extent the latter hypothesis

contributes to this effect.

In this particular experiment, there was no knowledge of the raw number of photo-

electrons incident Ntotal or fired Nfired. Thus Eq. 5.1 is reformulated to be put in terms

of the signal detected by the ASIC QASIC and the signal detected by the photodiode

Qphotodiode, leaving two free parameters A and B that can be fit with the calibration

data, as in Eq. 5.2.

QASIC = A

[
1 − exp

(
−βQphotodiode

A

)]
, (5.2)
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Physically A is the expected ASIC analog to digital converter unit (ADC) value

when all Ntotal subpixels are fired at once, and β is a scaling factor taking into account

any scaling factors introduced by the photodiode ADC value and the detection

efficiency of the SiPM:

β =
A

B
ε (5.3)

where A is the same as before, ϵ is the detection efficiency and B is the expected

photodiode/CAEN digitizer ADC value corresponding to the amount of light for which

the all pixels of the SiPM fire. We fit this calibration curve for an operational range

of below 20 TOFPET2 ADC, the fit shown in Figure 5.4. This range is chosen as it

is only in this range where the pulse calibration curve does not depend on the pulse

shape.
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Figure 5.4: Single-pixel LED calibration curve for SiPM biased at 3.5 V overvoltage
and coupled to TOFPET2.

For this particular case A = 28.54 ADC and β = 6.90 × 10−4. Note that these

particular values are only valid to the particular setup described here, and is refitting

is needed for each calibration.
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5.3 Gamma and Neutron Spectroscopy with TOFPET2

Following the LED calibration, γ and neutron spectroscopy experiments were per-

formed using a 6 mm cube stilbene crystal placed on the pixel for which the calibration

curve was generated. The crystal was exposed to three γ sources: 22Na, 137Cs, and

60Co. The Compton edge of 137Cs and 22Na were used to calibrate the energy scale.

In addition, measurements were taken with two monoenergetic neutron generators

manufactured by Thermo Scientific: a 2.45 MeV MP320 deuterium-deuterium (DD)

fusion generator and a 14.1 MeV P211 deuterium-tritium deuterium-tritium (DT)

fusion generator. A 1/4-inch sheet of lead was used to shield the stilbene crystal from

∼50-keV photon radiation produced by the generator. To make the PSD cuts for

neutron and γ radiation, a 252Cf source was shielded with a 6.35 mm thin sheet of

lead. The PSD cuts are then made to separate neutron and γ radiation, as shown in

Fig. 5.5. The SiPM overvoltage setting is set to 3.5 V.
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Figure 5.5: PSD plots for (a) a DD neutron generator, (b) DT neutron generator, (c)
252Cf, and a (d) 22Na gamma source taken by the TOFPET2.

These PSD cuts, shown in Fig. 5.5 are used to create uncalibrated neutron and γ
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spectra, which are shown in Fig. 5.6. These PSD plots differ from the ones shown in

Fig. 4.7 as the overvoltage to the SiPM used i this case is lower in this case (3.5 V for

Fig. 5.5 and 5.5 V for Fig. 4.7.)
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Figure 5.6: Raw TOFPET2 charge collection spectra for several γ and neutron sources.

Though an endpoint-like feature is observed with the uncalibrated DT spectra in

Fig. 5.6, the location of the feature is beyond the operational range established by the

calibration curve (below 20 ADC) and is therefore not considered reliable. In fact,

the edge-like feature is most likely due to saturation.

To compare the performance of TOFPET2 to a typical data acquisition system,

the SiPM and stilbene setup were read out using an ARRAYJ-60035-64P-GEVK

breakout board manufactured by ON Semiconductor and a CAEN DG5730 desktop

digitizer. The same single channel was read out in this experiment as in the case

of the TOFPET2 experiment. The same DD and 137Cs sources were used, and the

resulting DD neutron spectra are compared against the TOFPET2 results in Fig. 5.8

to verify that the proton recoil quenching is consistent with expectations.

The proton recoil edge for incident DD neutrons corresponding to 2.45 MeV is

530 keVee, determined through a Gaussian fit on this edge, giving a quenching factor

of 0.21. This result is consistent with the light output model for stilbene given by
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Figure 5.7: Calibrated spectra obtained from the TOFPET2 for a stilbene cube on a
SiPM pixel for (a) γ and (b) neutron sources.

Ref. [74], which reports a light output of 535 keVee light output for a 2.45 MeV proton

recoil in stilbene.

5.4 Conclusion

An LED calibration process was used to determine the linearity of the response of a

TOFPET2 ASIC and SiPM-based detector system coupled to a 6 mm stilbene crystal.

The SiPM channel output signal was split into two with a custom FEB/S-2RO splitter

board, which is a method to achieve PSD. The operational limits of the TOFPET2
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Figure 5.8: Calibrated DD neutron spectra measured with the TOFPET2 and a
CAEN DG5730 desktop digitizer.

were studied with special attention to the integration time in a PSD setup using a

pulser feed to the ASIC. After generating a calibration curve, output spectra for γ

sources and a DD monoenergetic neutron source were generated by correcting for the

nonlinearities in the system. As the light output produced by DT neutron interactions

is too large, spectroscopy cannot be accurately calibrated for DT using this method

due to the shape of the LED calibration curve as well as its dependence on the pulse

shape for high-energy deposition. This calibration method suggests a rather limited

dynamic range for neutron and γ spectroscopy. Improving the dynamic range of the

ASIC would thus be desirable for future versions of the ASIC if it is to be used for γ

and neutron spectroscopy. Topics suggested for further study include the investigation

of the effect of lowering SiPM overvoltages and possible problems that may arise from

such an approach, such as a degradation of energy resolution and PSD performance.
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CHAPTER 6

Summary and Conclusion

6.1 Overview

This dissertation has focused on the methods to detect fast neutrons while capturing

their directional information using organic scintillator arrays with an addition of a

capture component. To accomplish this, advances are presented that improve the

understanding PSD in scatter-capture detectors, provide the ability to reconstruct

incoming neutron direction from the event topology recorded in the detector and

examine the deployment and calibration of high-density data acquisition systems that

do not employ waveform digitization.

In Ch. 2, the PSD characteristics of a heterogeneous recoil and capture detector

were investigated through experiment and simulation. In such heterogeneous detectors,

the existence of “composite” pulse shapes has been observed to affect γ rejection

performance.

Following this, a new approach to estimate incoming neutron direction given

from the positions of interactions in the detector was studied. A Bayesian approach

was used to reconstruct an incoming neutron angle by constructing a lookup table

compiled from a Monte Carlo simulation of a large number of neutrons incident onto

the detector. Using this approach, it was determined that without a threshold below

which recoils cannot be detected, neutron capture does not significantly improve the
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estimate of the direction of the incoming neutron due to the much smaller number of

captures when compared to recoils. However, in cases where PSD between neutrons

and γ rays is poor and few neutron recoils can be identified as such, utilization of the

neutron capture helps to improve the estimate of the incident neutron direction.

In a practical implementation of directional neutron detectors, a high-channel-

density ASIC-based data acquisition system, TOFPET2, was investigated in conjunc-

tion with a generic neutron scatter camera. In Ch. 4, the performance of the ASIC was

tested when in charge collection (QDC) mode. Rudimentary PSD was demonstrated

with an electronic signal fed to the ASIC from a pulser. The PSD was subsequently

demonstrated with stilbene exposed to a 252Cf mixed neutron-γ source. Although

PSD was observed, the PSD performance is significantly worse than that obtained

with full waveform acquisition: a figure of merit (FOM) of 1.19 was achieved, whereas

for full-waveform digitization of a 6-mm cube of stilbene coupled with a SiPM, a FOM

of high has 1.37 [75].

A calibration method using an LED was investigated to enable neutron and γ

spectroscopy in Ch. 5. A SiPM mounted to the ASIC readout was exposed to an LED,

and the emitted light was also measured by a photodiode. From the combination of

measurements, a calibration curve was constructed to correct the characteristics of the

SiPM/ASIC system. However, the output as read out by the ASIC is dependent on

the length of the LED pulse for large amounts of light detected such as scintillation

produced by DT neutrons. Whether this is an effect of the ASIC or the SiPM is yet

to be determined. Due to this effect, there is an operational maximum limit of 20

ADC units as reported by the TOFPET2 should this calibration method be used.

6.2 Future Work

The results of the work have the potential to be used in developing future neutron

scatter-capture cameras. The simulation of neutron directional detection includes the
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effect of segmentation and position resolution on the Bayesian analysis. In addition,

the current analysis reconstructs the incoming neutron direction using the interaction

position expressed as the angle measured in the coordinate frame referenced to the

center of the detector. With a more extensive simulation, the Bayesian lookup table

can be extended to the three-component location (including distance from the detector

center) as well as other information that can be extracted from the detected event,

such as scintillator light output and time to capture. Including this data in the

Bayesian analysis is a potential direction for advancing this work. In addition, the

implementation of machine learning is also a promising direction for the detection of

neutrons with directional sensitivity [76].

Additional work would help improve the understanding of ASIC-based data acqui-

sition. For the TOFPET2, the separation of effects introduced by the ASIC and by the

SiPM light readout method is desirable to improve the calibration method and possibly

extend the usable dynamic range. Beyond this, ASICs with waveform acquisition

capability are in commercial development. The usage of compact ASIC-based data

acquisition also has usage potential in other novel detector systems that require a

large channel count, such as the LiquidO opaque scintillators [77, 78].
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