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ABSTRACT

ALEXANDER FAY. Alpha/beta pulse shape classification in a novel scintillator.
(Under the direction of DR. SAMUEL SHUE)

The performance of existing methods for the digital and analog discrimination of al-
pha and beta particles in mixed radiation fields is examined for signals produced using
a novel ruggedized scintillator. Leveraging frequency analysis of simulated signals, an
experiment has been designed and used to obtain a representative sample of time
domain electronic pulse data. The experiment was conducted at the Triangle Univer-
sities Nuclear Laboratory, where emissions from radioactive elements Americium 241,
Plutonium 239, Cesium 137, Cobalt 60, Polonium 210, Strontium 90, and Thallium
204 were used to collect a diverse set of energies for alpha, beta, and gamma particles.
Statistical signal processing techniques are utilized to determine optimal parameters
for use in rise-time, pulse gradient, and time over threshold pulse shape discrimination
techniques. Support vector machines, and k nearest neighbor classifiers are used to
extend the discrimination performance by utilizing rise-time, pulse gradient, and time
over threshold coupled with the peak height of the event. Rise-time discrimination is
found to be 98.95 percent accurate for beta particles, and 99.29 percent accurate for
alpha particles. Pulse gradient discrimination is found to be 99.92 percent accurate
for beta particles, and 99.98 percent accurate for alpha particles. Finally, time over
threshold discrimination is found to be 94.72 percent accurate for beta particles, and
99.50 percent accurate for alpha particles. Using classification methods and peak
height, most methods produce an additional 1-2 percent accuracy in all cases.

All of the analysis is repeated after artificially down sampling the available data
to mimic 50 MHz, 100 MHz, 200 MHz, 1 GHz, and 2 GHz sampling rates. Under
this treatment, the best consistency is obtained with pulse gradient discrimination,

which maintains greater than 99 percent accuracy even at 50 MHz, compared to rise-
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time, which falls to under 50 percent accuracy, and time over threshold which falls
to under 80 percent accuracy at 50 MHz. The dataset is made available for more
advanced study, and the gamma data is also available for researchers to attempt
beta/gamma or alpha/gamma discrimination. While more features can be found for
the pulses, and more advanced techniques can be used to obtain higher accuracy
metrics, the benefit of the analysis completed here is its transferability to embedded
and computationally constrained systems. Each method used here, with the exception
of k nearest neighbors is capable of classifying an incoming pulse in a handful of
clock cycles, compared to more complex systems that require more power and more

computation time.
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PREFACE

This thesis aims to provide a clear analysis of potential approaches to classifying
the pulses produced by a new and novel scintillator, while providing theoretical rigor
for the classifier design process. The techniques employed here are drawn from the
existing literature in nuclear physics and classifiers, and are chosen to be feasible
and practical for implementation in embedded and computation constrained envi-
ronments. In particular, this thesis draws from foundational work in pulse shape
discrimination, particularly in rise-time, pulse gradient, and time over threshold ap-
proaches. At both the experiment and analysis stages, motivation for the decisions
made is derived through engagement with statistical signal processing theory. The
results of this thesis should clearly inform the reader as to the best approach to be
taken for their specific application involving this scintillator, while also providing a
clear path forward for the furthering of this work.

The chapters of this thesis should build upon one another, beginning with an
overview of the physics of scintillation, and its key importance across many fields.
From there, analysis is conducted on the expected characteristics of the signals being
investigated to drive experimental design and execution. This section also contains
all necessary details for researchers to repeat and test the work conducted here. The
methodology for handling the acquired data is covered in depth starting with the pre-
processing techniques applied, and ending with a summarization of the supporting
statistical theory. Finally, results are laid out and comparative analysis is applied to
aid the reader in determining which of the assessed methods would perform best in

the specific use case.



CHAPTER 1: INTRODUCTION

Particle radiation, whereby an unstable nucleus ejects energetic particles, plays a
significant role in multiple fields, such as radioactive medicine, nuclear engineering,
and the fundamental sciences. In medicine, lightly radioactive samples can be ingested
by patients, with their radioactive emissions used to track its progress through their
body, or strong radiation can be used to destroy harmful cells [1]. Radiation can
even be used to create images of structures inside a patients body for the purpose
of producing a clear diagnosis [2]. Nuclear engineering is a key component of power
production, and defense [?]|. Finally, particle radiation and its study is a key aspect of
furthering investigation and validation of the standard model of physics [3]. The types
of particle radiation are classified by the particle that has been ejected: « particles
refer to the ejection of a He?" nuclei, 3 particles refer to the emission of a high energy
electron or positron, and ~ particles refer to the emission of high energy photons.

Utilization and measurement of particle radiation is also a key component of ra-
dioactive hazard response, which can be due to both accidents, or adversarial attacks
[4, 5]. While needs of specific applications vary, in many safety and hazard response
situations, knowledge of the intensity of the particle radiation is just as important
as information about the type of particle being measured. This is because different
types of radiation interact with matter differently. a particles carry large amounts
of energy, but due to their strong charge and larger mass, their energy is quickly
attenuated in most mediums. This makes « radiation relatively safe so long as pro-
tective gear and precautions are employed. [ radiation however, is less energetic, but
also much less massive. It does not attenuate quickly through most mediums, and as

such, it is generally better to employ dosage related precautions, such as minimizing
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exposure towards sources to as low as is reasonable. When responding to hazardous
situations, or executing safety procedures related to radiation, handheld particle de-
tectors are used to scan and classify the radiation seen in an affected area. Typically,
due to the underlying physics related to the measurement of the particle radiation,
two different handheld detector types are used. “Geiger counters” are used in areas
where « contamination is presumed to be present, and then o/ detectors are used
in cases where a mixed radiation field is expected.

This thesis is concerned with the particular case of handheld o/ particle detectors
and the advancement of their technology. Handheld particle detectors commonly use
scintillation detection to measure and classify particle radiation. Scintillation is the
emission of light following energy deposition by a radiating particle inside a special
material, called a scintillator. The scintillator converts the energy into a pulse of light,
and depending on the type of radiation that deposited the energy, the dynamics
governing the light production are different. This difference in dynamics can give
rise to differently shaped pulses when measured by a detector. Figure 1.1 shows an
example of two different light pulses that were detected using a silicon photomultiplier
(SiPM), with the left plot showing the pulse produced by a /3 particle, and the right
plot showing an « pulse. The light pulses can be processed through use of pulse
height analysis (PHA) and pulse shape analysis (PSA). In detectors where the signals
produced by the scintillated light are powerful enough, PHA can be employed to very
easily discriminate between particles by checking whether the max value of a pulse
was above, or below a specific threshold. Given its simplicity, PHA can have a high
error rate, and is only feasible in cases where the expected signal amplitudes are large.
In scintillation detection, due to the absorption of light, imperfections in reflection of
light, and other losses, it can be difficult to achieve the necessary signal strengths for
PHA to be reliable. When this is the case, PSA is applied, whereby targeted filters

are used to pull out features that are intrinsic to the “shape” of the pulse. While
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PSA generally provides better accuracy in the classification of particle radiation, this
benefit comes at the cost of more complicated implementation at either the hardware
or software level.

Recently, a new ruggedized scintillator has been developed by Corvid Technologies
which addresses the weakest component of many «/f detectors, the aluminized Mylar
window. Most modern «/f detectors use a 4-6pm thick aluminized Mylar window
which is easily damaged, often rendering the detector useless. However, due to in-
trinsic aspects of the ruggedized scintillators construction, it produces low amplitude
signals that are incompatible with PHA. This thesis seeks to utilize existing methods
of PSA, also called pulse shape discrimination (PSD) and apply them to the signals
produced by this new scintillator. Three existing methods of PSD are drawn from the
literature and examined in detail. Signal rise-time, pulse gradient analysis (PGA),
and time over threshold (ToT) represent a gradient in the simplicity of implemen-
tation starting at rise-time as the simplest, to PGA as the most difficult and costly
[6, 7, 8]. In order to produce the data required for an in depth assessment of the
capabilities of the existing PSD methods, an experiment was designed and executed
at the Triangle Universities Nuclear Laboratory (TUNL), and Corvid Technologies.
In these experiments, 2! Am, 23Pu, 37Cs, °°Co, 2'9Po, P°Sr, and 2°*T1 were obtained
to produce 140,000 pulses for the shape analysis. When broken down by particle type,
approximately 60,000 pulses came from the o and [ particles each, and about 20,000
were obtained from v particles. The v particle dataset will not be considered in this
work, and is provided for potential follow-on research into potential differentiation
between [ and v particle radiation. The effectiveness of the PSD developed here is
also extended through the use of the classification techniques support vector machines

(SVM) and k nearest neighbors (KNN).
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Figure 1.1: An example of two scintillations captured via photomultiplier, and re-
solved using a trans-impedance amplifier and a high speed oscilloscope. The left
pulse originated from a [ particle. Since ( particles typically possess low energy,
there is little to no delayed fluorescence, as can be seen by the clean exponential
shape of the pulse. The right pulse originated from an « particle. « particles are
much higher energy, and as such there is noticeable delayed fluorescence in the pulse
shape.

1.1  Overview of Scintillation Detection

Scintillation detection has a long history in the physical sciences, which can be
traced all the way back as far as the experiments of Rutherford and others [9]. The
core principal of scintillation detection is that there are materials with unbound =
electrons which can be excited by the electric fields intrinsic to « particles, which
carry a positive charge, and 3 particles which can carry either a positive or negative
charge. When excited, these unbound electrons are promoted into excited states,
from which they eventually de-excite and return to the ground state. During the de-
excitation process, each electron releases a photon with energy equal to that of the
energy difference between the excited and ground states. This ensemble of photons
which are emitted is referred to as “fluorescence,” and the intensity of the emitted

light over time can be modeled as an exponential function

- Ioexp(—;) (1.1)
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with Iy the initial light intensity, t being time, and 7 the intrinsic fluorescence decay
time [10].

However, alternative paths do however exist, whereby an electron can oscillate for
some nanoseconds between atomic states before fully returning to the ground state.
During this oscillation period, photons of a different wavelength are emitted through
a process known as “phosphorescence.” When the electron does finally return to the
ground state and release a photon, this is called “delayed fluorescence,” and it is
precisely this that causes the differences in light pulses that enable PSA and PSD
to operate [11]. This delayed fluorescence can cause recorded light pulses to have
shapes that are no longer perfectly exponential, and have decay times that are tens
or hundreds of nanoseconds longer. Most importantly, the proportion of delayed
fluorescence to general fluorescence is proportional to the energy loss of the particle
along its path through the material [12]. This property essentially implies that the
more energy a particle has, the wider its peak, and the slower its decay.

Aside from the delayed fluorescence, another driver of the resulting pulse shape is
the scintillator itself. A single scintillating material, depending on its composition
can be capable of scintillating «, 3, and ~ particles. Certain materials however, can
be chemically or physically constructed such that they are statistically unlikely to
scintillate radiations of different kinds. For example, thickness of a scintillator can
determine the amount of energy a ~ particle can deposit, and thus determine whether
the resulting signal produces a measurable pulse [13]. If targeting different radiation
than ~, the scintillator can then be made thin enough for most +4’s to be ignored.
Other scintillators are constructed with band gaps that are large enough to ignore
low energy radiation, which is useful for rejecting 3 particles and measuring only «
particles, since there is a large disparity in carried energy. In /3 detection problems,
the scintillator is usually composed of a stack consisting of an « sensitive layer such

as silver activated zinc sulfide (ZnS:Ag), and a [ sensitive layer such as EJ-212 which
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is a specially doped scintillating plastic. These different scintillating materials have
their own light production dynamics driven by their chemical structure. This aspect
further shapes the resulting light pulses produced by « and [ particles.

These exponential light pulses are acquired using very sensitive sensors called pho-
tomultipliers, which generally use hundreds of volts to produce strong momentary
currents which are resolved using a variety of circuits, such as a trans-impedance
amplifier. An example of scintillation pulses produced by both an « and a [ particle
are displayed in Figure 1.1, where the concept of delayed fluorescence is visible when
comparing the lower energy [ particle scintillation with the higher energy « particle
scintillation. A downside of light detecting electronics such as photomultipliers is the
requirement that the detector be in total darkness. If exposed to ambient, or even
low-light conditions, the photomultiplier can saturate and in many cases, destroy it-
self. This requires all scintillation detectors, handheld included, to have near perfect
light-blocking mechanisms, usually achieved through a layer of material placed atop
the scintillator, and sealed to the detector housing.

The full scintillation process from start to finish is shown in Figure 1.2 illustrating
all of the components discussed above. It should be noted here that when light is
emitted inside the scintillator, it does not have a coherent directionality. In principle,
the resulting light emissions from the scintillator are released spherically, with only a
fraction being released in the direction of the detection electronics. Due to this, many
detectors, handheld or otherwise will employ varying degrees of optical engineering

to redirect as much light as possible into the sensor, or sensors.
1.2 Motivation

The major motivating principle for this work is to assist in the ruggedization and
advancement of modern scintillation detectors. A number of the target applications
for handheld a// detectors require portability and reliability in the field and poten-

tially even in adversarial situations. This is a critical issue for modern scintillation
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Figure 1.2: Diagram of the operating principle of a scintillation detector with a [
particle source directed at a scintillator. Incident radiation impacts the scintillator
and deposits its energy. The scintillator fluoresces, and photons are released. The
photons are captured in the photomultiplier, which produces a current pulse that can
be resolved by electronics.

detectors, mainly due to protective light blocking layers. A major constraint placed
on the protective layers of o/ detectors is the rapid attenuation of « particles.
particles deposit very little energy in the materials they move through, however, «
particles will deposit large amounts of energy, and quickly attenuate themselves into
nothing in as few as millimeters of air. To accurately detect a particles without
severely impacting the energy spectrum that can be measured, the protective layer
must be kept as thin as possible. This leads to a conundrum, where the protective
layer must be able to be sealed completely against outside light, while also being as
thin as possible. Most modern scintillation detectors approach this problem using 2-4
pm of aluminized Mylar for their protective layer, which can be seen in Figure 1.3.
However, Mylar this thin is incredibly fragile, and even light abrasion or contact with
a blade of grass can be enough to puncture the layer and render the detector useless.

In response to this, Corvid Technologies has developed a novel, proprietary, ruggedi-
zed scintillator, which is shown in detail in Figure 1.4. The scintillator incorporates
carbon doped composite materials that exhibit high degrees of light absorption and
structural strength for the protective layer. Subsequent layers are also composed
of ZnS:Ag powder suspended in epoxy for additional strength compared to similar
scintillators where the adhesion of the scintillating power to the substrate is poor.

In detectors that utilize aluminized Mylar, light emitted back towards the opaque
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Figure 1.3: View of the aluminized Mylar screen on a popular Ludlum 43-93 model
a/f detector. This screen is generally 2-4 pum thick, and very fragile, hence the
protective mesh in front of the screen. Direct contact with most materials will easily
puncture or shred the Mylar, rendering the detector useless.

layer can be reflected by the metallic surface, and eventually reach the detector. Due
to the carbon doping of the Corvid scintillator protective layer, light emitted in the
direction of the protective layer is absorbed rather than reflected.

The absorption of this light poses a major issue for widespread adoption of this new
scintillator in handheld detectors. Most handheld detectors utilizing Mylar implement
PHA as their method for classifying the produced light pulses. Figure 1.5 illustrates
the issue preventing more widespread adoption of the Corvid scintillator. This issue
motivated the search for suitable PSD methods that would be able to take the signals
produced by this new, rugged scintillator, and discriminate the a particles from the
[ particles. Given that the target application is in handheld devices, particular
importance is placed on PSD solutions that are feasible to implement on embedded
hardware through either digital or analog electronics with classification latency as
low as reasonably possible. Particular importance is placed on solutions with low
computational requirements, as this allows the embedded processor to be cheaper,

lower power, and have less complex software.
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Figure 1.4: An exploded diagram of Corvid’s proprietary scintillator showing the
multi-layered construction. The protective layer’s main objective is to stop ambient
light from penetrating inside the detector, which would saturate the single photon
counters. ZnS:Ag is a common « particle scintillator, and in this case EJ-212 is used
as the [ scintillator. The reflective layer is included to try and direct photons towards
the detector, since the fluoresced light can be emitted in any direction.
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Figure 1.5: Demonstration of how PHA fails to classify radiation when scintillators
have lower light output. The orange pulse represents a pulse similar to what is
produced in a Mylar coupled scintillator, and the blue is the signal produced in the
scintillator examined here for radiation of the same energy. Because the produced
amplitude is much lower for all pulses, the classification accuracy is severely impacted.
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1.3 Review of Pulse Shape Discrimination Techniques

PSD is a multi-disciplinary problem that has been approached by both engineers
and physicists over a time period going as far back as the 1950s, with the study of
pulse shape dependency on scintillating material going back even further [14]. The
earliest investigations into PSD focused on the decay time, or decay constant that
was observed on the exponential light pulse that a scintillator produced [15, 16, 17,
18]. The intention was to develop experimental setups that would allow for the
consistent rejection of particles that were not the subject of a particular experiment,
but could contaminate the readings if not ignored. By testing a wide variety of
materials for different decay times, the earliest research sought to determine the
right set of materials to use depending on which particles a researcher intended to
reject. Limitations in the early nuclear electronics required that the rejection criteria
was something easily handled in analog, with decay time and pulse height being
the most feasible, and statistical methods existed to compensate for the effect these
limited electronics had on the signal. In laboratory environments, with well designed
experiments, these methods performed well at reasonably high energies, while low-
energy event discrimination remained elusive |9, 19]|. In the 1960s and beyond, PSD
techniques began to evolve in complexity, with algorithms for pulse processing being
derived that could be transformed easily into analog electronics.

Over this period, rejection techniques that utilized decay time remained popu-
lar [20], while new methods that were easier to reliably implement, and were more
accurate emerged. The rise-time discrimination method employed by [6, 20, 21| cen-
ters on the time it takes for the integrated charge pulse to reach some determined
fraction of its total magnitude. It has also been known to be called the zero crossing
method, based on a popular implementation of the technique whereby an RC circuit
is used to integrate the charge, and a CR circuit is used to differentiate the RC circuit.

If the time constants are chosen judiciously, the time at which the derivative of the
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RC circuit crosses zero matches well with the time at which the theoretical perfect
integral would reach 90% or greater of its total amplitude [22|. This concept is shown
in Figure 1.6, which compares the signal from the multiplier with a theoretical in-
tegral, the RC integral, and the CR differentiation, showing that the zero crossing
occurs at approximately 90% of the rise. Such simple core circuitry contributed to
its popularity in implementation, although because it is an approximation, it suffers
particularly for the case of low energy events.

Proportional integral methods, of which Charge Tail Integration (CTI) is the most
popular were employed in |23, 24, 25|. Proportional integral methods utilize the
underlying physics involved in the delayed fluorescence and scintillator chemistry to
greater degree by comparing the integrated charge during the “fast” component with
the integrated charge over the full waveform, or over some different section of the
waveform. As shown in [22| proportional integral methods had much higher perfor-
mance compared to rise-time techniques, but were much harder to implement due
to limitations in commercially available circuits at that time. Despite their relative
simplicity, these PSD methods remained popular throughout the remainder of the
century, and are still popular in low-cost electronics in the field of radiation detection
and measurement. These methods also mark a departure in the literature from the
original use case of PSD. Rather than being about rejection, these new methods were
arising with the intention of accurately classifying the radiation, for use in building
statistical models and achieving other research goals, although rejection remains an
important aspect of some experiments [3|. Proportional integral methods in particu-
lar have become very popular for use in large fundamental science collaborations as
readout electronics have improved. However, recently the availability of digitization
methods has begun to introduce many new digital PSD approaches.

A modern, yet very simple PSD technique that utilizes a combination of analog

and digital components is ToT PSD [8]. The theory behind this method relates back



13
to the original work done on PSD, where the focus was on decay times. Since (-
particle signals decay at a much faster rate than « particles, the time a signal spends
above a given threshold should vary between the two particles. This measurement
approximates the peak width of the signal, and lends itself to simple implementation
with analog comparators and timers. This method also introduces a trade off, where
the more thresholds are used, and the more widths obtained, the clearer a picture
of the pulse shape is painted. However, more channels for timing involves more
hardware, and more computational complexity. A useful digital PSD approach is that
of pulse gradient analysis [7]. This technique was designed with waveform digitization
in mind, and seeks to streamline picking out the “fast” and “slow” components of the
waveform in a rapid and computationally efficient way. Each waveform is normalized
such that it has a maximum magnitude of unity, and then a point is selected, generally
within 20 ns, and its value recorded. These values themselves are the discrimination
number, requiring no further computation. This method has been extended and
verified experimentally alongside other PSD methods, and is very easy to implement
in cases where the waveform can be digitized [26, 27]. As PSD applications have
continued to shift in the direction of classification instead of rejection, the field of
PSD has shifted towards utilizing the results of research into classifiers and artificial
neural networks (ANN) as it has become easier to digitize pulse data [28, 29, 30].
Some researchers have even stretched the implementation of modern classification
schemes even further to classify traditionally difficult data, such as when two events

happen simultaneously, called pile up [31, 32].
1.4 Contribution

This thesis makes two main contributions to the state of the art for scintillation
detection and pulse shape discrimination. First, a comprehensive dataset is provided
for Corvid’s new ruggedized scintillator which covers a, 3, and v particles from ra-

dioactive sources 2! Am, 23°Pu, 137Cs, ©°Co, 219Po, Sr, and 2°*T1. While these signals
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Figure 1.6: An example of “zero crossing” as an implementation of rise-time discrim-
ination, reproduced from [22]. For properly chosen component values, the circuit
differentiation of the integrator circuit will cross zero at approximately 90% of the
signals peak.

were generated with Corvid’s proprietary scintillator, the scintillating materials used
inside the scintillator are commonplace, and the signal shapes themselves are rep-
resentative of most o and [ waveforms. The conditions under which this data was
collected, and the procedure for replicating it are covered in detail as well to allow
other experimenters to replicate this work.

Second, three different existing PSD techniques are evaluated, leveraging theoreti-
cal techniques from statistical signal processing to determine the optimal parameters
to be used when implementing the PSD algorithms. This analysis is taken further
as each PSD technique is used alongside the measured peak height, and classification
techniques are employed to extend the accuracy of each analyzed method. These
methods are then stretched to their limits by down sampling the waveform data to
emulate lower sampling frequencies and lower bandwidths. The results of the effort
are summarized in tables and plots, and both quantitative and qualitative analysis

are provided to aid engineers and researchers in determining the ideal PSD method
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for their specific use case of the Corvid scintillator.

The overall structure of the thesis begins with the theoretical basis for, and con-
struction of the experiment executed to produce the data in Chapter 2. The method-
ology developed to process the data, optimize the parameters of the classification
techniques, and implement the SVM and KNN classifiers is covered in Chapter 3.
The results of the developed classifiers are tabulated and analyzed, and potential
sources of error that could not be controlled for are discussed in Chapter 4. Finally,
the efforts undertaken in pursuit of this thesis goal, and its results are summarized,

and potential future research in this subject is discussed in Chapter 5.



CHAPTER 2: DATA ACQUISITION

The overarching objective of acquiring this dataset was to provide the cleanest,
most representative sample feasible of the light output produced by « and g pulses
originating from this novel scintillator. A clean dataset facilitates the analysis com-
pleted here by enabling best case classification behavior to be evaluated. This analysis
can be followed by investigation into the effects of degradation and corruption on the
data, such as down sampling. Down sampling emulates the behavior of lower sampling
rate ADC’s by considering a smaller subset of the data. Although there are only a
handful of particle radiation types, there are many different radioactive isotopes that
emit them. Many of these isotopes have different emission energies, which can trans-
late to different pulse shapes and amplitudes. To represent as wide a spectrum of the
potential signals as possible, multiple different radiation sources were used across «,
B, and 7 species. The distance that the sources were from the scintillator was also
varied to artificially create an energy gradient for the high energy a particles, which
attenuate quickly through air. The source distancing scheme is shown in Figure 2.1,
each spacer used should attenuate the energy of the «a particle by approximately 10% .
Figure 2.2 shows the empirical mean functions, () for a selection of different sources
and distances illustrating the span of the collected data. It is also evident from Figure
2.2 that PHA is not suitable for processing this data, as the lowest energy « particles
will be misinterpreted. The overall size and organization for the data included in this
set are outlined in Table 2.1. The full dataset is available for download here [33].
Although ~ events were not analyzed in this thesis, they are available in this dataset
for future investigation into extensions on PSD algorithms that can be used with this

scintillator.
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Figure 2.1: Setup for iterating « source distance. The spacers are made out of 3/16"
acrylic, and have the center cut out so that the a particles attenuate through the
air, rather than through the acrylic material itself. Each spacer corresponds to about
10% attenuation in particle energy, as received at the scintillator.

In low photon count applications main consideration for obtaining clean, discernible
data is the speed of the resolving electronics. Referencing back to the dynamics of
scintillation, much of what differentiates o and [ components is contained in high
frequency signal components. Much of the important data in the signal is contained
in the “fast” components. Having an amplifier and digitizer with sufficient bandwidth
and sampling rate to adequately resolve the “fast” component is key [34]. The data
sheet for the AFBR-S4N66P014M SiPM used in this work to obtain the data estab-
lishes the rise times of the signal to be nanoseconds for single photon applications
[35]. In Section 2.1, frequency domain analysis is conducted on a simulated single
photon pulse. This analysis informs the equipment selected for use in the experiment,
which is described in Section 2.2 along with locations at which data was taken, and

the procedure followed.
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Figure 2.2: The empirical mean function u(t) for the subsets of selected sources and
distances. The potential span of shapes represented by the data obtained in this work
is evident in the spread of the av mean functions. The waveforms are inverted here for
presentation purposes. This figure also displays clearly why even in the ideal case,
PHA is not a suitable analysis for this scintillator, as the lowest energy « particles
will be misinterpreted.
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Table 2.1: Number of pulses obtained for all sources and distances. Numbers are
exact of this writing. The data is available online at [33].

Sources Spacings

o o" 3/16" | 3/8" | 9/16"
2MAm | 5,047 | 5,001 | 5,023 | 4,958
239Pu 5,012 | 5,015 | 5,126 | 5,011
20po 5,011 | 5,010 | 5,054 | 5,505
Source Spacings
o] o" 3/16" | 3/8" | 9/16"
137Cs 5,025 | 5,033 | 5,024 | 5,044
0Sry 5,210 | 5,539 | 5,025 | 5,121
204 5,026 | 5,088 | 6,115 | 5,279
Source Spacings
0 o" 3/16" | 3/8" | 9/16"
%Co 5,056 | 5,021 | 5,056 | 5,021

2.1 Frequency Domain Analysis

As described previously, the single photon response of a SiPM has a rise-time mea-
sured in nanoseconds. To ensure that the signals are resolved accurately a simulated
SiPM signal was programmed in MatLab using data from [35] which specifies an expo-
nential pulse with rise-time from 0 V to 110 mV of 1 nanosecond. This simulates the
SiPM’s response to a handful of photons, and should provide an upper bound on the
frequency content that we will require. This simulated signal can be Fourier trans-
formed via a fast Fourier transform (FFT) algorithm to extract the frequency content
of the signal. The simulated SiPM signal, and resulting FFT are plotted in Figure
2.3. The FFT shows that between the range of 100 MHz, and 1 GHz the frequency
content of the signal rapidly falls off. This result is important in motivating both
the design of the experiment, but also the values chosen for the down sampling later
in this thesis. In order to get an ideal capture of the SiPM signal, the digitizer and
amplifier should have bandwidth in excess of 500 MHz. Conservatively, an amplifier
with 1 GHz bandwidth was selected to amplify the signal, which can allow for the

obtained signals to be faster than simulated without distorting the collected data.
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The requirements on the sampling rate of the digitizer used to convert the analog

data to digital are driven by the Nyquist limit

Js

flim = 5; (21)

with fy;,, being the highest frequency that can be resolved without aliasing and f;
being the sampling frequency. From this, we can see that if we wish to be able
to digitize the full range of signals that our amplifier can handle, a digitizer with
at a minimum 2 GHz sampling rate is required. A digitizer chosen according to
this specification will also far exceed the required sampling rate to extract the most
relevant frequency content from the signal.

Broadcom Inc., who produce the SiPM used for this dataset also produce an evalua-
tion board, the AFBR-S4E001, which incorporates an AD8099 amplifier. The AD8099
amplifier has been used before in multiple experiments involving SiPM’s thanks to
its gain bandwidth product of 3.9 GHz, and low noise performance [36, 37, 38]. With
a gain bandwidth product of 3.9 GHz, the AD8099 amplifier on the Broadcom eval-
uation board is well suited for our experiment. For the high frequency digitizer,
Corvid Technologies lent access to a Teledyne Lecroy Waverunner 8108HD, with 1
GHz analog inputs, 10 GHz sampling rate, and 12 bits of resolution. By the analy-
sis completed here, this equipment should far exceed the minimum requirements for

accurately digitizing these signals without impacting their shape.
2.2 Experimental Setup

The overall implementation of the experiment is shown in Figure 2.4, illustrating
its relative simplicity. Light collection was conducted using a 6 mm by 6 mm Broad-
com SiPM chip, connected to Broadcom’s AFBR-S4E001 evaluation board [39]. To
make the experiment easier to execute and work with, a “light-tight” enclosure was

designed. The enclosure affixes a Corvid scintillator to the front of the SiPM, and
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Figure 2.3: A simulated single photon capture in a SiPM, and its corresponding FFT.
The left plot shows the simulated pulse that was produced to mimic that laid out in
[35]. The FFT, shown right, has been cropped to specifically show the high frequency
content, since the low frequency magnitude washes out the high frequency component.
The FFT plot shows clearly that the high frequency content extends into the high
MHz.

seals the surrounding area against ambient light. This allows the device to be used
on the bench top, instead of inside of a special box. During initial checkout testing,
where the scintillator was irradiated with high energy « particles, the output of the
amplifier would saturate. This resulted in signal clipping that would cut off the top
of the o particle peaks. While the § pulses were mostly unaffected, the clipping on
the o particles created signal degradation that would have seriously impacted and
complicated signal processing. To address this, small modifications were made to the
amplifier gain on the evaluation board. The changes made to the gain also required
the population of compensation circuits to prevent signal oscillation [38].

The AFBR-S4E001 amplifier board requires a bipolar power supply between + /-
5 and +/- 2.5 V, and the SiPM’s require a reverse bias voltage between 38 and 50
V. The supply to the amplifier determines the dynamic range it can achieve, so to
allow for the strongest pulses to be resolved without clipping, +/- 5 V was elected
for the amplifier supply. The SiPM gain, noise, and correlated noise are essentially

linear functions of reverse bias [35], and a reverse bias of 45 V represents a good trade
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off in terms of SNR. Two connections are made from the evaluation board to the
oscilloscope: a pole-zero canceled timing channel, and a buffered output stage. The
pole-zero canceled circuit filters the waveform, and as such is ill suited for PSA, but it
has a very sharp rising edge, regardless of input magnitude. This makes this output
a suitable candidate for triggering a scope acquisition. The buffered output channel
produces the unfiltered waveform as it is produced by the SiPM without filtering, this
output is saved and used for PSA in this dataset.

The “light tight” enclosure was designed in Solidworks® and 3D printed using poly
lactic acid (PLA) filament. It is worth noting that even at high infills, 3D printed
materials will not be single photon tight, due to the way 3D printers assemble the
print. To account for this, rubber gaskets are utilized and compressed by the print to
create a “torturous path” through which light is more likely to be absorbed than to
reach the SiPM. A small acrylic square is placed between the scintillator and SiPM so
that the scintillator lies flat atop the SiPM despite being larger in area. The spacers
used here to stand off the radiation sources, shown in Figure 2.1, were laser cut out
of 3/16" clear acrylic, and were made to have a hole through the middle so that the
a particles moderate through air instead of acrylic.

To maintain consistency across the dataset, each source of radiation was tested
according to the following procedure. First, with no source applied, live data was
examined from the SiPM to check for suitable noise level. High noise levels generally
indicated that a seal was not properly compressed around the SiPM. Once noise levels
were confirmed, the chosen source was applied, and the waveforms were examined in
real time. At this point, a trigger level was selected for the timing channel. Through-
out all acquisitions in this dataset, the timing channel trigger level was able to be
kept the same. Once the trigger was set, the oscilloscope began saving data, and
the ambient temperature was recorded. Temperatures were recorded since SiPM’s

have a gain function that is strongly correlated with operating temperature, and as
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such any notable change in temperature could impact the data. Once the oscilloscope
had saved approximately 5,000 waveforms, acquisition was stopped, and a spacer was
added before the process was repeated. Each source examined in this dataset was
used with up to three spacers, corresponding to 3/16", 3/8", and 9/16" respectively.

A full image of the test setup as executed at TUNL is shown in Figure 2.5 within
which the scope, power supplies, scintillator and enclosure can all be seen alongside
the radioactive source. TUNL was selected as a testing site as they have access to
radiation sources, such as ?*°Pu and 2! Am that are not commercially available due
to federal laws. All of the equipment used for the collection of the data is recorded
in Table 2.2. Data was also collected at Corvid Technologies, using commercially

available radiation sources 2!°Po, 37Cs, °Sr, 294T1, and %°Co.
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Table 2.2: List of equipment used to conduct the data acquisition for the dataset.
Power supplies and oscilloscope were loaned by Corvid Technologies for the data
collection efforts. The amplifier electronics and SiPM are available online from elec-
tronics distributors, and at Broadcom’s website.

SiPM AFBR-S4N66P014M
Amplifier Electronics AFBR-S4E001
Bipolar Power Supply GPE-2323
High Voltage Bias Power Supply | SPS-606
Oscilloscope Teledyne Lecroy Waverunner 8108HD
High Voltage Bias Supply Bi-Polar Amplifier Supply
-Clo -=Clo

Oscilloscope

o
(¢]

@ Incident Radiation

Figure 2.4: Block diagram illustrating the most important components involved in
the experimental setup. Radiation is captured in the scintillator, where it is converted
into a cascade of photons. The photons are captured by the SiPM attached to the
evaluation board, and converted into an electrical pulse. The pulse is the digitized
at 10 GHz and saved to a hard drive for offline analysis. The bipolar power supply
provides the + /- 5 V power rails that the evaluation board requires. The high voltage
bias supply provides 45 V to reverse bias the SiPM’s.



25

Figure 2.5: The test setup used at TUNL to acquire the pulse data. In this picture,
both power supplies can be seen providing the requisite biases to the electronics, and
the scope is reading out pulses. The purple channel is the output of the pole-zero
circuit, and is used for timing. The yellow trace is the live pulse data that is being
recorded for the shape analysis. The ?*!Am source has two spacers between it and
the detector, which can be seen in the middle of the table.



CHAPTER 3: CLASSIFIER DESIGN METHODOLOGY

This chapter elaborates on the methods and theory applied to achieve the goal
of producing a robust and feasible PSD method for the unique signals produced by
Corvid’s scintillator. Before the data can be used for statistical and shape analysis, a
few error control steps must be taken, as covered in Section 3.1. The PSD techniques
that are used in this thesis are discussed in more detail from a technical and theoretical
point of view in Section 3.2. The representative size of the dataset allows for the
synthesis of the PSD techniques that we have discussed earlier in Section 1.3 with
methods of statistical signal processing, covered in Section 3.3. Analytic techniques
are used to obtain the optimal choice of both parameters used by the discrimination
techniques, and the optimal decision making parameter in the case where a single

method is used.
3.1  Pre-Processing

To avoid over fitting, before any processes are run, the data was sorted into training
and testing datasets. From each entry in Table 2.1, approximately 2/3 was randomly
assigned into the training set for the corresponding particle type and the remaining
1/3 sorted into the testing dataset. The resulting allocations are outlined in Table
3.1. This allows for the classifier to be developed off of one set of data, and have its
accuracy evaluated on an independent dataset to ensure that the classification process
is not overly biased to the specific dataset. With the dataset sorted other issues with
the data such as pile-up, covered in Section 3.1.1, and offset, covered in Section 3.1.2,

can be handled.
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Table 3.1: Composition of data after being randomly sorted and distributed by ra-
diation species into Training and Testing groups. The raw data that was collected
according to source type and spacing was randomly shuffled and distributed into
Training and Testing datasets to avoid over fitting, and to get a realistic idea of
potential classifier performance. These numbers are exact as of this writing.

Source a
Training | Testing
38,888 21,883
Source 15}
Training | Testing
40,029 22,525
Source v
Training | Testing
8,688 5,852

31.1 Pile Up

“Pile-up” is the term given when two pulses occur very near each other in time,
such that when the PSD algorithm filters the pulse, unexpected results are garnered.
An example of such an event is provided in Figure 3.1. Pile up can be especially
detrimental to algorithms like PGA, where the max value may occur far later in the
waveform due to a second large pulse occurring, or if the second pulse happens in
the region where the second sample is to be taken. Interestingly, some recent works
have taken the approach of using ANN’s and advanced machine learning techniques
to dynamically classify and de-convolve these events [32].

In the scope of this thesis, these pulses were identified and set aside before mixing all
of the data from all of the sources. A script was written which looks for the occurrence
of multiple “peaks” in a single waveform. In this context, a peak was identified when
the rolling average over a window of 50 nS was significantly larger than the previous
50 nS. This window length needed to be tuned slightly for § particles due to their fast
rise and decay times. Once identified, these pulses were copied over into a separate

dataset for potential future use.
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Figure 3.1: An example of a pile-up pulse that was removed from the dataset. While
rare, these activities are more likely the higher the activity of the radiation source.

3.1.2  Offset Trimming

Due to variations in seal quality, SiPM gain, and other factors, the output from
the SiPM, and thus the amplifier electronics was not always explicitly zero. An offset
was present in nearly all of the data collected. Although the techniques applied here
do not explicitly require handling off the offset, performance is improved through its
mitigation, and both digital and analog methods of trimming it exist for practical
implementation. To remove the offset, the average value of the first 50 nS of data

was computed, and then subtracted from the waveform as a whole.
3.2 Discrimination Techniques

To review, the key issue in discriminating radiation in a scintillation detector is
to determine the ratio of delayed fluorescence to immediate fluorescence. This ratio
is represented as some feature that correlates with the underlying physics. In this
chapter, the value for the features produced by these methods will be referred to
as D. The rise-time technique accomplishes extraction of the fluorescence/delayed

fluorescence ratio by measuring the elapsed time that a signal takes to go from 10%
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of its maximum value to 90% of its maximum value. Although both the a and /8
waveforms have sharp rising edges, because the o causes delayed fluorescence, its
sharp edge is followed by a slow climb to its peak value, compared to [ particles
which rise sharply all the way to their peak. As such, a particles should have a slower
rise-time than [ particles. In practice, this method is implemented using analog
electronics, hence its popular nickname as the “zero crossing” method, in reference to
its most popular implementation configuration. Given that the data obtained here is
all digital, a digital version of rise-time is implemented here that maintains the core
thesis of the idea. Additionally, due to the low peak voltage of the lowest energy (5
particles, and the noise on the signal, 20% to 80% rise-time was used here instead of
the general 10% to 90%. A visualization of the rise-time technique is shown in Figure
3.2, showing a zoomed in rise of an « pulse to demonstrate the duration of time that
is recorded.

PGA determines the delayed fluorescence by examining the other half of the signal;
the decaying exponential. PGA begins by normalizing the waveform to its maximum
value, such that the peak now has a value of unity, and all other points are a ratio
of the original value to the peak value. From here, a point along the exponential
decay of the waveform is selected and its value saved as D. This process is visualized
in Figure 3.3, from which it can be seen that the exponential decay rate of the two
different waveforms is proportional to the extracted value. This permits classification
of particles to be done via this computationally fast approximation of the exponential
decay rate.

Finally, ToT’s computation is similar to that of rise-time, however, it is extracting
a different feature. It involves recording the amount of time that a signal spends
above a threshold. This method is usually employed using analog circuity, as this
task is easily done with modern high speed comparators. Generally, because of the

long « decay rate, it performs well, except at low energies, due to the timings for both
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Figure 3.2: A visualization of the feature extracted by the rise-time technique. The
a particle signal here has been normalized to its maximum value. Timing begins
when the signal surpasses 20% of max, and end when it reaches 80% of max. For this
particular o particle, we can read off that the rise-time is about 35 ns. This value is
generally smaller for S particles, which have a much faster rise.

«’s and f’s being comparatively short. A visualization of how ToT is measured is
shown in Figure 3.4 displaying the time that a g particle spends above the threshold.
Since this is generally conducted in analog circuits, there are some considerations
and adjustments we have to make for the digital case. Firstly, if the threshold is
never reached, then a pulse will have been “missed”, and these will have to be counted
separately from the normal correctly and incorrectly classified counts. However, we
want to miss as few as possible, so this will have to be accounted for when considering
what threshold to use for the timing. This is discussed more in Section 3.3.2. Finally,
because the data taken for this work has finite length, we also have to handle when
a signal does not return under the threshold before the end of the available data.
In these cases, it is easiest to substitute in the length of each waveform. This edge
case handling does, however, affect the distributions of the D parameter which can

complicate the theoretical treatment and implementation.
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Visualization of Pulse Gradient Analysis
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Figure 3.3: A visualization of PGA on both an « and a 3 particle simultaneously. Both
the o and 3 waveforms have been normalized to their maximum value. Comparing the

« and [ pulses here, it is easy to identify how this value can be used to discriminate
between the pulses.
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Figure 3.4: A visualization of time over threshold on a [ pulse. Pulses are not

normalized for this technique, as it is designed to be implemented in analog systems
easily.
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3.3 Statistical Signal Processing

The PSD techniques covered in Section 3.2 are often used to distill a large amount
of data coming in from the waveform, into a much smaller form, D. This allows
us to treat the problem of optimally discriminating between a and [ particles as
a binary detection problem for random processes and use techniques from binary
detection and random process theory that obtain optimal results. Firstly, maximum
a posteriori (MAP) rule, which is a technique from statistical signal processing and
decision theory establishes a method for finding the optimal classification rule given
a single feature of the data. The theory and application of MAP rule is covered in
Section 3.3.1. Furthermore, both ToT and PGA have a hyper parameter. For ToT, it
is the threshold above which to time the signal, and for PGA it is the point at which
to sample the pulse gradient. Through an examination of the physics of the signal,
and an examination of its mean and variance, which is covered in Section 3.3.2, we
can optimize the hyper parameters to obtain maximum separation in the resulting

distributions of D.
3.3.1  Map Rule

In order to properly apply the statistical techniques discussed here, we must first
rigidly formalize problem. We define the waveforms produced by both « and

particles as random processes

{ap,0 <n < N}, (3.1a)

{Bn,0<n < N}, (3.1b)

for «,, and 3, the value of an o and a [ pulse respectively at sample n, and N the

total number of samples taken. Given these definitions, we can now define any of our
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PSD techniques as a functional of these processes
h(X)= Dx (3.2)

where X is the vector of the realizations of the process from 0 to N coming from
either an « or a 8 particle, and Dy is the scalar discrimination value resulting from
the input process. By this definition, D can be modeled as a random variable with
a probability distribution fp(d), where d is defined as a particular realization of D.

By the definition in 3.2 it will have marginal distributions

fpjas (3.3a)

fpis; (3.3b)

corresponding to the distributions of D produced from the an input of either process
3.1a or 3.1b. These marginals allow us to find the optimal cut off point through use

of MAP rule. Formally, the MAP estimator is defined as

Orap(d) £ argmax P(© = 6(d)|D = d). (3.4)

0(d)e{a,B}
In equation 3.4 0 is the estimate of the originating radiation species, d is a realiza-
tion of the discrimination parameter D, and O is the originating radiation species.
From that definition, it follows that the MAP estimator is the estimator which max-
imizes the probability that the estimate is correct for each possible realization of D.

Now, through application of Bayes rule to the right hand side of 3.4, which we are
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maximizing, we can obtain the following equations for our binary detection problem

PO =a|lD=d) = fD'@;(ig): p (3.52)
P(© =B|D = d) = fD'@;‘i'(Gzl): p) Ps. (3.5b)

P, and Pj are the probability of occurrence for o and 3 particles respectively. By
setting 3.5a and 3.5b equal to one another, and assuming that we have equal likelihood
of seeing either an a or a 3 particle, such that P, = P3 we can find the value of d at
which the probability is equal. This d value will correspond to a “tipping point” above
which we should classify the measurement as one type, and below which we should
classify it as the other. Applying this rule can be shown to theoretically minimize the
average expected error that the classifier will incur. As an aside, by setting P, = Ps,
we have reduced the MAP rule to the maximum likelihood, or ML rule. Referencing
Table 3.1, we can see that we do not have equal amounts of « and 3 data. In order to
satisfy the condition that P, = P3, we must make sure that we use an equal amount
of the a and f training data. This is a valid assumption to make in the general case,
since in the context of using a scintillation detector, we do not have prior knowledge
of the expected ratio of o and ( radiation, so the best guess is for the events to be
equiprobable.

To apply MAP rule to our dataset, we must run the data through the particular
PSD algorithm, and generate a histogram of the resulting realizations of D. From
here, the histogram can be fit to a distribution corresponding to both the a and
[ particles, and using the resulting distributions, the point of equality and optimal
cutoff can be found. An example of this process is shown in Figure 3.5, where an
example distribution of D for the PGA method is shown. Given the distributions,
we can analytically or computationally solve for the point of equality, which we will

denote as D*.
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Example Distribution Fit for PGA
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Figure 3.5: Example of D parameter histogram, with a PDF fit. The left axis cor-
responds to the histogram counts, and the right axis corresponds to the probability
density at that point. The fits here are normal distributions, which have acceptable
agreement with the data.
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3.3.2  Parameter Optimization

Physically, the signals analyzed here can be described by two components. There
is the exponential function behavior, which approximately follows equation 1.1 with
the amplitude driven by [y, which approximately corresponds to the particles energy,
and there is random white noise. We can convert equation 1.1 into discrete time,
I, = Ioea:p(%), with g being the sampling time. We can then define two functions

B, and A,, as

t
A, = Gfge:vp(—w), (3.6a)

«

;
B, = GI eap(—2). (3.6b)
T3

Here, GG is the gain of the trans-impedance circuit in volts per amp, [§ adn Ig are
the maximum current produced by a given « or  pulse respectively, 7, is the decay
constant for o pulses, and 73 is the decay constant for 8 pulses. Here, A,, and B,
represent the noiseless voltage pulses produced by a scintillated event. If we then
define the noise on the signal to be a random variable Z ~ N (0, N), for N the noise

variance, «,, and 3, can be represented as linear combinations

an = A, + 2, (3.7a)

Bn=Bn+ Z. (3.7b)

Examining equation 3.6 we observe that the only random component is the maximum
voltage V) = G1. If this component is known, then A,, and B,, proceed deterministi-
cally. We can now treat V{* and V; as random variables with arbitrary distribution.

This result is useful for optimizing the parameters pertaining to PGA. By normal-

izing the waveform to the maximum value, as is prescribed by the method, we remove
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the “randomness” from the equation, and our equations reduce to

A, t
a(n) = 2 = eap(——2), (3.82)
0 Ta
Bn nts
b(n) = — = exp(——). 3.8b
(n) % Pl - ) (3.8b)

Qp A
vo = CL(TL) + Vo, (39&)
B Z

Which implies that the random processes of a and 3, at any time n after normalization
are normally distributed with means a(n) and b(n), and variances N/V*, and N/V;’ ’
respectively. While it is not necessary, we make the assumption here that after
normalization, N/V" = N/VJ ® = 1 to make the following math easier to follow.
To find the ideal point to sample the gradient in PGA, we want to find the point n
which produces the lowest probability of error. Using ML rule as derived above, our

probability of error can be described as
F; = QD" —a(n)]) + Q(ID" = b(n)]) (3.10)

where P¥ is the minimum probability of error, Q(z) is the @ function representing
the probability of a normally distributed random variable being greater than x, and
D* being the point where the probability of being from either distribution is equal.
Equation 3.10 can be understood qualitatively as the probability that an « particle

is classified as a [ particle, and vice versa. We begin by deriving an expression for
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D* using ML rule, and equation 3.9

1 1, 51
Tean(—5 (D —aln)?) =

cap(—5 (D"~ b(n))?), (3.11)
dividing out the common factor and taking the natural log
Lo, 2 | 2

_§(D —a(n))” = _E(D —b(n))?, (3.12)
then dividing both sides by —% and taking the square root

D* — a(n) = ~(D* — b(n)). (3.13)

1+

We now have to decide whether to take both sides having the same sign, or opposite
sign. Choosing both sides to have the same sign however will remove D* from the
equation, and set a(n) = b(n), which would imply that we have found the point that
places the distributions atop one another. This solution will clearly not minimize the
P,. Instead, we take the left and right side of 3.13 to be of opposite sign and after

simplification obtain this result

Dt = M (3.14)

We can now take this result and apply it to equation 3.10. Intending to minimize the

probability of error, we arrive at the following

a(n) + b(n)
2

a(n) + b(n)

Pz = minfQ( -

) —a(n)]) + Q(I( ) = b(n)])]. (3.15)

By simplifying, and utilizing the absolute value, we can rewrite the problem as

P = arg;nin[QQ(a(n) —b(n))]. (3.16)
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By considering that () is a decreasing function, we can arrive at our final answer

P> = arg max[a(n) — b(n)]. (3.17)

n

It is important to acknowledge the limitations of this analysis. Equation 1.1 is an
approximation, and does not explicitly address the intricacies of other phenomena
such as delayed fluorescence. This extends to the steps taken in equation 3.8, by
scaling with the max value, there are likely to still be elements present that are de-
pendent on the dynamics of the specific particle being measured. However, compared
to the dynamics described in equation 1.1 these components should be small, and
not significantly impact our result. Additionally, the variance of Z is dependent on a
wide variety of factors, and is very unlikely to be equal to 1 after scaling. However,
even when the variances are not equal the result in equation 3.17 should still hold,
since equation 3.14 should become a convex combination of a(n) and b(n) instead
of a straight average. Even under this convex combination, the n that maximizes
a(n) — b(n) will still produce the lowest P..

Empirically, to obtain functions for a(n) and b(n) we recall that Z is zero mean

and take the expectation of the normalized function

E[S—;;] = Ela(n) + v%] = a(n), (3.18a)
]E[%] _Ejb(n) + %} — b(n). (3.18b)

This can be done computationally by averaging together the value of multiple wave-
forms at a single n, for all samples. An example of the resulting functions a(n) and
b(n) is shown in Figure 3.6. Using these two curves, we can iteratively find the selec-
tion of n that maximizes the difference between them, and as such should minimize

the probability of error when applying the PGA technique. An example of the dif-
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Normalized Mean Functions of o and 3
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Figure 3.6: Normalized Mean Functions of o and . If we assume that the noise is
zero mean, then the mean function can be used to determine the optimal point to
sample for the pulse gradient which will produce the best separation in the resulting
marginals of D.

ference between a(n) and b(n) as a function of n is plotted in Figure 3.7, and the
optimal choice of n can be determine to be approximately 80.

In the case of ToT, we can apply a similar analysis to that above, with some key
differences. Unlike PGA, ToT does not work with normalized pulses, thus A(n) and
B(n) are still random variables, driven by the energy distribution of the incident
radiation. Energy distribution for a and g particles is dependent on the source of
the radiation, and is impossible to be known beforehand. The best guess for the
distributions of A(n) and B(n) then is to be uniform. Under this assumption, if we
approximate the functional, hr,p(X) = DE°T as a linear function of particle energy,
then the choice of threshold that minimizes probability of error is the choice that
maximizes the difference in D for the non-normalized mean functions. This difference
can be found similarly to above and is shown as a function of n in Figure 3.8, where

the best choice of threshold is approximately 70 mV.
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Difference between pg(n) and p,(n)
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Figure 3.7: Difference between pg(n) and p,(n). Since the mean functions should be
analogous to a(n) and b(n), finding the maximum of this function should maximally
separate the marginal distributions of D for given v and /.
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Figure 3.8: Difference between E[hr,r(a, Vr)] and E[hrer (8, V7). By finding the Vi
that produces the most difference between D for ji, and p1g, we determine the optimal
threshold for classifying.
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3.4  Multi-Feature Classification

In addition to examining each of the above techniques for PSD, the ability of some
well know classification techniques is used to classify the pulses the pulses investigated
here, using both the feature extracted with one of the methods from Section 3.2, and
the measured peak height. For each of the methods, an SVM and KNN classifier is
trained according to the theory laid out in Sections 3.4.1 and 3.4.2 covering SVM and

KNN respectively. The reader is directed to further reading for both methods.
3.4.1  Support Vector Machines

A support vector machine seeks to find what is called the “optimal hyperplane,”
which will maximize the margin of separation between two labeled sets of training
data. While the support vector method has been extended to multi-dimensional data,
in this case we are only dealing with two dimensions. The optimal hyperplane is found

starting with the set of labeled training data

(y1, X1), ooy (y1, Xp),y € { = 1,1}, (3.19)

which is said to be linearly separable if there exists a vector W and scalar b such that

the inequalities

W-Xi+b>1y =1, (3.20a)

WX, +b< —1,y =—1. (3.20b)

are met for each point in the training data set. To compare with our case, X; is the
1th vector of training data comprising peak height, and another feature, and y; is -1

for # and 1 for a. Rewriting equation 3.20 more compactly we can obtain
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The optimal hyperplane, defined as

Wo- X +bo=0 (3.22)

is the unique solution that separates the training data with maximal margin. In
essence, the optimal hyperplane describes a direction W/|W| which maximizes the
distance between the the projections of the training vectors from the two different

classes. This distance is derived to be given by

. X-W X-W
p(Wo, bo) = min W A T (3.23)
and utilizing 3.21 we can rewrite 3.23 as
2 2

W Wo - W

From this, the optimal hyperplane can be described as the one that minimizes 3.24
under the constraints of 3.21.

As a final note, if we define the “support vectors” as the vectors X; that satisfy
y;(W - X; +b) = 1, then it can be shown [40] that a linear combination of the support

vectors determines the optimal hyperplane

l
Wo =) wialX;. (3.25)
1=1

An example of SVM being used on a combination of pulse gradient, and peak height
is shown in Figure 3.9 to display the training process. Because the data is not per-
fectly linearly separable, the hyperplane seeks to minimize the cost incurred from

intersection with support vectors.
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Example SVM Training for PGA with Peak Height
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Figure 3.9: An example of SVM being trained on a training set composed of pulse
gradient and peak height.

3.4.2 K Nearest Neighbors

Theoretically simpler than SVM, but possessing better performance for data with
non-linear distributions, K nearest neighbors is also useful for this work. KNN op-
erates on data, formatted as a set of pairs (Xy,6,), ..., (X,, 0,) where X; is a vector
that takes values from the sample space (), containing the feature data, and 6; is
the population from which the data originated, and can take in practice take values
{1,2,..., M}. When a new measurement of X is made without knowing its 6, we

define a nearest neighbor to the new measurement as X/ € Q if

n’

mind(X;, X) =d(X],X),i=1,2,...,n. (3.26)

The distance metric here d(z1,x2) can be chosen according to the application. In
our specific case, we use the standard euclidean distance. From the definition in 3.26

it follows then that we find the k nearest neighbors, i.e. the k£ X;’s in ) that have
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the minimum distance to the newly measured point. We then look at the 6 for each
nearest neighbor, and if the majority belongs to a class, we assign that class to X
[41, 42].

A visualization of this process, using data from the combination of the peak height
feature with the rise-time feature is shown in Figure 3.10. The regions are colored
according to the decision that would be made for a given point in that region, based
on its nearest neighbors. Although the theory of this classifier is simple, it allows for
complex decision spaces to be created that operate very well on data that may not be
linearly separable, such as is the case with the rise-time data. An important caveat
however, is that the KNN classifier is necessarily large, as it must hold the training
dataset in memory to compare new data against the data that it learned. This can
make it difficult to use on embedded sensors that have smaller available memory and

computation power.
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0.015 =& Example of KNN Deciscion regions based on training data

0.013

0.012

0.011

0.01

0.009

Rise Time (ns)

0.008
0.007
0.006

0005 T e
0.05 0.1 0.15 02 0.25
Peak Height (V)
Figure 3.10: A zoomed in image of the decision boundary for the combination of rise-
time discrimination data with peak height. The red regions represent areas where the
nearest five neighbors will result in a f classification, while the blue represents the
opposite. The distance metric used here is the euclidean distance.
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3.5 Down Sampling

To test the transferability of these methods and analyses to lower bandwidth and
sampling rate situations, down sampling of the waveforms in the dataset is employed.
Referring back to the FFT in Figure 2.3, there was reason to believe that the frequency
content of the produced SiPM signals would be quite pronounced between 500 MHz
and 1 GHz. With the data in hand, this analysis was repeated, using the normalized
mean functions a(n) and b(n) as described in the previous section. Figure 3.11 displays
the normalized mean functions on the left, and the FFT of each of them on the right.
The S pulse is shown to have larger amplitude at high frequency than expected, and
in the range spanning 500 MHz to 1 GHz, there is a stark difference in the frequency
content. This provides excellent motivation into the challenges that down sampling
the data may pose. Based on the frequency content, the chosen frequencies to down
sample at were 50 MHz, 100 MHz, 200 MHz, 1 GHz, 2 GHz, and 10 GHz, which was
the native sampling rate. Down sampling was achieved by reduction of the number of
points in each waveform when it was read in. For example, when emulating 50 MHz,
every 200th sample of the native dataset was used.

The results of the down sampling analysis will be particularly important for this
application. A 10 GHz digitizer is neither financially nor physically feasible for use
in a small handheld detector. Digitizers that operate at that speed often retail close
to $ 2,000, and most o/ detectors in the handheld market are sold for $ 3,000. This
would leave very little budget left over to be applied to critical electronics such as
photomultipliers, or the processor, which would need to be able to run fast enough
to handle such a fast digitizer. Conversely, a 50 MHz digitizer would be both cost,
size, and power efficient in comparison. Approaching the problem from the analog
perspective, electronics necessary to adequately resolve signals at 1 GHz and higher
tend to be power hungry and sensitive. For embedded devices that need to be capable

of operating for hours on battery power only, this could be a major impediment. If
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Normalized mean functions of a and 3 FFT of normalized mean functions
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Figure 3.11: Frequency analysis of the normalized mean functions. The left plot
shows the o and § normalized mean functions in terms of samples. The right plot
shows the results of an FFT of these signals. Although there is a definite difference

in the low frequency elements of the signal, the most apparent differences are seen in
the high frequency band between 200 MHz and 1 GHz.

down sampling reveals that there are techniques that can work reasonably well at
much lower bandwidths, compared to the wide bandwidth case, these will almost

certainly present a more attractive option.



CHAPTER 4: CLASSIFICATION RESULTS

The methods and process for designing and testing the classifiers described in this
chapter has been established in Chapter 3. In this chapter, we describe accuracy and
other parameters for the single feature, and two feature classifiers, centered on rise-
time, PGA, and ToT techniques. The set of optimal parameters related to measure-
ment of pulse gradient and timing threshold are also reported, following the process
laid out in Section 3.3.2. Potential errors in the experiment and design process are
also discussed, along with steps taken to mitigate their impact.

The single feature classifier and its results are discussed in Section 4.1, and the
results for the two feature classifiers is discussed in Section 4.2. The results of down
sampling are discussed in Section 4.3. Finally, potential sources of error in the data,

and the steps taken to mitigate or nullify them are established in Section 4.4.
4.1  Single Feature

As established in Chapter 3, approximately 2/3 of the available data was used for
the purposes of fitting a probability distribution, and applying ML rule to determine
D*, the optimal cut off point for the one-dimensional classifier. The remaining 1/3 is
used to test the effectiveness of the classifier and generate an accuracy metric based
on the ratio of correct classifications to the total number of waveforms. Accuracy
metrics are generated for both the a and the g particles, since the distributions for
a and S particles need not be symmetric about D*, and accuracies can be better or
worse for one over the other. A summary of the achieved classification accuracy in
the single feature case is shown in Table 4.1. Additionally, Table 4.2 contains the

optimal paramters chosen in the single feature case to produce the accuracy numbers
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stated in Table 4.1, as well as the probability distribution fit parameters that were
used to apply ML rule. Classification plots visualizing each of the different methods
results, classification region, and accuracy are shown in Figures 4.1, 4.2, and 4.3.

Overall, PGA has the best classification performance for both « and [ particles
combined. In Figure 4.2 the separation in the distributions is very clear along the Y
axis, compared with the separation achieved in Figure 4.1 and especially Figure 4.3.
Rise-time achieves decent separation, although there are some definite outliers, and
ToT appears separable but not for the one-dimensional discriminator which cannot
take advantage of separability that could be achieved with two dimensions. PGA
performs best here because it utilizes the digital nature of the data to a larger extent
than the other methods, which were originally designed for analog.

It is important to consider here however, that PGA requires the most combined
hardware and software compared to the other methods. Rise-time can be implemented
using circuits as simple as CR/RC integrators and differentiators, or more rigorously
using operational amplifiers. With the appropriate associated circuits, such as a time
to digital (TDC) converter, the application’s processor need only fetch the recorded
time before a new event arrives. In general, dangerous to lethal radiation measure-
ments correspond to event rates that are in the tens to hundreds of kHz. This means
that modern micro-processors have nearly infinite time in between events to fetch the
data and process it. The ToT method has a similarly simple implementation with
comparators and a TDC, requiring minimal processor time or power.

Turning back to PGA, the price of its strong classification accuracy is that the signal
must be digitized at 10 GHz, and the processor must be fast enough to receive all of
this data, find the max value, and then conduct division on the point of discrimination
to generate the PSD value. While modern microprocessors have made large gains in
speed and floating point math, the requirements of PGA as compared to the other

two methods present a very different class of processor as would suffice for rise-time
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Table 4.1: Single feature discrimination results for all methods investigated. All
methods perform well, being nearly 99% accurate except for in the case of ToT,
which misses some particles due to the threshold issues.

Radiation Type | Rise-Time | PGA ToT
Ié] 98.95% 99.92% | 94.72%
o 99.29% 99.98% | 99.50%

or ToT. Viewing the problem through this lens, PGA stands to gain the most from
the down sampling analysis. If PGA can still perform nearly as effectively at lower
sampling rates, it makes a much stronger case for its usage in embedded and handheld
detectors.

As is evident in Figure 4.3, ToT puts forth a unique issue when applying ML
rule. Due to the handling of edge cases, discussed in Section 3.2, ToT has features
that behave oddly. Notably, the line along the top of Figure 4.3, caused by the «
particles which do not fall back below the threshold within the sampled window, is
very difficult to fit a probability distribution to. In this case, we have just assigned
the fall time to be the max length of the samples. Although it is not ideal, a normal
distribution is used to fit the histogram, and verified by eye that the crossing point
with the distribution of 3 particles is sensible. This worked well, as the distribution
fit acceptably for the majority of the distribution, and failed at the edge. This is

acceptable since the edge is far away from the region of interest for this work.
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Table 4.2: Table of optimal parameters and probability distribution functions for
the PSD features. ToT particularly produces an odd shape due to edge cases, the
distribution fits to it are not ideal, posing an issue for MAP rule. Rise-time units are
in ps unless otherwise specified. PGA’s parameters are unit-less. ToT units are in
tenths of a nanosecond (e-10) unless otherwise specified.

Rise-Time
Dr 5.3 ns
§ Distribution | Log-normal (-6.2482,0.3257)
a Distribution Normal (0.0196,0.0052)
PGA
D* 0.4343
n* 882

S Distribution | Normal (0.218637,0.0454226)
a Distribution | Normal (0.693336,0.0550436)

ToT
D* 143.4 ns
Vi 70 mV
§ Distribution | Normal (398.5949,404.7976)
« Distribution Normal (5830,2,626,000)

Rise Time Single Feature Discriminator
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Figure 4.1: Plot of the single feature discriminator filter, using rise-time as the fea-
ture. Every 50th data point has been plotted for visibility purposes. Two separate
distributions are clearly formed and the ML rule discriminator splits the distributions
very well, ignoring the handful of outliers for the  particles.
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Figure 4.2: Plot of the single feature discriminator filter, using pulse gradient as the
feature. Every 50th data point has been plotted for visibility purposes. Two distinct
distributions are apparent from examination of the plot, and the D* parameter splits
them very well.
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Figure 4.3: Plot of the single feature discriminator filter, using time over threshold
as the feature. Every 50th data point has been plotted for visibility purposes. The
clipping at the top is an artifact of a pulses that did not return below the threshold
in the sampled window. While the distributions shown here are distinct, the single
feature discriminator cannot take advantage, and there is overlap between the lowest
energy a’s and the highest energy (’s
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4.2 Multiple Features

Building on the results from the previous section, the results of the multi-feature
classifiers are reported here. The method of implementation and parameters used for
these techniques is covered in Sections 3.4.1 and 3.4.2. The resulting classification
accuracies are outlined in Table 4.3. Parameters that were trained for both SVM
and KNN are tabulated in Table 4.4 and 4.5 respectively. Partial visualizations of
the classifier as used on the testing data set are provided for both methods across all
three PSD techniques used here in Figures 4.4, 4.5, 4.6.

Between the two multi-feature classifiers used here, KNN has the best performance,
although both classifiers improved accuracy. Despite its better performance it is
important to consider the memory and computational requirements of KNN. In order
to operate, the entire training dataset must be kept in memory and used as a lookup
table to determine distances and neighbors. This is computationally expensive, and
strains storage for embedded devices, such as handheld detectors. In comparison,
SVM does not require the training data to be kept in memory, and computationally
will only need to compare the newly measured data against the optimal hyperplane
to derive a classification. This incurs only slightly more computational cost than
the single feature case, making SVM an attractive route in all cases where it has
comparable performance to KNN.

Some interesting cases arise from rise-time and ToT. SVM suffers when applied to
the rise-time case, performing worse than the single feature threshold. This is likely
due to the shape of the o and [ distribution across the two features, shown in the top
plot of Figure 4.4. The ( particles have an L shaped distribution along the left side
of the graph that is strongly non-linear. In attempting to fit to these “outlier” points,
overall performance is negatively impacted. Since the probability of these points is
low, they do not factor strongly into the ML rule calculation in he single feature case.

It is possible that tuning of the cost function for the SVM training could improve its
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Table 4.3: Classification using two feature classifiers. The comparatively low perfor-
mance of ToT can be attributed to the missed pulses that go uncollected due to it’s
threshold technique.

Rise-Time | SVM KNN
6] 98.73% | 99.84%
« 99.21% | 99.59%
PGA SVM KNN
I5; 99.98% | 99.99%
« 99.97% | 99.96%
ToT SVM KNN
15} 95.55% | 95.34%
« 97.88% | 99.51%

Table 4.4: Multi feature classification parameters for the application of SVM to each
of the methods used here. These parameters can be used to implement the classifier
in a system, or to replicate the experiment.

SVM 51 62 Bias

Rise-Time | 1.5858 | 114.3963 | -1.6089
PGA 1.7381 | 12.0921 | -5.6928
Tot -4.3797 | 0.0005 0.1387

result further in this case. The non linear shape however is inconsequential for KNN,
which performs about a percentage point better in both cases, since KNN cares only
about nearby points rather than overall distribution trends.

SVM also suffers on the « classification accuracy for ToT. Due to the clipping that
occurs for a particles with long tails, along the top of the upper plot of Figure 4.6,
the ToT value does not change over varying peak height due to the limited window
of time that was sampled. In a real implementation, where a TDC or other analog
implementation is used, this clipping will not occur, and the probability of an incorrect

classification will be mitigated.
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Figure 4.4: Multi-feature rise-time SVM and KNN discriminators. In both plots, only
400 data points out of the total 20,000 are shown for readability. In the top plot,
the SVM classifier is shown as the light blue line. The blue population represents (3
particles, and the red population represents « particles. The circles represent correctly
classified particles, and the crosses represent incorrectly classified particles. In the
bottom plot KNN is shown. The blue region represents the area within which a new
measurement is classified as an « particle, and the red region represents the area for
B classification. [ particles are shown in black, and « particles in green.
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Pulse Gradient Two Feature Discriminator with SVM
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Figure 4.5: Multi-feature pulse gradient SVM and KNN classifiers. In both plots,
only 400 data points out of the total 20,000 are shown for readability. The top
plot shows the SVM classifier as a light blue line. o data is shown in red, § in
blue. Circles represent correct classifications, crosses incorrect classifications. The
blue region represents the area within which a new measurement is classified as an «
particle, and the red region represents the area for 8 classification. Blue data points
are ( particles, green are a particles.
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Figure 4.6: Multi-feature time over threshold SVM and KNN classifiers. In both
plots, only 400 data points out of the total 20,000 are shown for readability. The top
plot displays the SVM classifier as the light blue line splitting the two distributions.
« data is plotted in red, 8 in blue. Crosses are incorrect classifications, circles are
correct. The bottom plot shows the KNN classifier where the blue region represents
the area within which a new measurement is classified as an « particle, and the red
region represents the area for § classification. Blue data points are [ particles, green
are « particles.
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Table 4.5: Multi feature classification parameters for the application of KNN to each
of the methods used here. These parameters can be used to implement the classifier
in a system, or to replicate the experiment. ToT has less samples than the other two
methods because it cannot train on points that are missed by the rising trigger.

KNN Samples | Neighbors
Rise-Time | 76,000 5)
PGA 76,000 5
Tot 74,129 5

4.3  Effects of Down Sampling

As covered in Section 3.5, these signals have strong frequency components in the
range of 100 MHz to 1 GHz. Arbitrarily down sampling the data, which had a native
sampling rate of 10 GHz, by taking every 5th, 10th, 50th, 100th, and 200th point,
corresponds to effective sampling rates of 2 GHz, 1 GHz, 200 MHz, 100 MHz, and 50
MHz. Applying the same analysis applied in the previous sections to these cases allows
for the robustness of the classifiers to be tested under more realistic conditions for a
handheld, low power device. In particular in this section, changes to the distributions
are assessed quantitatively, commentary is provided on which techniques are impacted
the most, and the results are summarized. A compilation of the results for the down
sampling analysis is provided in Table 4.6.

Although not all of the methods examined in this thesis are digital, the affect
of down sampling mirrors the analog equivalent of reducing bandwidth. The affect
of reducing sample rate and bandwidth on the signal size and shape is displayed
in Figure 4.7. Comparing with the data in Table 4.6, the left plot of Figure 4.7
gives a visual representation of why rise-time’s classification accuracy experiences a
precipitous fall at low bandwidth. At 50 MHz, the rise-times are nearly identical, and
the distributions lie essentially on top of each other. Figure 4.8 shows this evolution
from 200 MHz to 100 MHz. Evaluating the results, proper execution of rise-time
requires a bandwidth between 200 MHz and 1 GHz. Below this, accuracy is severely

impacted. Another interesting result from the rise-time section of Table 4.6 is that
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Figure 4.7: Normalized and non-normalized mean functions at 50 MHz. The left
plot shows the normalized mean function for a and [ particles. The rapid fall off
in accuracy for rise-time can be clearly discerned. At 50 MHz, the rise-times are
on average nearly indistinguishable. The right plot shows the non-normalized mean
function, which explains the decaying [ accuracy for ToT. Rather than the timings
becoming tighter, the signal amplitude is severely decreased due to the low sampling
rate. Many pulses come in below the starting threshold and are missed.

SVM and KNN are able to recover a significant amount of accuracy. The right plot
of Figure 4.7 shows us how, as the SVM and KNN classifiers rely less and less on the

rise-time data, and more on the peak height data as the rise-time feature degrades.

4.4 Sources of Error

This experiment has two unique sources of error that could not controlled for within
the scope of its execution, cross-talk and gain drift. Cross-talk, covered in Section
4.4.1 has to do with the physics of scintillation detection, and impacts the ability to
obtain pure datasets. Gain drift has to do with the strong correlation between SIPM

gain and temperature. This is covered in Section 4.4.2.

4.4.1 Cross-Talk

As discussed in Section 1.1, the Corvid scintillator used here has two different
radiation sensitive layers. Each layer is constructed out of materials that are sensitive

to a specific radiation. However, both layers can also scintillate in the other as well.
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Figure 4.8: Degradation of the distribution of rise-time with decreasing frequency.
On the left, the histogram of the rise-times at 200 MHz is shown, and on the right,
the same distributions are shown at 100 MHz. The lower the bandwidth or sample
frequency, the further into the g distribution the « distribution shifts.
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Table 4.6: Table of results for down sampling all methods. Accuracies as separated
by particle type. PGA performs the best, scoring better than 99% accuracy under all

conditions and classifiers.

Rise-time ML Rule | SVM KNN

10 GHz (p) 98.95% 98.73% | 99.84%
10 GHz («) 99.29% 99.21% | 99.59%
2 GHz (5) 99.22% 99.01% | 99.84%
2 GHz («) 99.35% 99.21% | 99.61%
1 GHz (B) 99.38% 99.21% | 99.83%
1 GHz («) 99.28% 99.21% | 99.62%
200 MHz (p) 99.35% 96.08% | 99.60%
200 MHz («) 98.41% 98.48% | 98.91%
100 MHz (5) 99.37% 93.63% | 97.14%
100 MHz («) 55.50% 97.05% | 98.28%
50 MHz (5) 99.75% 90.51% | 89.07%
50 MHz («) 16.06% 91.53% | 90.91%
Pulse Gradient Analysis | ML Rule | SVM KNN

10 GHz (p) 99.92% 99.98% | 99.99%
10 GHz («) 99.98% 99.97% | 99.98%
2 GHz (5) 99.91% 99.96% | 100%

2 GHz («) 99.97% 99.96% | 99.97%
1 GHz (B) 99.90% 99.95% | 100%

1 GHz («) 99.92% 99.96% | 99.98%
200 MHz (p) 99.97% 99.92% | 99.99%
200 MHz («) 99.97% 99.95% | 99.97%
100 MHz (5) 99.58% 99.77% | 99.98%
100 MHz («) 99.71% 99.82% | 99.94%
50 MHz (p) 99.46% 99.78% | 99.99%
50 MHz («) 99.81% 99.88% | 99.95%
Time over Threshold ML Rule | SVM KNN

10 GHz (p) 94.72% 95.53% | 95.34%
10 GHz («) 99.50% 97.88% | 99.5%

2 GHz (5) 94.45% 95.19% | 95.06%
2 GHz («) 99.55% 99.67% | 99.65%
1 GHz (B) 93.72% 94.46% | 94.40%
1 GHz («) 99.62% 99.74% | 99.78%
200 MHz (p) 87.42% 87.79% | 87.77%
200 MHz («) 99.78% 99.94% | 99.92%
100 MHz (5) 71.37% 71.60% | 71.60%
100 MHz («) 99.70% 99.93% | 99.95%
50 MHz (p3) 69.25% 69.74% | 69.74%
50 MHz («) 99.75% 99.93% | 99.95%
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This causes a problem, as the shapes of the pulses produced through scintillation, are
jointly driven by delayed fluorescence and differences in decay times for excitations
in the respective scintillators. Although it is not a common occurrence, it is possible
for an « particle to scintillate in the § sensitive layer, and vice versa. Due to the
physical construction of the scintillator, a particles that reach the S sensitive layer
will have low energies, and therefore less delayed fluorescence. This means that an «
particle scintillating in the g layer may be very difficult to differentiate from a normal
B scintillation. On the other side, a [ particle would require a very large amount of
energy to bridge the energy gaps in the « sensitive layer, so a § scintillation in the «
layer will look like a very low energy « pulse, with a tighter peak. In general, these
features are difficult to near impossible to pick out without complicated algorithms.
In this thesis, cross-talk was handled through pre-processing of the dataset utiliz-
ing an un-optimized version of PGA on the collected data from each element used
in this thesis. This approach netted a handful of pulses over the full 100,000 plus
dataset. However, while PSD methods can generate strong classification results, no
PSD approach is perfect, and there is likely to be some contamination in the training
data, that would impact and “poison” the training. Thankfully, these events should

have a low likelihood of occurrence, and are unlikely to have made a strong impact.
4.4.2  Gain Drift

SiPM gain has a strong temperature dependence, which requires most applications
using them to either have an active cooling solution, or some way of measuring the
temperature to calibrate for the changing gain. The SiPM used in these experiments
has a temperature gain dependence of 1% per 5 °C [35]. Although this may not
seem significant, over consumer, industrial, and military specification ranges this
corresponds to as much as + /- 18% change in gain. The potential effects of this drift
become much more pronounced when it is considered that typical SiPM gain is in the

range of 10%. A drift of 5% can correspond to 50,000. To control for and mitigate
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this issue in the case of unexpected results, temperature measurements were taken for
every subset of data included in the overall dataset. Thankfully, these measurements
indicated that all data was taken within + /- 5 °C of the rest, so individual datasets

should vary by less than 1% from each other.



CHAPTER 5: CONCLUSIONS

In this thesis, multiple potential classifiers have been evaluated for use with the
unique signals produced by a novel scintillator. Pulse gradient analysis in particular
is a strong fit for implementation, as it can boast greater than 99% accuracy even at
sampling rates as low as 50MHz using only one feature. Other methods investigated
perform well, able to achieve greater than 90% accuracy at high sample rates using
mutliple features, but struggle at lower sampling rates, falling to below 70% in some
cases. Overall, pulse gradient analysis is a strong candidate for more strenuous testing
and implementation.

Over the course of this thesis, an experiment was designed through examination
of the theoretical dynamics of the signal in question. After examining the frequency
domain of the signal, selecting suitable hardware, and developing a rigorous proce-
dure, the experiment was run at TUNL. Utilizing a wide array of radioactive sources,
a wide spectrum of energies for both a and [ particles was obtained. In total, the
resulting dataset comprised of greater than 60,000, each for a and 8 pulses, with
approximately 20,000 ~ pulses collected as well.

A rigorous process was developed for producing a pulse shape classifier designed
specifically for the unique signals investigated here. MAP rule, which reduced to ML
rule in the case of the training, was used to produce the optimal cut off point for
classifying particles in the one-dimensional case. Theoretical analysis of the underly-
ing signal structure was also done to determine the optimal parameter selection for
PGA and ToT techniques. Further, SVM and KNN classifiers were reviewed from
the literature and motivated for use on a combination of multiple features.

Finally, discriminating filter performance was examined across the single feature,
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multiple feature, and down sampled case. Through this examination a strong case
was made for PGA as a discriminator for digital signals sampled at low sampling
rates. Allowing for bandwidth of signals to be between 200 MHz and 1 GHz, analog
methods also have a strong showing, as they can provide comparable results without
as much computational overhead. Sources of noise unique to particle detection and
particle physics were also covered, and mitigation methods were introduced and used
to sanitize the dataset as much as was reasonable.

As a final note, before this work was begun, it was not expected that the signals
would be so well distinguished from one another. It was also expected that more
realistic data compared to what is available here would have been obtained. The
dataset provided here represents ideal data, where the light is created in the scintilla-
tor physically near the detector. Signal to noise ratios suffer if the light is generated
further away, as more photons are absorbed in transit. This thesis represents a first
step towards the development of PSD techniques and implementations that robust in

realistic detectors.
5.1  Future Work

Future work involving this dataset, scintillator, or classifier design methodology
should investigate the v dataset gathered here. Although the data was collected,
timing constraints precluded an inclusion of analyzing the ability to discriminate
between «, [, and ~ particles in this thesis. Likely, much more advanced methods
would need to be employed in this case, as [ and y particles are both known to interact
with the same scintillator, through very similar processes. Distinguishing between the
two would most likely require many more features, or specifically targeted features to
produce good results. «/~ discrimination can be conducted already using the results
of this thesis. In order to obtain statistically significant sample sizes for v analysis it
is likely that more data would need to be gathered from ~ sources.

Another future avenue for investigation is corruption of the signals. To get the best
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sense of the shape of the signals, and what techniques would be pliable to use on them,
ideal data was taken here. The sources were placed directly above the scintillator,
which was directly above a SiPM. In practice, this is rarely the case. Often sources
are coming in at random angles, and scintillations may not happen directly above a
sensor, impacting the signal to noise ratio as photons can be absorbed through other
surfaces, or inside the scintillator itself. It is likely very worth the effort to develop
an experiment that will create degraded and low amplitude signals, to assess the
accuracy of methods investigated here on these imperfect signals. This analysis will
be more transferrable to field applications.

Another potential avenue of future research is the investigation of the affects of
tiling on signal quality. Since SiPM sensors tend to be small (6 mm x 6 mm in
this experiment), most applications that need to measure across a wide aperture will
employ tiled arrays of sensors. In these cases, there is a capacitive effect that builds
up due to intrinsic terminal capacitance in the SiPMs. This capacitance is likely
to shape the resulting signals, potentially smearing out the fast rising [ signals out
over a longer period. Re-evaluating the effectiveness of methods used here on signals
that have been stretched by this capacitive effect would be a very useful result for
experimenters and engineers in multiple fields.

Finally, an interesting future analysis would be into whether or not cross-talk pulses
can be accurately classified. It is possible that since the resulting pulses are a convolu-
tion of the scintillator dynamics, and the ratio of fluorescence to delayed fluorescence,

cross-talk pulses may have their own unique shape that can be picked out and clas-

sified.
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