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Abstract

A scalable, portable, multi-particle neutron radiography device has been developed using
commercial-off-the-shelf-parts. The IDEAS ROSSPAD readout module was selected for
use in developing the radiography panel due to its single-wire Power-over-Ethernet (PoE)
connectivity and its tileable form factor. Each ROSSPAD detector is paired with an 8 by 8
array of 6-mm-pitch Sensl J-Series silicon photomultipliers (SiPMs). With both single and
multi-ROSSPAD testing, a detection package consisting of a 3-mm-thick sheet of EJ-200
plastic scintillator and a 3-mm-thick sheet of acrylic light spreader was coupled to the SiPM
board face. After both quality assurance of the detector packages and the calibration of the
raw data from the ROSSPADs, sub-SiPM spatial resolution was achieved. For the single-
ROSSPAD setup, modulation transfer functions (MTFs) showed spatial resolutions of 2.32
line pairs per centimeter at 10% MTF for gamma rays and 3.35 line pairs per centimeter
at 10% MTF for neutrons. The multi-ROSSPAD setups performed similarly with gammas
at 2.09 line pairs per centimeter at 10% MTF, while the neutron images lost some spatial
resolution with 10% MTF values ranging from 1.30 to 1.46 line pairs per centimeter. Based
on the physical characteristics of the board, the raw board spatial resolution sits at 0.833
line pairs per centimeter, meaning all of the methods developed could resolve an object
at a sub-SiPM pitch spatial resolution. Additionally, changes to the cutoff values for the
full-panel radiography system showed little change to the spatial resolution of the full-panel
images, suggesting that the loss is spatial resolution is external to the data collection outside
of the number of events recorded. Overall, this research resulted in the development of a

state-of-the-art scalable neutron radiography system.
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Chapter 1

Introduction

1.1 Neutron Imaging Theory

Most state-of-the-art industrial radiographic systems rely on x-rays to generate images.
Neutron radiography is maturing as another radiographic Nondestructive Evaluation (NDE)
modality. Currently, most neutron radiography systems rely on thermal neutrons, which
is effective but has a limit on the total penetration of the object. Beam-on-target neutron
generators produce fast neutrons that are superior than both thermal neutrons and x-rays

at penetrating dense, metallic objects [3].

1.1.1 Neutron Physics

Neutrons interact with the nucleus of an atom, compared to photons interacting with the
electron cloud. Neutron interaction cross sections are highly dependent on the isotope
the neutron is interacting with. Figure 1.1 demonstrates this difference by comparing the
neutron and photon interaction cross-sections for hydrogen (Z=1, A=1) and tungsten (Z=74,
A=184). The photon interaction data is provided by the NIST XCOM library[4], and the
neutron data is provided by the Evaluated Nuclear Structure Data File from the National
Nuclear Data Center at Brookhaven National Laboratory [5]. Hydrogen, with only a single
electron, has a higher cross section for neutron interactions, while tungsten, which has 74

electrons, is dominated by photon interactions. The maximum energy transfer from a neutron
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Figure 1.1: Interaction cross-sections for hydrogen and tungsten.



to a hydrogen nucleus is nearly 100%, where the maximum energy transfer from a neutron

to a tungsten nucleus with an average atomic mass of 183.84 amu is approximately 3%.

Because photon interactions have a much higher cross section in high-Z materials
compared to low-Z materials, nondestructive evaluation using traditional radiographic
techniques prove to be difficult for dense, metallic objects. Size constraints limit the energy
of portable x-ray imaging systems to below 370 keV [6]. Higher-energy x-rays can penetrate
dense, metallic materials, but currently require larger, accelerator-based systems to generated
the needed energies [7]. Research into more compact high-energy x-rays sources is ongoing
[8]. Portable neutron radiography is a superior modality for a large number of applications.

Neutrons also add the capability of determining the isotopic compositions of interrogated
materials via direct interaction with the nucleus. While photon interactions can achieve
this effect using characteristic x-rays [9] or nuclear resonance fluorescence using high energy
gamma rays |[10], neutron interactions are easier to work with and do not require high energies

to achieve.

1.1.2 Fast Neutron Imaging Use Cases

Neutron radiography has already become a standard NDE modality for several applications.
For international safeguards and security, neutron radiography is used in wide ranging
applications, such as neutron activation analysis [11] and neutron transmission analysis
[12]. The scanning of large cargo containers, which are comprised of thick steel, allows
border security personnel to more easily catch any threats entering a country via land and
sea routes [13]. At Idaho National Laboratory, neutron radiography has been deployed to
ensure the safe operation of several reactors on site by inspecting nuclear fuel before and
after irradiation [14]. Neutron radiography has also played a role in materials science and

geological research, especially when determining water content in materials [15][16].

1.2 Neutron Sources

The source of neutrons for a neutron radiography system can vary widely depending on

the application needs. It is important to understand the various forms of neutron sources



Table 1.1: Comparison of Localization Methods

Source Energy Can be Switched | Portable?
Spectrum Off?
Nuclear Reactor | Fission No No
Spectrum.
Often
moderated
down to thermal
energies.
Spallation Variable Yes No
Source depending  on
incident particle.
Typically
moderated
down to cold
energies
Spontaneous Fission No Yes*
Fission (Cf-252) | spectrum
(a,n) Reaction | Dependent  on | No Yes*
(AmBe, PuBe) | maximum alpha
energy and
target isotope
Deuterium- Monoenergetic Yes Yes
Deuterium (2.45 MeV)
Fusion
Deuterium- Monoenergetic Yes Yes
Tritium Fusion | (14.1 MeV)

* Source material is portable. Requires Shielding that may limit portability.




and their advantages and disadvantages. A table summarizing the modality, energy, and

portability of each source is included as Table 1.1.

1.2.1 Large-Scale User Facilities

Research reactors are a common nuclear science tool found at many national laboratories
and universities internationally. For example, the Ohio State University Research Reactor
(OSURR) has beamline facilities that can be used for both teaching and fundamental research
[17]. Larger and more complex nuclear reactors, like the High Flux Isotope Reactor (HFIR)
at Oak Ridge National Laboratory (ORNL), may have several beamlines dedicated just to
neutron imaging [18]. Nuclear reactors will often have an energy spectrum moderated both
in-core and in-beamline, with many systems moderated to cold neutron energies for a wide
variety of experiments. Nuclear reactors cannot be switched off due to radioactive decay
products. Completely shielding the neutrons coming from the core of the reactor is the only
way to stop the neutrons.

Spallation neutrons are also used at many large-scale user facilities. The most well known
example of a spallation neutron source is the Spallation Neutron Source (SNS) at ORNL
[19]. At SNS, a pulse of high-energy protons strike a mercury target, creating anywhere from
20-30 neutrons that are moderated to cold energies before travelling through a beamline [19].
Much like reactor systems, spallation sources are by their nature not portable. Spallation

neutron sources can be turned off, unlike a nuclear reactor.

1.2.2 Isotopic Sources

Neutrons are generated using specific isotopes by spontaneous fission or a@ — n reactions.
Californium-252 is a well known source of spontaneous fission neutrons, following an
approximate fission energy spectrum with an average neutron energy of 2 MeV [20]. Neutrons
generated from an (o, n) reaction follow a unique energy spectrum highly dependent on the
maximum alpha energy and the target isotope [21]. Isotopic sources cannot be turned off,

and while the source itself may be portable, the intense radiation coming from the source



may require the use of significant shielding in order to transport it. Depending on the source

activity, this may render an isotopic source not readily portable.

1.2.3 Beam-on-Target Fusion Sources

Beam-on-target fusion sources use a high-energy electronic power supply to drive two lighter
isotopes into one another,causing a portion of the isotopes to fuse, releasing energy and
secondary particles. For the purposes of generating neutrons, there are two modalities that
are commonly used: deuterium-deuterium (D-D) fusion and deuterium-tritium (D-T) fusion.
D-D fusion results in a neutron of 2.45 MeV, but only in 50% of reactions [22]. D-T fusion
results in a 14.1 MeV neutron that occurs in 100% of reactions [22|. Since D-T fusion
releases a higher energy neutron at a higher rate than D-D fusion, it is often the standard
when using fusion neutron generators for radiographic purposes. D-D fusion, however, is
still used, especially if the setup requires a lower-energy neutron.

Several companies have gone on to make commercial D-D and D-T neutron generators.
Phoenix, based in Fitchburg, Wisconsin, offers high-flux, stationary neutron generators that
use both D-D and D-T fusion [23]. Adelphi, Starfire Industries, and ThermoFisher offer
fusion neutron generators that, while lower flux than Phoenix’s generators, feature a compact
and portable design, making them useful for field neutron radiography [24][25][26]. There
have also been some systems developed at national laboratories for use in radiography and
tomography of containers holding nuclear materials [27]. The Associated Particle Neutron
Imaging System (APNIS) uses a modification of a commercial-off-the-shelf neutron generator
that allows the detection of the helium atom produced in the fusion reaction [27]. Tracking
the location of the helium atom allows for researchers to determine the direction of the
associated neutron, allowing for time-of-flight measurements not possible with a standard
D-T generator [27]. ThermoFisher now offers their own commercial-off-the-shelf associated
particle imaging source because of the research done at the laboratories [28].

Due to the compact nature of fusion-based neutron generators, significant consideration
has been given for their use in neutron imaging systems. D-D and D-T generators can be

portable, shut off at any moment, and allow for high penetration of an interrogated object.



If coupled with a portable detector system, a fusion neutron source can be used for field

neutron radiography.

1.3 Acquisition Systems

Several different methods for neutron detection have been employed for use in neutron
imaging systems. These systems exist at various technology readiness level (TRL) stages,

and are primarily developed and used at national laboratories or research universities.

1.3.1 Camera-and-Mirror Systems

There have been several facilities that use a camera-and-mirror system to generate neutron
images. In these systems, a neutron scintillator is placed in line with a neutron beam and
a mirror tilted at an angle. A camera then takes a long exposure image of the scintillator
through the mirror to avoid excess radiation dose, resulting in a high-resolution image.

Williams et al. generated an image by placing a 25.4-mm-thick high-density polyethylene
(HDPE) imaging phantom nearly flush with the scintillator from a Neutron Optics imaging
system [29]. This system uses a 2-mm-thick scintillator screen containing a mix of lithium-6
fluoride and zinc sulfide doped with copper. A 200 mm by 200 mm image was acquired using
a Sony ICX694ALG CCD camera [29]. The image resolution was dependent on the position
and orientation of the object due to optical distortion and blurring. A spatial resolution
ranging from 0.16 line pairs per millimeter to 0.42 line pairs per millimeter was obtained at
a 15% modulation transfer function (MTF) value [29].

Bishnoi et al. developed a similar system using a thick block of BC400 plastic scintillator
measuring 300 mm by 300 mm by 40 mm [30]. The research group did not give a spatial
resolution in line pairs per unit length, but they could resolve a hole measuring 5 mm
in diameter in a block of HDPE [30]. Their scintillator choice allows for greater neutron
detection efficiency, though this comes with the tradeoff of lower spatial resolution compared

to other systems.



Wang et al. had a novel approach to increasing the neutron detection efficiency of a
camera-and-mirror system, using a 40-mm-thick zinc sulfide scintillator bar with wavelength-
shifting fibers embedded into it [31]. To generate a full image, the scintillator bar is translated
relative to the object, and a complete image is formed with offset image integration [31].
Features as small as 0.5 mm in width could be resolved in the images, giving the system a
high spatial resolution and high neutron detection efficiency, albeit with the added complexity
of translation imaging [31].

All three of these systems share many common drawbacks. Since the scintillator material
is separated from the camera, a significant amount of the scintillation light is lost without
reaching the camera. This loss of photons can result in a lower spatial resolution than
would be expected of a system that can detect all of the photons from an event. Scintillator
screens are an integrating mode converter, which combines the events from both neutrons
and gammas. The electronic noise of a CCD camera is also integrated into each acquisition
frame. To counteract this issue, many of these systems are deployed at reactor beamline
facilities, increasing the flux of neutrons reaching the detector. Using a beamline facility
renders the system not portable. In addition to this, these systems are room-sized, making

them unsuitable for field neutron radiography.

1.3.2 Thin Screen Converters

Kerr et al. developed a unique system that converts a commercial-off-the-shelf x-ray
radiography panel into one that can be used for neutron radiography [32]. A polypropylene
proton recoil screen is backed by a 2.4-mm-thick screen of copper-doped zinc sulfide [32|. The
scintillator screen is coupled directly to a Varex Imaging XRD 1621 Thin-Film Transistor
(TFT) panel [32]. This panel has an estimated spatial resolution around 2.4 mm, limited by
the thickness of the converter screen, and also has high sensitivity to incident gamma rays
on the detector system since it lacks the ability to perform pulse-shape discrimination (PSD)
[32]. The benefit to this system, though, is the relative ease of modification and ability to

use commercial-off-the-shelf image processing software to generate radiographs.



1.3.3 Photomultiplier (PMT) Arrays

McConchie et al. built a fast neutron radiography panel using a segmented plastic scintillator
block attached to four Hamamatsu R9779 photomultiplier tubes [27]. The segmented
scintillator block measures 10.39 cm by 10.39 cm by 5 cm, with 1-cm-pitch pixels, achieving
a spatial resolution on the order of one centimeter per pixel [27]. The large PMT array
makes the system not readily portable, especially when considering the large amount of
electronics needed to run all of the PMTs in the system. This system has been paired with
a D-T generator designed for use in associated particle imaging, but it is possible to use the

neutron detection hardware for simple neutron transmission radiography.

1.3.4 Position-Sensitive PMT Arrays

Another generation of associated particle imaging detector was built by Heath et al. at Oak
Ridge National Laboratory using position-sensitive PMTs (PSPMTs). The PSPMTs are
read out in four-corners mode, allowing for localisation to the same 1-cm-pitch scintillator
segments as the PMT-based system [1|. The PSPMTs measure approximately 5 cm by 5
cm, with each PSPMT replacing a single, regular photomultiplier tube in the previous panel
[1]. This leads to the same spacial resolution of approximately 1 ¢cm per pixel. One of the
major drawbacks of the change to PSPMTs, however, can be seen in Figure 1.2 [1]|. For each
quadrant of PSPMTs, there is a significant amount of distortion in the Y axis of the image.
Additional corrective features must be added to take into account this effect, which puts
limits on how far spatial resolution can be decreased, even with changes to the scintillator

package.

1.3.5 Silicon Photomultiplier Arrays

Silicon photomultipiers (SiPMs) are an alternative to the traditional vacuum tube PMTs
seen in many systems. SiPMs are much more compact than traditional PMTs, operate
at lower voltages, and are insensitive to strong magnetic fields [33][34]. SiPMs do have
some drawbacks compared to PMTs, particularly with regards to high dark noise and

high temperature dependence comparatively [33]. SiPMs are typically seen in medical
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Figure 1.2: A flood field using a Cs-137 source for the PSPMT array for neutron imaging.
Note the distortion in the Y axis for the four groups of 3 by 3 PSPMTs [1].
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applications, particularly for positron emission tomography (PET) due to their compact
size and ability to withstand the magnetic fields from nearby magnetic resonance imaging
(MRI) machines [34][35]. Industrial imaging using ROSSPADs is still limited, though new

research is being performed [36].

1.4 Original Contributions

The goal of this research is to develop a scalable radiography system using commercial-
off-the-shelf (COTS) radiation detection equipment. The main goal is to generate neutron
radiographs, but gamma radiographs will also be generated to demonstrate the ability to
perform dual-particle imaging. A COTS system was selected for use in the radiography
panel. After detector selection, development of methods to calibrate the detector system
and generate radiographs will enable the first images to be made. A single detector module
was used to quantify the spatial resolution for both imaging modalities. Additionally, a new
localization method was developed and tested alongside traditional event localization on a
single detector module.

After a larger system is built using multiple detector modules, spatial resolution was
quantified again to study any changes between the single-detector experiment and the
multi-detector experiments. Parametric studies of some of the localization parameters was
performed to show how they impact the spatial resolution of images. Finally, a path forward
for the radiography system was proposed, with focus on improving spatial resolution of the

system.
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Chapter 2

Detector Platform

The radiation detection methods discussed in Chapter 1 share many of the same limitations
due to them all being integrating-type imaging systems. These detector packages cannot
individually distinguish different radiation events from each other, so the electronic noise
will always be integrated into the data stream. A new neutron radiography device ideally
would use a counting-based method for building a radiograph. Using neutron counting
reduces the electronic noise that is added into the final image, improving spatial resolution.

Many of the previously discussed systems are limited in their detection area. These
systems either have no ability to tile together or are hampered by complex readout systems
that put a fundamental limit on the number of detector modules that can be used. The
ability to scale a radiography system in area without restriction is fundamental to building
a next-generation radiography system. Not only does a detector package need to be tileable,
it must also have appropriate connections for data collection that are unhampered by limits
on digitizer equipment or other external factors.

A detector package built around the IDEAS ROSSPAD readout module was selected
as the base of a novel compact neutron radiography system. The ROSSPAD features event
mode data collection, one-wire connection for both power and data, and a tileable electronics
package that makes it ideal for this research. The ROSSPAD is also a COTS product,

reducing the lead time needed to develop and characterize the radiography panel.
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2.1 ROSSPAD Readout Module

2.1.1 Specifications

The ROSSPAD is a compact, tileable readout module developed by Integrated Detector
Electronics AS (IDEAS) from Norway [2]. The ROSSPAD module has a maximum detection
rate of approximately 20,000 frames per second with a 12 bit ADC, a variable readout interval
between 50 us and 1 s, and a programmable trigger threshold per channel [2]. The ROSSPAD
also features four input charge ranges of -400 pC, -4 nC, -8 nC, and -16 nC for gain variation,
as well as four shaping times of 200 ns, 400 ns, 800 ns, and 1600 ns for pulse width variation.
The ROSSPAD comes with a detachable array of SiPMs installed, connected using two
multipin connectors [2]. The array, measuring 8 by 8 SiPMs at a 6 mm pitch, uses the
Onsemi (former SensL) MICROFJ-60035-TSV model of SiPM [37]. These SiPMs feature a
breakdown voltage between 24.2 V and 24.7 V, an operating voltage between 25.2 V and
30.7 V, a spectral range between 200 nm and 900 nm, and a microcell fill factor of 75%.

The ROSSPAD measures 50.0 mm by 50.0 mm at the face and 48.5 mm deep [2]|. This
compact shape allows it to be tileable, meaning that ROSSPAD detectors can be tiled with
little to no gap between them. This feature allows for the ROSSPAD to be used in a system
than can scale infinitely in two dimensions. Additionally, the ROSSPAD uses a one-wire
gigabit IEEE 802.3af Power-over-Ethernet (PoE) connection on the back of the system [2].
The PoE connection allows for the panel to scale with the addition of multiple PoE switches.
Figure 2.1 shows an image of the front of the ROSSPAD module with SiPM board attached,
and Figure 2.2 shows an image of the back of the ROSSPAD module.

To detect radiation, a scintillator package comprised of a 3-mm-thick sheet of EJ-200
plastic scintillator and a 3-mm-thick sheet of polycarbonate light spreader was optically
coupled to the SiPM board using EJ-550 silicone grease [38][39]. The EJ-200 is sensitive
to both gammas and neutrons, allowing for dual-particle radiographs to be taken with a
single system. The light spreader, placed between the SiPM board and the scintillator,
allows light from a scintillation event to spread across multiple SiPMs. The pattern of light
distribution across multiple SiPMs enables localization of the event position. Rust-Oleum

titanium dioxide white spray paint acts as a diffuse reflector for the optical package boundary

13



Figure 2.1: A picture of the front of the ROSSPAD readout module [2].
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Figure 2.2: A picture of the back of the ROSSPAD readout module with an Ethernet cable
connected.
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[40]. This package is used for both single-ROSSPAD radiographs as well as the full-panel

system.

2.1.2 Advantages

The ROSSPAD readout module’s compact and tileable nature allows for easy manufacturing
of large-scale radiography systems. SiPMs are significantly thinner compared to similar
systems made using PMTs or PSPMTs. The single-wire connection through PoE also
facilitates easy manufacturing of large-scale radiography panels with COTS networking
equipment. This feature means the only limiting factor as to the size of the radiography
panel is the number of PoE ports available, which can be increased by adding more switches.
Data collection with the ROSSPAD also facilitates the ability to perform particle counting
imaging. While photon counting imaging has been around since the 1980’s [41], neutron
counting imaging is a relatively new process that requires more advanced neutron sources [42].
Particle counting is able to separate individual events compared to integrating everything

together, allowing for a reduction in the noise present in a radiograph.

2.1.3 Disadvantages

The ROSSPAD readout module has two disadvantages. SiPMs tend to have higher electronic
noise and temperature sensitivity compared to their traditional PMT counterparts [43][33].
The higher electronic noise reduces the signal-to-noise ratio (SNR) of each event, which
lowers localization accuracy for a neutron counting system. Quality images need more data,
and thus more time, compared to images made from other systems. Careful calibration of
the data, which will be discussed in Chapter 3, is necessary to generate quality images.
Manufacturer-provided software written for the ROSSPAD module was relatively new
when this research was performed. The IDEAS Testbench software was bound to Windows,
did not support more than one module at a time, did not perform optimally, and used a
proprietary binary file format. New methods had to be developed under a partnership with
Dr. Nicole McFarlane and Matthew Smalley of the Min H. Kao Department of Electrical

Engineering and Computer Science. New software was written to detect all ROSSPADs
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on the network and can simultaneously configure and initialize every module. While this
capability was necessary in the long run, especially for the full panel system, the time and
effort needed to develop the software took away from time that could have been spent better

characterizing the individual ROSSPAD modules.

2.2 Full Panel Construction

For a full-panel radiography system to be portable, a housing system must be constructed
so that ROSSPADs can be easily transported from location to location. The SiPM array
requires housing to be light-tight so that only scintillation light from radiation interaction
events are recorded. Mounting the ROSSPADs is easy because the module has four threaded
mounting posts and only a single Ethernet port must be available. Additionally, the housing
must allow for the ROSSPADs to be cooled. A single ROSSPAD uses approximately 4.5
watts of power, which when scaled to a full 36-ROSSPAD panel consumes approximately
160 watts. While a single ROSSPAD does not produce a significant amount of heat, a
full-sized panel of 36 ROSSPADs collectively requires forced-air cooling.

An aluminum housing was built by Chloe Browning for the 36-ROSSPAD panel. The
housing measures 34.4 cm high, 37.8 cm wide, and 9.1 cm deep. The front half of the housing
features a solid aluminum lid that is screwed onto the face of the housing, covering the SiPM
boards. To keep this section light tight, a foam gasket material is placed between the SiPM
boards and the rest of the ROSSPADs, held in place between the lid and the remaining
housing. Six inlet and six outlet Noctua NF-A4x20 fans flow air over all 36 ROSSPADs,
with each fan capable of a maximum airflow of 9.4 cubic meters per hour [44]. Holes on the
back of the panel allow access to every Ethernet port. Both the lid and the remainder of
the housing have mounting points that work for both machined aluminum handles and for
a large, machined aluminum base plate. Overall, the device weights approximately 14.6 kg,
making it man-portable. Figures 2.3 and 2.4 are photographs of the front and back of the
housing when fully assembled, with additional photos shown in Appendix B.
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Figure 2.3: Photograph of the front of assembled full-panel housing, designed and
manufactured by Chloe Browning.
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Figure 2.4: Photograph of the back of assembled full-panel housing, designed and
manufactured by Chloe Browning. Some Ethernet cables have been plugged in as a
demonstration.
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2.3 Data Collection and Storage

2.3.1 Data Acquisition Process

Data connection can be done using a direct Ethernet connection to either a single ROSSPAD
or through a PoE switch connected to a large panel of ROSSPADs. Figure 2.5 shows a flow
chart of the process for collecting data. There are two different methods to start up the
ROSSPAD modules. One method uses the included Testbench software suite, and the other

method was written by researchers in Dr. Nicole McFarlane’s group.

IDEAS Testbench Software

The first method to setting ROSSPAD registers and voltages is to use the included IDEAS
Testbench software. The software is developed as a reference platform for communicating
with the ROSSPAD architecture. Testbench contains Python integration that allows the user
to run pre-made or custom scripts that set registers pertaining to the ROSSPAD itself, the 4
onboard ASICs, or the 64 individual SiPMs [45]. These registers include settings such as the
triggering threshold (20 arbitrary units), shaping time (1600 ns), and operating voltage (26.5
V). A table of registers is provided to the user so that they can be set individually outside of
the Python scripts. Testbench produces proprietary binary files containing data sent from
the connected ROSSPAD device over User Datagram Protocol (UDP). Additionally, users
are able to record data outside of Testbench using Wireshark or another packet capture
software. A screenshot of Testbench is shown in Figure 2.6.

Testbench is only capable of communicating with a single ROSSPAD. It is not practical
to use Testbench to connect to and initialize all 36 ROSSPADs in a full radiography panel.
While it can be done, the process is sequential. The process takes approximately 5 minutes
for each ROSSPAD. If Testbench is used for the full panel, this process would take 3 hours
in total. Additionally, this process would be entirely manual, as each ROSSPAD must be
individually connected to Testbench either through plugging in the ROSSPADs one by one
or changing the IP address of the ROSSPAD in the Testbench configuration file.
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Custom Startup Code

A custom startup script was written by Matthew Smalley under the direction of Dr. Nicole
McFarlane. The script is written in JavaScript and replicates the Testbench ROSSPAD
API to directly set registers over a single, bidirectional TCP connection. These scripts are
executed from a command-line interface. The biggest advantage is that 36 copies of the
script can be executed simultaneously. This significantly cuts down on the initialization

time for the radiography panel.

2.3.2 Packet Capture (.pcap) Files

Each scintillation event is asynchronously sent to the computer in a UDP packet. These
UDP packets are 200 bytes long. The first 72 bytes contain information about the packet’s
origin, destination, and other needed values, and the final 128 bytes contain the data from
each of the 64 SiPMs on the ROSSPAD. Additionally, packet capture files save a timestamp
of when each packet reached the computer’s network interface that is not a part of the packet
structure. These timestamps are saved and added to the collection of data. Table 2.1 shows
the UDP packet structure.

UDP packets can be collected by any libpcap-compatible packet capture program [46];
for this research, Wireshark was selected as the tool for data collection [47]. Wireshark
operates similarly to many command line packet capture programs, but additionally offers a
graphical user interface (GUI) to make data collection easier for the user [47]. Once packets
have been collected into a single .pcap file, the data stream can be replayed and reprocessed
as many times as necessary. The first step in the processing routine is to extract the data

from each individual UDP packet and store it into a raw data table in a SQLite database.

2.3.3 SQLite Database Structure

Data from this research is stored in different tables of a single SQLite database. SQLite is a
library for C and C++ that allows for communication with a light, file-backed SQL database
without the need for a fully featured SQL network server [48]. Tables within SQLite can

contain a wide variety of data forms, such as integer values, floating point values, text, and
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Table 2.1: ROSSPAD UDP Data Packet Structure

] Byte Range \ Description of Data ‘
1-6 Destination MAC Address
7-12 Source MAC Address

13-14 Ethernet Type

15 Version and Length

16 Differentiated Services Field
17-18 Total Length
19-20 Identification
21-22 IP Flags

23 Time to Live

24 Protocol
25-26 Header Checksum
27-30 Source IP Address
31-34 Destination IP Address
35-36 Source Port
37-38 Destination Port
39-40 UDP Segment Length
41-42 Checksum
43-72 Payload Header
73-200 SiPM Signals
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data blobs. SQLite is the most-used database engine in the world, is built into Python, and
can be accessed with standalone programs such as DB Browser for SQLite [49]. A screenshot

of a SQLite database table used in this research can be found in Figure 2.7.

2.4 Image Generation Software

Data from the raw packet capture file is extracted and stored into two raw data tables in
SQLite. One table saves the data for the raw image data, and one table saves the raw data
for a detector flood field used in the calibration step. The structures of the SQLite tables
are shown in Table 2.2. The index of the event, the MAC address, MAC number (an integer
representation of the MAC address), packet timestamp, device timestamp, payload header,
and raw SiPM signals are saved for later use. Saving the raw data to the SQLite database
makes reprocessing of events faster, since the .pcap files do not need to be reopened every
single time a new image is generated.

After raw data has been extracted, the flood field SiPM values are used to generate the
calibration values shown in Table 2.3. The raw data from the flood field is used to generate
electronic background, electronic noise, and gain values for each SiPM on each ROSSPAD.
This process is described in detail in Chapter 3. Events from the raw image data table are
extracted, calibrated, and then saved into a new, calibrated data table.

ROSSPAD locations are read from a comma-separated values (CSV) file. The minimum
and maximum x and y position along with the ROSSPAD MAC number are stored in a
SQLite table shown in Table 2.4. Calibrated data is used with the relevant ROSSPAD
locations to determine the x and y position of each event. Two versions of the SQLite
data table have been included in Table 2.4. Older versions of the image generation software
included more columns for event position calibration. Newer versions perform much of
the event position generation in the same step, reducing the need for extra event position
columns.

Event positions pulled from the SQLite database are used to generate two versions of the
radiograph. One image is generated by adding up the total events within a given pixel of

the image. The other image works similarly, but adds up the total signal values within each
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2 DB Browser for SQLte - C\Users\chris\Documents\Neutron. Radiography\2023-07_processing_routine\quick ine test.db

Fie Edt Vew Tods Help

NewDatabase  (@OpenDatabase _ | fVirt=Changes | Revert Ch &
Datobase Structre  BrowseData  EdtPragmas  ExecuteSQL
[ Create Table bCreateIndex  (SyPrint.
Name Type Schema
v (] Tables (7)
| aalibrated_signals CREATE TABLE ‘calibrated_signals'(index' INTEGER NOT NULL UNIQUE PRIMARY KEY ASC, rosspad_MAC' BLOB NOT NULL, rosspad_MAC_nummby
1 event_postion_ist CREATE TABLE 'event_postion st (index' INTEGER NOT NULL UNIQUE PRIMARY KEY ASC, rosspad_MAC' BLOB NOT NULL,‘rosspad_MAC_nurm
~ ] packet_capture_raw_data CREATE TABLE 'packet_capture_raw_data'('index’ INTEGER NOT NULL UNIQUE PRIMARY KEY ASC, rosspad_MAC' BLOB NOT NULL,'rosspad_MA
[ index INTEGER "index" INTEGER NOT NULL UNIQUE
[2) rosspad_MAC BLOB "rosspad_MAC" BLOB NOT NULL
[2) rosspad_MAC_number INTEGER "rosspad_MAC_number" INTEGER NOT NULL
=) packet_tmestamp. INTEGER "packet_timestamp" INTEGER
[2) device_timestamp INTEGER "device_timestamp" INTEGER
[2) payload_header BLOB "payload_header" BLOB
[2) siPm_signals BLOB "SIPM_signals" BLOB
1 packet_capture_raw_flood_field CREATE TABLE 'packet_capture_raw_flood_field(‘ndex’ INTEGER NOT NULL UNIQUE PRIMARY KEY ASC, rosspad_MAC' BLOB NOT NULL,'rosspa
] rosspad_calibration_values CREATE TABLE 'rosspad_calibration_values(‘index' INTEGER NOT NULL UNIQUE PRIMARY KEY ASC, rosspad_MAC_number INTEGER NOT NULL,
1 rosspad_locations CREATE TABLE 'rosspad_locations(index’ INTEGER NOT NULL UNIQUE PRIMARY KEY ASC, rosspad_MAC_number' INTEGER NOT NULL, ' min'
~ (] true_localized_event_posttions CREATE TABLE 'true_localized_event_positions (index' INTEGER NOT NULL UNIQUE PRIMARY KEY ASC, absolute_timestamp' INTEGER, total_en
[ index INTEGER "index" INTEGER NOT NULL UNIQUE
[Z) absolute_timestamp INTEGER "absolute_timestamp" INTEGER
[Z) total_energy_of_event REAL "total_energy_of_event" REAL
[Z) absolute_x_position REAL "absolute_x_position" REAL
[ absolute_y_position REAL “absolute_y_position” REAL
Tndices (0)
) Views (0)

L Triggers (0)

Edit Database Cel & x
vode: [rext | [ FRRGE a
0
Type of data crrently in cell o
Size of data currently in table o
Sallog & x
‘Show SQL submitted by | Application ~ Clear
T PRAGM foreign keys = 17
2 databes
s FROM "rain”.aglite master;
"
s
SQLlog  Plot DBSchema  Remote
s

Figure 2.7: Screenshot of the DB Browser for SQLite software, with tables expanded to

show structure.
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Table 2.2: Raw Data Table Structures in SQLite

Data Table ‘ Column ‘ Type ‘

Packet Capture Raw Data Index Integer
ROSSPAD MAC Address | Blob
ROSSPAD MAC Number | Integer

Packet Timestamp Integer
Device Timestamp Integer
Payload Header Blob
SiPM Signals Blob
Packet Capture Raw Flood Field Index Integer

ROSSPAD MAC Address | Blob
ROSSPAD MAC Number | Integer

Packet Timestamp Integer
Device Timestamp Integer
Payload Header Blob

SiPM Signals Blob
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Table 2.3: Calibration Values and Calibrated Signals Table Structures in SQLite

] Data Table \ Column \ Type ‘
Calibration Values Index Integer
ROSSPAD MAC Number Integer
Response Histogram Blob
Response CDF Blob
Response Histogram String Text
Response CDF String Text
Electronic Background String | Text
Electronic Noise String Text
Gain Factor String Text
Full Device Gain Double
Electronic Background Blob
Electronic Noise Blob
Gain Factor Blob
Number of Triggers per SiPM | Blob
Calibrated Signals Index Integer
ROSSPAD MAC Address Blob
ROSSPAD MAC Number Integer
Absolute Timestamp Integer
Calibrated SiPM Signals Blob
Total Signal Real
Noise Floor per SiPM Blob
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Table 2.4: Image Generation Table Structures in SQLite

Data Table \ Column \ Type ‘
ROSSPAD Locations Index Integer
ROSSPAD MAC Number Integer
ROSSPAD X Position Minimum | Real
ROSSPAD X Position Maximum | Real
ROSSPAD Y Position Minimum | Real
ROSSPAD Y Position Maximum | Real
Event Position List (Version 1) Index Integer
ROSSPAD MAC Address Blob
ROSSPAD MAC Number Integer
Absolute Timestamp Integer
Total Event Energy Real
Relative X Position Real
Relative Y Position Real
Calibrated X Position Real
Calibrated Y Position Real
Absolute X Position Real
Absolute Y Position Real
Event Position List (Version 2) Index Integer
Absolute Timestamp Integer
Total Event Energy Real
Absolute X Position Real
Absolute Y Position Real
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pixel. The images are written in continuous space, allowing them to vary in pixel density
with a simple command. Once the size of the image is determined, a linear memory space is
allocated and filled from localized positions. The linear memory space is then written into a
text image file, which can be opened with ImageJ, an image processing software developed
by the National Institutes of Health [50]. Both images with and without markings for the
boundaries of SiPMs can be generated.

ImageJ can also be used to further manipulate the image to the needs of the operator [50].
Image color scheme, brightness, and contrast all provide the user with an easy method for
generating the most clear image possible. Averaged profiles across the abscissa and ordinate
of an image can be extracted easily, allowing for profiles of various features to be processed
in other programs such as Excel or custom Python scripts. Various math functions can
be applied to the image, including log scaling, normalization, and image weighting using a
second, equally-sized image. Images can also be transformed, cropped, or combined, similar
to the functions of many other COTS image processing programs.

Several debug images can be generated using a variety of additional helper functions
developed during the process of this research. For example, one script produces images of
the SiPM responses for a given packet with the predicted position overlaid with a red cross.
Other scripts include generating histograms of SiPM responses, building maps of calibration

values, generating full-panel SiPM response grids, and much more.
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Chapter 3

Data Calibration

3.1 Single ROSSPAD Data Calibration

3.1.1 Calibration Process

A single ROSSPAD uses a unique calibration process. Since the IDEAS ROSSPAD lacks
suitable connections for quantifying the noise terms throughout the electronics stack, and
appears to have no method for determining dark noise, a new calibration method was
developed. This method uses an even distribution of radiation events across the face of
the detector to determine background, noise, and gain terms necessary to produce quality
images.

First, a flood field is generated using the same particle type used for the image being
processed. Next, histograms of the raw data on all 64 SiPMs are generated using the flood
field data and then smoothed using a moving-average function to make finding peak values
easier. An example smoothed histogram is shown in Figure 3.1. Based on this histogram,
the electronic background and electronic noise are determined. The center of the Gaussian
peak on the leading edge of the histogram is described as the electronic background, and the
width of the peak is the electronic noise. Dark noise is a major component of the Gaussian
curve, in addition to the noise terms introduced from all of the components of the electronics
stack that generate the SiPM signals. Values lower than the background and noise cutoff

are removed from the raw histogram. Cumulative density functions (CDFs) for each SiPM
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are then generated based on this new corrected histogram. These CDFs are then used to
generate gain correction values for each SiPM. Background, noise, and gain values are then
saved into memory, and the code applies these values to the SiPMs when preparing the raw
image data for later use.

Calibration of the ROSSPAD detectors is performed with same settings as used in single
and multi-ROSSPAD image generation. For the single ROSSPAD, the shaping time was set
to 1600 ns, the triggering threshold was set to 28 arbitrary units, and the bias voltage of the
SiPMs was set to 16.5 V. For the mutli-ROSSPAD calibration steps, the shaping time and
voltage stayed the same, but the triggering threshold was lowered from 28 to 20 arbitrary

units.

3.1.2 Electronic Background and Noise Removal

Electronic background and electronic noise for each SiPM is corrected using the following
equation:

Cn=R,— (B, +N,) (3.1)

where R, is the raw signal from an event on SiPM n, B,, and N,, are the electronic background
and electronic noise of SiPM n, and C), is the corrected signal. The center of the Gaussian
shape on the left edge of the curve is set as the electronic background for the SiPM. To find
the electronic noise of the system, the distance in bin number was determined between the
center of the peak and the point in the Gaussian that is n® percentile of the shape on the left
hand side is found. Both the electronic background and electronic noise are then subtracted
from the raw data stream. If a signal falls below the zero bin, it is set to zero. Figures 3.2
and 3.3 show the electronic background and electronic noise on a single ROSSPAD for an

example experiment.

3.1.3 Gain Correction

After the raw signal is electronic background and electronic noise corrected, it must be gain

corrected so that the same amount of light received by two different SiPMs will be read out
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Figure 3.1: A sample uncorrected signal histogram from a flood field image.
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Figure 3.2: A histogram and map of the electronic background values for an example
neutron flood field measurement.
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as the same signal. The equation

N
U, — L,
Gy = 2 n=1 " (3.2)

generates the average gain across the entirety of a ROSSPAD system using the cumulative
distribution function (CDF) generated from each corrected SiPM. In equation 3.2, U,, and L,
are the spectral bins at the upper and lower percentiles for SiIPM n and N is the number of
SiPMs on the board. For the ROSSPAD, this number is 64. The lower and upper bounds can
be set independently for each experiment to generate the clearest image possible. Equation
3.2 is then used to find the individual gain of each SiPM. Figure 3.4 shows the gain for each
SiPM on a single ROSSPAD for an example experiment.

Un - Ln
Gn = Tvg. (33)

Gain, background, and electronic noise for each SiPM on each ROSSPAD are stored in
their own SQLite data table, allowing for the calibration values to be reused in other sets of
data if required.

Using equation 3.3 and the background and electronic noise, each individual event is

calibrated on a per-SiPM basis using equation 3.4:

R, — (B, +N,)
= G

Sn (3.4)

Once the data has been calibrated and corrected, it is stored in a SQLite table for storage

and use later in the code.

3.2 Multi-ROSSPAD Data Calibration

3.2.1 Calibration Process

Muti-ROSSPAD data calibration follows nearly the exact same process as the single
ROSSPAD calibration, with a few minor changes:
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Figure 3.4: A histogram and map of the gain values for an example neutron flood field
measurement.
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1. ROSSPADs must be checked for defects/broken systems before calibration, as broken
SiPMs or ROSSPADs will negatively impact the calibration values of working
ROSSPAD:s.

2. Background and noise values are determined independently of the other ROSSPADs,
where gain correction values are scaled by the average gain value across all SiPMs

within a radiography panel

3.2.2 Determination of Malfunctioning ROSSPADs

Calibration on a multi-ROSSPAD panel requires more careful consideration to the settings
and selection of detectors used. To understand the performance of all 36 detectors used in
the first-of-a-kind panel, a flood field was taken with all of the ROSSPADs set to default
settings. Figure 3.5 shows the electronic background values for each SiPM of the 36-
ROSSPAD radiography panel. One of the SiPMs appears to have a significantly higher
electronic background than the rest of the panel, similar to the one shown in Chapter 4. The
same background data was plotted in Figure 3.6, but with the single high-triggering SiPM
removed. More things become apparent once the scale is adjusted. First, there appear to
be a few darker SiPMs indicating a significantly lower background value compared to the
rest of the panel. Secondly, there are seven ROSSPADs (including the previously mentioned
on) that have an average background value lower than the average of the other ROSSPADs.
This is further demonstrated in the map of the noise values for the entire panel, shown in
Figure 3.7, where the ROSSPADs with low background levels appear to have elevated noise
values.

The large number of broken ROSSPADs (9 out of 36) means that a full-panel system will
have to be smaller than initially planned for. To create a more uniform image, a smaller, 4 by
3 area has been selected for making multi-ROSSPAD radiographs. A rough example of where
these ROSSPAD:s sit within the full panel are shown in Figure 3.8, where used ROSSPADs
are shaded in green and unused ROSSPADs are shaded in red. While this area does include

one broken ROSSPAD, the SiPM in question can be easily removed during image processing,
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Figure 3.5: A map of electronic background values of the SiPMs on the full radiography
panel.
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Figure 3.6: A second map of electronic background values of the SiPMs on the full
radiography panel, with the broken SiPM filtered out of the image.
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Figure 3.7: A map of electronic noise values of the SiPMs on the full radiography panel.
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Figure 3.8: Locations of the ROSSPADs selected for 4 by 3 area image.
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and it does not constantly trigger and add extra noise to the data collection. Analysis of the

broken ROSSPADs both in the panel and outside of it can be found in Chapter 4.

3.2.3 Electronic Background and Noise Removal

Using the same techniques for a single ROSSPAD, background and noise maps were generated
for this reduced area image using a flood field of a Cf-252 source. Figures 3.9 and 3.10 show

somewhat even distribution of background and noise across the entire face of the panel.

3.2.4 Gain Correction

As previously stated, gain calibration is slightly different compared to calibration on a single
ROSSPAD. Equations 3.2 and 3.3 still apply, though the average is performed across all of
the SiPMs in the entire panel (768 SiPMs for a 4 by 3 ROSSPAD panel) compared to the
smaller 64 SiPMs of a single ROSSPAD. Gain values for the 4 by 3 panel are shown in Figure
3.11.
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Figure 3.9: A histogram and map of the electronic background values for an example
neutron flood field measurement on the multi-ROSSPAD system.
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Figure 3.10: A histogram and map of the electronic noise values for an example neutron
flood field measurement on the multi-ROSSPAD system.
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Figure 3.11: A histogram and map of the gain values for an example neutron flood field
measurement on the multi-ROSSPAD system.
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Chapter 4

Quality Assurance of ROSSPAD

Detectors

4.1 Failure Modes

Throughout this research, several detector modules experienced some form of failure that
resulted in the detectors themselves not operating normally. Out of 38 ROSSPAD detectors
tested throughout the course of this project, 11 of them appeared to have some form of issue
with the SiPM board or the ROSSPAD module itself. From these 11 broken detectors, 5
unique failure modes were discovered. While some failure modes can be easily accounted for
(single ROSSPAD imaging was performed on a faulty detector long before it was known to be
faulty), some would require the complete removal of the detector from the pool of detectors.
This section seeks to demonstrate the various failure modes and how one can determine if a
detector is broken in that way and how it can be resolved.

Figure 4.1 demonstrates the raw signal histograms for all 64 SiPMs on a working
ROSSPAD. These histograms were generated from 1.4 million packets using a 0.105 mCi
Cs-137 gamma source placed approximately 10 centimeters from the face of the detector.
The overlaid histograms of a working ROSSPAD should have a semi-Gaussian curve at the
lowest values on the curve. The curve then follows a linear trend on a semilog plot until

around the 4000 ADC unit mark, where the curve bends towards the zero mark slightly
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Figure 4.1: Uncorrected histograms of the 64 SiPMs on a working ROSSPAD. (N = 1.4x10°
counts)
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above 6000 ADC units. Similar figures of each failure method have been provided so that a

clear determination of the failure mode can be made.

4.1.1 Single High-Trigger SiPM

Some ROSSPAD detectors have a single SiPM out of the 64 total that tends to trigger more
often than their counterparts, despite the same triggering threshold value set in the registers.
Based on the raw SiPM histograms for one of these detectors, it was found that the SiPM
has a high number of counts at a high signal level, as shown by the singular light grey
histogram in Figure 4.2. Because this SiPM tends to dominate any event that is recorded
by the ROSSPAD, and the ROSSPAD does not allow for individual SiPMs to be switched
off, this ROSSPAD has to be removed entirely from the pool of detectors until a fix can be
made.

It may be possible to fix this ROSSPAD by just replacing the SiPM board itself. However,
this ROSSPAD was installed into the larger panel before quality assurance testing was
performed, and was therefore unable to be removed at the time. Further testing may prove
that replacing the SiPM board will fix the issue completely, reducing the cost of replacement
significantly.

4.1.2 Single Low-Trigger SiPM

Similarly to the high-triggering ROSSPAD, some ROSSPADs have SiPMs that tend to trigger
lower than the remaining bunch, as shown in Figure 4.3. In this case, the low-triggering SiPM
follows the same trend as the rest of the SiPMs at lower signal values, but falls short of where
the rest of them end on the graph. Changing detector gain settings within the ROSSPAD
registers may fix the issue if the gain could be changed on a SiPM-by-SiPM basis. However,
the gain registers are an ASIC-level register; if the gain register is changed to fix the one
broken SiPM, the 15 other SiPMs on the same ASIC will be shifted upward. The calibration
code in Chapter 3 will fix the disproportionate signal. The SiPM does also have fewer triggers
than the rest, which could lead to defects within generated imaged. As stated before, this
ROSSPAD may be fixed by changing the SiPM board, though this wasn’t able to be tested
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Figure 4.2: Uncorrected histograms of the 64 SiPMs on a ROSSPAD with one SiPM’s
electronic background value significantly higher than the remaining SiPMs.
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as it was added into the panel. Since this SiPM isn’t dominating the events the ROSSPAD
records, this ROSSPAD can be kept within a radiography panel, though there will appear
to be a lack of events in the vicinity of the SiPM.

4.1.3 High Electronic Noise

The third failure mode features a ROSSPAD in which the electronic background peak appears
to be an order of magnitude larger than the start of the linear section of the graph compared
to a correct histogram, shown in Figure 4.4. The high triggering rate and large electronic
noise mean that these ROSSPADs need to be removed from the pool, as they will not be
able to contribute to a clean image. Since this defect is uniform across all 64 SiPMs, it is

unclear if changing the SiPM board will have a positive impact or not.

4.1.4 Unstable Trigger Point

Some ROSSPADs may fail by not having a stable triggering point. While the SiPMs in a
ROSSPAD can read any light level, the ROSSPAD will not send out a data packet unless one
of the SiPMs has reached a set triggering threshold. If this threshold is not stable, not only
will there be instability in the raw data histograms, there will also be instability in the count
rate. Figure 4.5 shows the raw signal histograms for a ROSSPAD found to have an unstable
triggering point. The histograms themselves do not necessarily prove that the triggering
point is unstable. Figure 4.6, however, shows that for an unchanging gamma source, the
ROSSPAD with the unstable trigger will have points where it suddenly records more events
per second than normal. This could be the result of many issues, including faulty electrical

connections at any point within the ROSSPAD electronics stack.

4.1.5 Signal Level Drift

SiPMs, if not properly cooled, may encounter signal drift. Initial testing on a single
ROSSPAD generated SiPM histograms that appear to look different than a nominal SiPM
histogram from the full panel. Initially, it was assumed that this histogram was the correct

response a ROSSPAD should have for a given gamma source, especially since the data
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Figure 4.3: Uncorrected histograms of the 64 SiPMs on a ROSSPAD with one SiPM falling
short of all of the rest of the SiPM histograms. (N = 1.4 x 10° counts)
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Figure 4.4: Uncorrected histograms of the 64 SiPMs on a ROSSPAD with high electronic
noise. (N = 1.4 x 10° counts)
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Figure 4.5: Uncorrected histograms of the 64 SiPMs on a ROSSPAD with unstable
triggering level. (N = 1.4 x 10° counts)
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Figure 4.6: Wireshark graph of the packets per second from a ROSSPAD with an unstable
triggering level. The source used to produce this data provides a steady stream of gamma
rays.
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from this test generated usable radiographs (see Chapter 5). However, the raw data
histograms and the calibrated total signal histograms shown in Figure 4.8 demonstrate
that this ROSSPAD is experiencing some form of signal drift. Since the initial testing was
done without active cooling, it is assumed that this phenomenon is temperature dependent.
Further testing is needed to demonstrate if this is true or not.

This ROSSPAD was able to generate images with good spatial resolution on its own.
However, if surrounding ROSSPADs do not have the same response profile, they will not be
able to work together in a full panel. Adjacent ROSSPADs must respond similarly so that

cross-ROSSPAD localization can occur.
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Figure 4.7: Uncorrected histograms of the 64 SiPMs on a ROSSPAD with potential signal
value drift. (N = 1.4 x 10 counts)
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Figure 4.8: Corrected total signal histograms of a working ROSSPAD and a ROSSPAD
experiencing signal value drift.
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Chapter 5

Single-ROSSPAD Imaging

Sections of this chapter have been taken from Scalable Detector Design for a High-Resolution

Fast-Neutron Radiography Panel [51].

5.1 Weighted Average Localization

5.1.1 Theory

The weighted-average method sums up the rows and columns together into one row and one
column, both containing the entire set of data from one event. A weighted mean position is
calculated in the summed row and column, giving a final position in x and y. The localized
event position is stored into a data table within the same SQLite database file used for
storage of raw and calibrated event data. Both the relative x- and y-position of the event
on a ROSSPAD system as well as the true x- and y-position across the scope of the entire
system are available, along with the sum of all of the SiPM signals, the event timestamp,
and the identification of the ROSSPAD that produced that event.

Four reference images were generated. Each image is used to demonstrate the
performance of one or more specific aspects of the localization method. Two images were
generated using a 0.105 mCi Cs-137 gamma source placed 15 cm away from the face of the
detector. A flood field image was generated with nothing between the source and the face

of the detector, and a collimated line was generated with two 3.8 £ 0.1 cm thick tungsten
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blocks (equivalent to approximately 7 mean free paths for a 662 keV gamma ray [4]) placed
0.083 £ 0.003 cm apart to create the collimated line. The detector was placed on a 15°angle
block relative to the plane of the table so that the line would cross a larger amount of
SiPMs. Given the distance to the detector face and the distribution of the cesium source,
it is assumed that the collimated line will be even across the face of the detector. The
collimated line setup is shown in figure 5.1.

Spatial resolution values based on the collimated Cs-137 image and the Cf-252 edge were
generated using a modulation transfer function (MTF) [52]. By taking the real component of
a fast Fourier transform (FFT) of the collimated Cs-137 line or the derivative of the Cf-252
edge, it is possible to understand how the spatial frequency of the object being imaged is
transferred to the radiograph [52]. MTF measurements are a common method of determining
image quality and spatial resolution in many forms of images.

The other two images were generated using a 0.109 mCi Cf-252 fission neutron source.
A flood field image was taken with the source placed approximately 10 cm away from the
face of the detector. An edge image was taken with the source placed approximately 40 cm
away from the face of the detector. A block of high-density polyethylene (HDPE) measuring
15.25 £ 0.1 cm thick (equivalent to approximately 5 mean free paths assuming an average
fission neutron energy of 2.105 MeV [53]) was placed approximately 12 cm from the face of the
detector, in between the source and the detector. For both setups, a 0.2 £ 0.0025 cm thick
sheet (equivalent to approximately 2 mean free paths for Cf-252’s highest energy gamma
ray at 0.207 MeV [4]) of lead was placed in front of the detector face, attenuating 87.5%
of the gammas that come from the direct decay of Cf-252. Since the ROSSPAD module
does not have the ability to distinguish neutron events from photon events via pulse-shape
discrimination (PSD), this is the best method for reducing the number of gamma events when
taking a neutron radiograph. The edge setup is shown in figure 5.2. While a line profile
similar to the one created using cesium would be preferred, difficulties with the experimental

setup made it easier to use an edge for the neutron-based image characterization.
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Figure 5.1: Experimental setup for generating a collimated Cs-137 line image.
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Figure 5.2: Experimental setup for generating a collimated Cf-252 edge image.
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5.1.2 Cs-137 Images

A flood field image is shown in figure 5.3. This image shows an even spread of points across
the center of the face of the detector, with an elevated number of events at the edges and the
corners of the image. In addition, the flood field does not have any localized events within a
half-SiPM border at the edge of the detector. These edge effects are due to a combination of
the localization method employed and the housing of one ROSSPAD reflecting light towards
the center of the system if there is a scintillation event at the edge.

Figure 5.4 shows the result of a line generated with 3.2 x 10° total events. The line has
the same increased light collection at the edges seen in the flood field image. Even across
the boundaries of SiPMs, the line continues straight with little deviation. At the top and
bottom of the line, we see an increase of events that appears brighter than the rest of the line.
This is likely due to the localization method performing poorly at the edge of the ROSSPAD
module due to the optical engineering with respect to light collection. It is expected that
by extending the light spreader across multiple ROSSPAD modules, this systematic error in
event position estimation will go away.

Figure 5.5 shows the profile of the normalized intensities across the collimated line source
image. This profile was generated by taking an average of the intensities along the line using
ImageJ. The average of the intensities along the line excludes the increase in counts at
both ends of the line. The image generated uses pixels that correspond to a pitch of 0.25
millimeters on the face of the detector. This pixel density was chose to highlight any artifacts
that may appear in the image. These artifacts are cause by issues such as light refraction
from air pockets in the scintillator package or event buildup as the result of issues with the
localization algorithm. Each pixel corresponds to a point in space in order to make generating
an MTF value easier. For the profile displayed in Figure 5.5, the position in space is relative
to the start of the data. A demonstration of this process is shown in Figure 5.6. Since the
profile of the line can be closely approximated with a Gaussian curve, a true Gaussian curve
was fit to the data, and from this fit a modulation transfer function (MTF) was generated.
The image likely does not fit a perfect Gaussian curve due to geometric unsharpness [54| with

regards to the placement of the source, object, and detector. Typically, a collimator is used
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Figure 5.3: A flood field image generated using a Cs-137 gamma source. (N = 1.8 x 10°
counts)
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Figure 5.4: A collimated line image generated using a Cs-137 gamma source. SiPM
boundaries have been overlaid onto the image. (N = 3.2 x 10° counts)
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to improve the spatial resolution of a radiograph by improving the geometric unsharpness
factor [55]. Since the source in this configuration is only collimated by the object itself,
unsharpness from the distribution of the source material within the container is introduced.
Figure 5.7 shows a 90% spatial resolution of approximately 0.47 line pairs per centimeter

and a 10% spatial resolution of approximately 2.32 line pairs per centimeter.

5.1.3 Cf-252 Images

Similar to the flood field from the gamma source, Figure 5.8 shows the same even spread in
the center of the image and similar edge effects. This image was generated using 5.5x 10° total
events. Though it is likely that the majority of these events come from neutron interactions
within the data, the lack of PSD capability means that photon events cannot be fully removed
from the image. The Cf-252 flood field shows that the upper right corner is pulled in slightly
to the center compared to the Cs-137 flood field. It is possible that separation of the light
spreader and SiPM board or light spreader and scintillator diffracts light and causes the
image to pull towards the center. An example of this separation is shown in Figure 5.9.

Figure 5.10 shows the result of an edge generated with 1.3 x 10° total counts. Note that
the corners appear significantly brighter due to contrast adjustments needed to make the
edge clearly visible. In addition, SiPM boundary lines have not been included to improve
image clarity.

Figure 5.11 shows an error function fit to the normalized intensity profile of the edge,
generated using the same technique used for the collimated Cs-137 line. The derivative of
the function is used to generate a Gaussian curve, which was then used to generate the
MTF show in Figure 5.12. The MTF shows a 90% spatial resolution of approximately 0.70
line pairs per centimeter and a 10% spatial resolution of approximately 3.35 line pairs per
centimeter.

The collimated edge using neutrons is not as clear as the collimated line using
gammas. There are many possibilities for this, including the inability to discriminate
photon interactions from neutron ones and the increased geometric unsharpness caused by

a volumetric Cf-252 source and increased distance between the object and the face of the
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Figure 5.5: Line profile of the collimated Cs-137 image.

67

28.0

32.0



Figure 5.6: Demonstration of the area evaluated for spatial resolution of the collimated
Cs-137 image.
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Figure 5.7: Modulation transfer function of the collimated Cs-137 line.
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Figure 5.8: A flood field image generated using a Cf-252 fission neutron source. (N =
5.5 x 10° counts)
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Figure 5.9: Optical distortion due to the separation of the light spreader and the scintillator
(circled in orange).
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Figure 5.10: An edge image generated using a Cf-252 fission neutron source. (N = 1.3 x10°
counts)
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Figure 5.11: An edge image generated using a Cf-252 fission neutron source. (N = 1.3 x 10°
counts)
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Figure 5.12: Modulation transfer function of the collimated Cf-252 edge.
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detector [55]. Despite having more events in the image than the collimated gamma line, the

neutron edge has increased variation in the intensities of the pixels in the image.

To verify the integrity of the Cf-252 MTF measurement, a second image was generated
at a lower resolution. While the original image was generated with a density of 4 pixels per
millimeter (40,000 total pixels), the second image was generated with a density of 2 pixels
per millimeter (10,000 total pixels). With 1.3 million events in each image, this brings the
number of events per pixel from 32.5 to 130. Figures 5.13 and 5.14 display the image and
the edge profile for this new pixel density.

Figure 5.15 shows the difference in MTF value for the two different pixel densities. While
the original image had a 90% spatial resolution of approximately 0.65 line pairs per centimeter
and a 10% spatial resolution of approximately 3.30 line pairs per centimeter, this new image
has a 90% spatial resolution of approximately 0.79 line pairs per centimeter and a 10% spatial
resolution of approximately 3.75 line pairs per centimeter. Variation from the edge profile
did not improve significantly between the two pixel densities, so the improved MTF values
are likely not as representative of the image as it appears. The MTF values are, however,
close between the two images, indicating that the method for generating the MTF values

has some consistency despite the variation in pixel intensity.

5.1.4 Comparison Between Localization Method and Bare SiPM
Board

Due to the relative size of the SiPMs compared to light collection electronics used in other
neutron radiography panels, a system could be built using the size of the SiPMs as the size of
the pixels in an image. Doing this puts a hard cap on the spatial resolution of a radiograph
that is only derived from the size of the SiPMs. Localization methods are used to bring
the spatial resolution lower than the pitch of the SiPM board. As such, it is important to
compare the bare SiPM board spatial resolution to that of the localization methods used.
From the pitch of the SiPMs on the board, a reference spatial resolution can be derived

with the following equation:

(5.1)



Figure 5.13: A new edge image generated using a pixel density of 2 pixels per millimeter.
(N = 1.3 x 10° counts)
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Figure 5.14: Edge profile of the reduced resolution image.
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Figure 5.15: Comparison of MTF measurements using two different pixel densities.

78



where R is the spatial resolution of a bare SiPM board and P is the pitch of the SiPMs on
the board in centimeters. Since the pitch of the SiPMs on the board is 0.6 cm, the board
itself, with no localization, can generate images with a spatial resolution of 0.833 line pairs
per cm.

The weighted average localization method is able to generate images with a 10% spatial
resolution of 2.32 line pairs per centimeter for photons and 3.35 line pairs per centimeter for
neutrons. These results demonstrate the ability to perform sub-SiPM event localization on

the ROSSPAD readout module using the weighted average method.

5.2 Two-Dimensional Gaussian Localization

5.2.1 Theory

While weighted-average localization performs well for both photons and neutrons, the
method has limitations that impact its ability to perform in large-scale radiography panels.
The weighted-average method works well when the SiPMs in a panel are in a perfect grid,
even across ROSSPAD modules. Deviations in the array or gaps between ROSSPADs make
it difficult for the method to localize accurately where these issues arise. Additionally, a
dead or broken SiPM (demonstrated in Chapter 3) would significantly impact the method
beyond the boundary of the dead SiPM itself. As such, a new method has been proposed to
potentially mitigate these issues.

A new method was proposed that utilized the area under a 2D Gaussian curve. Based
on results from the Master’s thesis of Sean Alcorn, simulated light distribution across the
face of the ROSSPAD appears to follow a Gaussian profile, with the center of the Gaussian
approximating the origin of the scintillation light [56]. By predicting where the scintillation
event occurred, simulating the expected SiPM response by integrating the expected Gaussian
over the area of each SiPM, and comparing it to the true SiPM responses, a given event can

be localized using the Gaussian that least deviates from a given event.
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A normalized two-dimensional Gaussian curve follows the equation:

f@y) = —— oxp (— ((x — ), W y°)2>) (5.2)

o 2 2
2mo,0y 207 20,

where xy and yo are the center of the Gaussian curve, and o, and o, are the standard
deviations in the x and y dimensions. A simplified version of the integral of a two dimensional
Gaussian curve can be calculated by taking the integral in each dimension separately and

then multiplying them together:

1 2 (x — 1)? Y2 (y — vo)?
Vi(z,y) = 27T0x0y/ exp (_Tzo) dac/y exp (_TQO dy (5.3)

z1 x Yy

which simplifies down to:

Vg = e (22| o (vt
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Though equation 5.4 does not represent the exact area under a two-dimensional Gaussian

Y2

(5.4)

Y1

curve, it is a computationally affordable method for determining the area. An example of a
normalized 2D Gaussian curve can be found in Figure 5.16.

The same sets of data that were used to generate images for the weighted average
localization method were used to test the 2D Gaussian localization method. This allows for
direct comparisons of both the spatial resolution and the acquisition time for both methods.
The results will allow for one method to be selected when moving on to multi-ROSSPAD

imaging.

5.2.2 (Cs-137 Images

A flood field image is shown in figure 5.17. The 2D Gaussian localization method was found
to take longer to process than the weighted-average method, so the initial flood field image
was generated at a lower pixel density (1 pixel per mm) compared to the same flood field for
weighted-average method (4 pixels per mm). This flood field does not appear to be as even

across the face of the detector as the flood field generated using the previous method, and
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Figure 5.16: Simulated two-dimensional Gaussian curve generated in Python.
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deviations in the flood field potentially caused by air bubbles or gaps within the scintillator
package become more apparent. Like previous methods, the events appear to concentrate at
the edges of the image, but again do not extend all the way to the true edge of the face of
the detector; this is likely the result of light reflection at the edges.

Figure 5.18 shows the result of a line generated with 3.2 x 10° counts. This 2D Gaussian
line appears to be slightly straighter than the weighted-average line, though it also appears
to have variation at the edges of the line. Additionally, there is a discontinuous point towards
the upper end of the line. Since the 2D Gaussian flood field appeared to be less even than
the weighted-average one, this could be the result of either air pockets being exaggerated
with the new localizer or issues with the localizer’s performance in general.

Despite the potential issues with the quality of the 2D Gaussian line, a profile was
generated using ImageJ. Figure 5.19 shows the profile of the normalized intensities across the
collimated line source image and the Gaussian fit generated using the data. Like the previous
collimated line, this line doesn’t exactly match the fitted Gaussian curve, likely as the result
of geometric unsharpness. Figure 5.20 shows a 90% spatial resolution of approximately 0.5
line pairs per centimeter and a 10% spatial resolution of approximately 2.5 line pairs per

centimeter.

5.2.3 Issues With Current Method

After Cs-137 results were generated, both localization methods were compared to determine
which should be prioritized for multi-ROSSPAD imaging. While generating Cf-252 results
would normally be considered, the Cs-137 measurements showed that the 2D Gaussian
localization method does not appear to be worthwhile at this point. Currently, the weighted-
average method is performed entirely on a single thread of a processor, whereas the 2D
Gaussian localization method had to be made parallel and run across all threads to make
processing manageable.

Data processing for both localizers was performed on an AMD Ryzen 9 5900HX processor.
This processor contains eight cores and sixteen threads operating at a base clock speed of
3.3 GHz and a boost clock speed of 4.6 GHz [57]. To determine make comparisons between

the weighted average localization method (single-core) and the two-dimensional Gaussian
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Figure 5.17: A flood field image generated using a Cs-137 gamma source and a 2D Gaussian
localization method. (N = 1.8 x 10° counts)
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Figure 5.18: A collimated line image generated using a Cs-137 gamma source and a 2D
Gaussian localization method. (N = 3.2 x 10° counts)
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Figure 5.19: Line profile of the collimated Cs-137 image using the 2D Gaussian localization
method.
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Figure 5.20: Modulation transfer function of the collimated Cs-137 line using the 2D
Gaussian localization method.
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localization method (multi-core), a figure of merit (FOM) was defined using the following

formula:
t

MT Fyoy

where ¢ is the time to generate an image in minutes and MT Fgy is the 10% modulation

FOM = (5.5)

transfer function value of the image generated. For this FOM, a smaller number represents
better performance. FOM results can be found in Table 5.1.

The FOM for the 2D Gaussian localizer is roughly 18 times larger than the FOM for the
weighted-average localization method. Although the 2D Gaussian localizer performsa 7.8%
better than the weighted-average method, the time it takes to generate is significantly longer,
despite the fact that it has been optimized to run in parallel. While the 2D Gaussian localizer
will perform better with more cores, optimization of the weighted-average method would
widen the FOM gap between the two methods further. While the 2D Gaussian localization
method may be promising for future projects, priority for this project was given to the

weighted average method.
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Table 5.1: Comparison of Localization Methods

| Localization Method | 10% MTF (Ip/cm) | Time to Generate (Minutes) | FOM |

Weighted Average 2.32 1.27 0.55
2D Gaussian 2.5 24.85 9.94
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Chapter 6

Multi-ROSSPAD Imaging

6.1 Cross-ROSSPAD Triggering Effects

One of the biggest challenges when moving from a single ROSSPAD module to a panel of
multiple ROSSPADs is how to account for events at the edges. On a single ROSSPAD, the
localization method can only localize an event out to the middle of the edge SiPMs, meaning
that a small portion of the detection area is lost. By using a continuous light spreader and
scintillator, this can be fixed for most of the detector panel. A single event can trigger
multiple ROSSPADs, and using the data from both allows for events to be localized closer
to the edges of the ROSSPAD. This will work for the boundaries between ROSSPADs, but
won’t fix the very outer edges of the panel. Despite this, cross-ROSSPAD localization will
allow for a much larger usable radiography area, especially as more detectors are added.
An initial flood field using a 0.105 mCi Cs-137 gamma source was generated as an initial
test on 35 of the 36 ROSSPADs. This was done before testing was performed to determine all
of the methods of failure with the ROSSPAD detectors. Figure 6.1 shows a somewhat even
distribution of counts across the centers of each ROSSPAD. However, between ROSSPAD
detectors there is a clear band, with the edge of the band appearing darker than the center of
the band. The corner intersection of four ROSSPADs additionally shows significantly lower
counts than the rest of the flood field. Looking at the data from the SQLite data tables, it

appears that the issue may relate to the triggering threshold of the ROSSPAD detectors.
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Figure 6.1: Full-panel flood field using a Cs-137 source. 35 of the 36 ROSSPADs were
turned on for this experiment.




At the default triggering threshold of 28 arbitrary units, a large amount of light reaching
a ROSSPAD is needed to trigger the detector so an event can be recorded. When an event
triggers on a SiPM at the edge of a ROSSPAD, however, the residual light that makes it to a
neighboring ROSSPAD might not be enough to trigger it. This means that many events that
require a neighboring ROSSPAD to trigger do not receive sufficient light to trigger at default
settings. Figure 6.2 shows an event that occurs at the corner of four ROSSPADs. Despite
this, only one of the four ROSSPADs triggers, resulting in the event position being skewed
away from the corner where the ROSSPADs meet. The triggering threshold was lowered to
20 arbitrary units across all of the detectors in the panel to compensate for the lower light
spread onto neighboring SiPMs. An example of a now-corrected triggering map is shown in

Figure 6.3.

6.2 Changes to Weighted Average Localization

Full-panel image generation requires slight modification of the weighted average localization
method discussed in Chapter 5. Instead of performing localization on the signals from the
SiPMs on one ROSSPAD, a scratchpad of the entire panel is made, and all events occurring
within the same timestamp are added to the scratchpad. The highest-signal value SiPM
is chosen as the triggering SiPM of the scratchpad, and weighted average localization is
performed on a seven by seven section of SiPMs with the triggering SiPM in the center.
Two additional parameters were added to reduce the noise present in the scratchpad-
based event localization. The localizer checks to make sure that for a SiPM to be added to
the weighted average it must be above a set noise threshold. The noise threshold is based
on a given multiple of the electronic noise for a given SiPM found during the calibration
process discussed in Chapter 3. For the test images generated, the SIPMs considered needed
to have a signal value three times greater than the electronic noise value of the SiPM. The
other parameter checks to make sure enough SiPMs in the weighted average process were
above the electronic noise. For the test images generated, nine of the forty-nine SiPMs had

to have a signal value above the noise threshold. If there were less than nine SiPMs above
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Figure 6.2: A single-event trigger map with the higher triggering threshold value set. The
event space is shown across four ROSSPADs (cyan grid lines).



Figure 6.3: A single-event trigger map with the lower triggering threshold value set. The
event space is shown across four ROSSPADs (cyan grid lines).



the noise threshold, the event would be thrown out, and the next event in the data stream
would be loaded in.
Further analysis of the impact of these two parameters, as well as other parameters

considered when building images, is discussed in Chapter 7.

6.3 Flood Field Results

After removing broken ROSSPADs from the image and adjusting the triggering threshold to
better perform cross-ROSSPAD localization, two flood fields were generated using a 0.105
mCi Cs-137 gamma source for the first flood field and a 0.090 mCi Cf-252 neutron source for
the second. When generating the actual flood field images for each, both images weighted by
number of counts in the pixel and weighted by total signal deposited into the pixel were made.
Figure 6.4 demonstrates that events can now be localized to the edges of ROSSPADs with
a Cs-137 source. However, both of this images appear to have significantly more artifacting
that the flood fields generated on the single ROSSPAD detector. In the single-ROSSPAD
images, the individual SiPMs cannot be easily seen, but on the full panel the SiPMs appear
to almost pull events closer to their centers.

Similarly, Figure 6.5 shows the count-weighted and signal-weighted flood fields using a
Cf-252 neutron source. Figure 6.5a appears to have more issues at the edges of ROSSPADs
compared to Figure 6.4a. However, Figure 6.5b appears to be much more continuous across
the face of the panel compared to Figure 6.4b. These differences are likely the result of
differences in the light production within the EJ-200 scintillator between gamma interactions
and neutron interactions. For both source types, the artifacting introduced when the full-
panel radiography system was developed will lead to poor image quality when taking actual

radiographs of objects.

6.3.1 Artifact Correction

Correcting radiographs for both radiation types requires a method for scaling the image based
on the response of a flood field. A similar technique is already used for commercial-off-the-

shelf x-ray radiography devices [58]. For a typical x-ray radiography panel, several flood
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(b) Signal

Figure 6.4: Full-panel flood fields using a Cs-137 gamma source weighted by a) number of
counts in pixel and b) total signal from events in pixel. (N = 1.25 x 107 counts)
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(a) Counts

(b) Signal

Figure 6.5: Full-panel flood fields using a Cf-252 neutron source weighted by a) number of
counts in pixel and b) total signal from events in pixel. (N = 1.17 x 107 counts)
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fields at various source energy levels not only allow artifacts to be removed from the x-ray
panel images, but also allow for nonlinear energy calibration for each individual photodiode
[58].

Since the radiography panel works in a particle-counting mode, the lowest flood field level
is assumed to be a value of zero in every pixel. Additionally, it is assumed that the response
from the radiography panel would be linear, since it only has to add up events individually.

Thus, a flood field correction formula can be simplified to:

Rz y)

(6.1)
F(fvvy)

I (zy) —

where P, ) is the value of the (x,y) pixel in the post-correction image, R, is the value
of the (x,y) pixel in the raw, uncorrected image, and F{, ) is the value of the (z,y) pixel in
a flood field using the same source of radiation. Equation 6.1 can be applied to any image
easily with ImageJ, allowing for the process of artifact correction to be done quickly by the

operator [50].

6.4 Spatial Resolution

6.4.1 Cs-137 Images

A collimated Cs-137 line was imaged across the face of the full-panel detector. Figure 6.6
shows two stacks of 3.8 £ 0.1 cm thick tungsten blocks (equivalent to approximately 7 mean
free paths for a 662 keV gamma ray [4]) placed on top of each other, with a 0.2 +0.0025 cm
thick gap separating to two stacks apart. The radiography panel was placed at a 10°angle
so that the line can fall over multiple ROSSPAD boundaries in both x and y, and the 0.105
mCi Cs-137 gamma source was placed approximately 25.4 + 0.1 cm away from the faces of
the tungsten blocks. Figure 6.7 shows the uncorrected and corrected count-weighted line
images. While the line still appears to have some artifacting present, particularly in areas
where dual-ROSSPAD imaging is needed to localize near the edges of two detectors, the line
still appears straight and well collimated, much like the results from the single-ROSSPAD
imaging in Chapter 5.
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Figure 6.6: Experimental setup for generating a collimated Cs-137 line image on the full
radiography panel.
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(a) Uncorrected

(b) Corrected

Figure 6.7: Full-panel Cs-137 collimated line images that are a) before flood field correction
and b) after flood field correction. (N = 7.63 x 10° counts)

99



The line was rotated 10°in ImageJ, and an average profile of the line was generated and
exported to Excel. Both the averaged line values from ImageJ and a fitted Gaussian curve
to the values are shown in Figure 6.8. On the full panel, the Gaussian fit appeared to fit
the profile from ImageJ better than the fit on the single ROSSPAD, though there is still
some deviation on the left side of the profile. Figure 6.9 shows a 90% spatial resolution of
approximately 0.42 line pairs per centimeter and a 10% spatial resolution of approximately
2.09 line pairs per centimeter. Both of these values are slightly less than the same values for
the Cs-137 MTF in Chapter 5. This may be the result of geometric unsharpness [55]. The gap
between the face of the scintillator and the tungsten blocks for the single ROSSPAD was only
the width of a few pieces of tape, where the larger radiography panel has several millimeters

of foam and aluminum separating the tungsten blocks and the scintillator package.

6.4.2 Cf-252 Images

A collimated Cf-252 edge was imaged across the face of the full-panel detector. Figure
6.10 shows a stack of high-density polyethylene (HDPE) measuring 15.25 + 0.1 c¢m thick
(equivalent to approximately 5 mean free paths assuming an average fission neutron energy
of 2.105 MeV [53]) placed at the face of the panel. The radiography panel was again placed
at a 10°angle. The 0.090 mCi Cf-252 neutron source was placed approximately 14.0+0.1 cm
away from the face of the HDPE blocks. The source was placed on a lead shelf-like object
that allowed for approximately 2.5 + 0.1 cm of lead to shield the detector from the gamma
rays coming off of the daughter products of the source. Figure 6.11 shows the uncorrected
and corrected signal-weighted edge images. The edge in the uncorrected image is almost
impossible to see, but the corrected image does make the edge significantly more clear,
highlighting the importance of correcting the radiographs using a flood field. Some slight
artifacting at the boundaries of ROSSPADs can still be seen in the corrected image; overall,
the radiograph is clear enough to use for an MTF measurement.

The edge was rotated 10°in ImageJ, and an average profile of the line was generated and
exported to Excel. Both the averaged line values from ImageJ and a fitted ERF function to
the values are shown in Figure 6.12. Since significantly more counts were used to generate this

profile compared to the profile on the single ROSSPAD in Chapter 5, there is significantly
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Figure 6.8: Line profile of the collimated Cs-137 image on the full radiography panel.
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Figure 6.9: Modulation transfer function of the collimated Cs-137 line on the full
radiography panel.
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Figure 6.10: First experimental setup for generating a collimated Cf-252 image.
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(a) Uncorrected

(b) Corrected

Figure 6.11: Full-panel Cf-252 collimated edge images that are a) before flood field
correction and b) after flood field correction. (N = 4.70 x 107 counts)
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less variation, allowing for the function fit to approximate the experimental data much
more closely. Figure 6.13 shows a 90% spatial resolution of approximately 0.24 line pairs per
centimeter and a 10% spatial resolution of approximately 1.30 line pairs per centimeter. Both
of these values are significantly less than the same values for the C{-252 MTF in Chapter 5.
While some loss of spatial resolution was expected due to the geometric unsharpness added
from the design of the radiography panel, the amount loss does not correlate to the same
amount of loss seen with the Cs-137 MTF.

A second Cf-252 experiment, shown in Figure 6.14, was performed in an attempt to reduce
the geometric unsharpness created by the setup and potentially improve spatial resolution.
Instead of an edge, a collimated line was generated using two 5.1 + 0.1 cm HDPE blocks
placed 0.2 + 0.0025 cm apart, similar to the experiment performed with the Cs-137 gamma
source. The source configuration was kept unchanged between this and the last setup, with
the 0.090 mCi Cf-252 neutron source placed approximately 14.0 0.1 cm away from the face
of the HDPE blocks. The same lead object that allowed for approximately 2.5 + 0.1 cm of
lead to shield gamma rays from the Cf-252 source. Figure 6.15 shows the uncorrected and
corrected signal-weighted line images. The thinner HDPE blocks used to generate the line
decrease the contrast of the line compared to the rest of the image significantly. Because of
this, the line is nearly impossible to see in the uncorrected image and just barely visible in the
corrected one. Additionally, the lower number of counts cause by a decrease in acquisition
time makes the data significantly more noisy, further complicating the MTF measurement.

The line was rotated 10°in ImageJ, and an average profile of the line was generated and
exported to Excel. Both the averaged line values from ImageJ and a fitted Gaussian function
to the values are shown in Figure 6.16. The extremely high amount of noise in the image and
the lack of a true zero value where the HDPE blocks covered the panel meant that a Gaussian
curve did not fit well to the experimental data. Though the results of an MTF measurement
performed on this Gaussian curve may not be high-quality, it was still generated in case it
offered any insight into the radiography panel; if the MTF showed promise, a second line
measurement could be taken. Figure 6.17 shows a 90% spatial resolution of approximately
0.30 line pairs per centimeter and a 10% spatial resolution of approximately 1.46 line pairs

per centimeter. While these values are a slightly better than the collimated edge results,
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Figure 6.12: Line profile of the first collimated Cf-252 edge on the full radiography panel.
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Figure 6.13: Modulation transfer function of the first collimated Cf-252 edge on the full
radiography panel.
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Figure 6.14: Second experimental setup for generating a collimated Cf-252 image.
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(a) Uncorrected

(b) Corrected

Figure 6.15: Full-panel Cf-252 collimated line images that are a) before flood field
correction and b) after flood field correction. (N = 1.92 x 107 counts)
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the high variance and poor Gaussian fit means that these values cannot be trusted as a true
improvement in spatial resolution. Additionally, they are still far off from the Cf-252 MTF
values in Chapter 5.

A third and final measurement was taken to quantify the spatial resolution of neutrons on
the full-panel radiography system. The previous two experiments had different configurations
compared to the experiment in Chapter 5. To account for possible changes in the spatial
resolution based on the setup, the third measurement was set up to be similar to the first,
where a gap separates the HDPE blocks from the face of the detector and the source from the
HDPE blocks. Figure 6.18 shows a stack of high-density polyethylene (HDPE) measuring
15.25 £ 0.1 cm thick (equivalent to approximately 5 mean free paths assuming an average
fission neutron energy of 2.105 MeV [53]) placed approximately 22.9 4+ 0.1 cm from the face
of the panel. A 0.090 mCi Cf-252 neutron source was placed approximately 40.6 + 0.1 cm
away from the face of the HDPE blocks. A sheet of lead 0.2 + 0.0025 cm thick was placed
in front of the Cf-252 source to block out some of the gamma rays Figure 6.19 shows the
uncorrected and corrected signal-weighted line images. Much like the first edge image, the
corrected radiograph is much more clear than the uncorrected radiograph, allowing for an
accurate MTF measurement to be taken.

The edge was rotated 10°in ImageJ, and an average profile of the line was generated and
exported to Excel. Both the averaged line values from ImageJ and a fitted ERF function to
the values are shown in Figure 6.20. While there are fewer counts in this image compared
to the first collimated edge, the variation is still lower than the variation the edge profile
from Chapter 5. Figure 6.21 shows a 90% spatial resolution of approximately 0.27 line pairs
per centimeter and a 10% spatial resolution of approximately 1.40 line pairs per centimeter.
Both values are slight improvements compared to the first edge measurement. However, this
and the other two full-panel MTF measurements are similarly far off from the measurement
in Chapter 5, indicating that the loss in spatial resolution is not the result of a change in
experimental setup but rather a change somewhere in the detector configuration or image

generation process.
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Figure 6.16: Profile of the collimated Cf-252 line on the full radiography panel.
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Figure 6.17: Modulation transfer function of the collimated Cf-252 line on the full
radiography panel.
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Figure 6.18: Third experimental setup for generating a collimated Cf-252 image.
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(a) Uncorrected

(b) Corrected

Figure 6.19: Second full-panel Cf-252 collimated edge images that are a) before flood field
correction and b) after flood field correction. (N = 1.23 x 107 counts)
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Figure 6.20: Line profile of the second collimated Cf-252 edge on the full radiography
panel.
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Figure 6.21: Modulation transfer function of the second collimated Cf-252 edge on the full
radiography panel.
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6.4.3 Comparison Between Detector Packages

Table 6.1 compares the spatial resolution of the different radiography systems for both
gamma rays and neutrons. For gamma rays, the differences between the single-ROSSPAD
system and the multi-ROSSPAD system are relatively minor. The 90% MTF was reduced
by 10.6% and the 10% MTF reduced by 9.9%. The decrease in spatial resolution is likely
the result in the change of the geometry of the setup for the experiment. With the single
ROSSPAD detector, the tungsten blocks could be placed against the face of the scintillator
with only tape between them. The full panel, however, has a gap between the scintillator face
and the outside of the housing. Increasing the distance between the object and the detector
panel is known to decrease spatial resolution, making detector configuration changes the
most-likely culprit for resolution changes [55].

When moving to neutron radiographs, the changes between setups were much more
drastic. The three experiments saw decreases in spatial resolution at 90% MTF of 65.7%,
57.1%, and 61.4% respectively. The 90% MTF values saw decreases of 61.2%, 56.4%, and
58.2%. These reductions are significantly higher than the reductions between the Cs-137
MTFs, despite the detector geometry being consistent between the Cs-137 images and the
Cf-252 images. Additionally, changes to the experimental setup across the three Cf-252 full-
panel MTF measurements demonstrate that the large decrease compared to Cs-137 images
is likely connected to the type of radiation used (neutrons vs. gamma rays).

The most likely explanation behind the sudden decrease in spatial resolution is the
introduction of more material in front of the ROSSPAD. The full-panel system has a
aluminum lid that is a quarter of an inch thick, and compressible foam was added between
the lid and the scintillator package to help keep the scintillator in place. The introduction of
these materials likely leads to increased scattering for both gammas and neutrons. Gamma
rays, after scattering, are more likely to be absorbed at their decreased energies within
the aluminum or foam compared to fission spectrum neutrons. The difference between the
energies of the two particles (0.662 MeV gammas vs. 2.105 MeV (average) neutrons) and the
differences in interaction mechanisms means that the neutron images will be more blurry due

to scattering than gamma images will be. Further testing on small-area, multi-ROSSPAD
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Table 6.1: Comparison of Spatial Resolutions

Measurement Setup | 90% MTF (Ip/cm) | 10% MTF (Ip/cm) |
Cs-137 Line (Single ROSSPAD) 0.47 2.32
Cs-137 Line (Multi-ROSSPAD) 0.42 2.09
CE-252 Edge (Single ROSSPAD) 0.70 3.35
Cf-252 Edge #1 (Multi- ROSSPAD) 0.24 1.30
CE-252 Line (Multi- ROSSPAD) 0.30 1.46
Cf-252 Edge #2 (Multi- ROSSPAD) 0.27 1.40
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panels with and without the aluminum and foam are needed to further determine if this is

the main cause of the decrease in spatial resolution.

6.5 Transmission Analysis

Since a Cf-252 fission neutron source was used to generate neutron images, it is important
to demonstrate that radiographs with the source are actually comprised of neutrons and not
mostly comprised of gamma rays from daughter products of the Cf-252 isotope. Normally,
pulse-shape discrimination (PSD) would help in eliminating many of the gamma rays from
the Cf-252 source. However, since the ROSSPAD detectors cannot perform PSD, a new
method was developed as a quick test to determine if neutrons are present.

The ratio of the gamma rays that can transmit through an object is governed by the

equation:
I 1 )
— =exp| ——*p*x 6.2
£ =o (- (62)
where % is the fraction of the gammas that do not interact with the object, % is the

attenuation coefficient of the material, p is the density of the object, and x is the thickness of
the object. Correction using the flood field gives an approximation of %, and by rearranging

Equation 6.2 into:

] lni

P —p*—I; (6.3)
the approximate transmission coefficient for the incident particles in the material can be
derived and compared to NIST XCOM [4].

Figure 6.22 shows a simple test of the neutron radiography capabilities for the full-panel
radiography system. The resultant radiograph generated using a Cf-252 source is shown in
Figure 6.23. Using ImageJ, the log of the ratio of the image to the flood field is calculated for
a large portion of the tungsten block, shown in Figure 6.24 [50]. By plugging the mean value
from ImageJ into Equation 6.3, as well as the density of tungsten (19.28 23) and the thickness
of the tungsten block (3.81¢m), an approximate value for the attenuation coefficient of the

particles through the tungsten is found to be 1.572 x 10_2%. In comparison, XCOM lists
the total attenuation coefficient of 0.662 MeV gamma rays (from Cs-137) through tungsten
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to be 9.793 x 10*2%. These numbers indicate that the particles from the Cf-252 neutron
source are approximately 6.2 times more penetrating than the gammas from a Cs-137 source,
an indication that the majority of the events in the image come from neutrons and not from

gamma rays.
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Figure 6.22: A tungsten block and a plastic pipe vale in front of the radiography panel.
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Figure 6.23: The resultant neutron radiograph of the tungsten block and the plastic valve.
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Figure 6.24: Mean value of the log of the ratio of the image and the flood field, circled in
red. Value generated with ImageJ.
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Chapter 7

Signal-to-Noise Ratio (SNR)

Optimization

Improving the spatial resolution of the neutron radiographs generated from the full-panel
detector system requires optimization of several parameters within the image generation
code. The lack of pulse-shape discrimination (PSD) and overall difficulty tuning the
ROSSPAD detectors means that images generated on the full-panel system have a low signal-
to-noise ratio (SNR). Low SNR introduces statistical variation into the images and this
decreases spatial resolution. In an effort to increase SNR within the panel, four parameters
that impact the generation of images were studied. For each of the four parameters, A flood
field and a flood field corrected edge image are generated. An MTF measurement on the
edge is generated for each change in parameter, with all of the MTF curves plotted together
on one final graph. Additional images for each parameter can be found in Appendix C.
Previous MTF measurements in Chapter 6 were generated at what are considered
"default" values for each parameter. When one parameter is changed in this chapter, the
remaining three will be kept at default level in order to determine the impact of the lone
parameter being studied. Default values are indicated in each of the four comparison plots,

and an explanation for why it was set as the default are included in each subsection.
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7.1 Parameters for Optimization

7.1.1 Lower Bound Signal Cutoff

A lower-bound cutoff prevents events that fall below a specific signal value to not be included
in the final image. Low-signal events could potentially be the result of low-energy neutrons
that have scattered multiple times or x-rays produced from incident particle interactions on
the housing of the full panel. Theoretically, filtering these low-energy events will allow for
more of the data to come from the source itself and not from secondary particles. However,
since single-ROSSPAD results from Chapter 5 did not include a signal cutoff, a signal cutoff
was not included by default for the full-panel images.

Figure 7.1 shows the MTF graphs for several lower-bound signal cutoff values. While the
cutoff values of 1000 and 3000 appeared to have MTF graphs nearly the same, overall there
was a trend of decreasing spatial resolution with increasing signal cutoff threshold. While it
may be possible that low-energy secondary particles are being filtered out, the lower cutoff
values could be removing true events from the image, worsening the spatial resolution. As
the cutoff value increases, the number of events that make up the image decreases, which

generally leads to more uncertainty and thus lower spatial resolution.

7.1.2 Upper Bound Signal Cutoff

An upper-bound cutoff acts similarly to the lower-bound cutoff. This time, events that fall
above a certain signal threshold value are excluded. High-signal events may be the result
of cosmic rays that interact with the detector. Muons, though hard to detect, have a high
amount of energy. If they scatter within the plastic scintillator, they will produce a significant
amount of light and will not contribute to the overall image. Removing them may improve
image quality and spatial resolution. Again, an upper-bound signal cutoff was not included
in Chapter 5, and was thus not included by default.

Figure 7.2 shows the MTF graphs for several upper-bound signal cutoff values. While
the change in spatial resolution was less drastic compared to the change in MTF shown

in Figure 7.1, adding an upper-bound signal cutoff decreased the spatial resolution of the
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Figure 7.1: Comparison of MTFs for different lower bound cutoff values.
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system. While removing high-signal events may help, the low spectral range of the ROSSPAD
detectors may pile up some higher-energy neutron interactions with high-energy cosmic ray
interactions. By setting an upper-level cutoff, some legitimate data may still be removed,

though it is clear that this cutoff has less of an impact overall.

7.1.3 Noise Floor Cutoffs

When initially looking to generate images on the full-panel system, a common issue seen
was the introduction of "greedy SiPM" artifacts, where there would be slightly increased
counts at the centers of SiPMs compared to their edges. The prevailing theory was that
lower-energy events would only set off a small number of SiPMs on a given ROSSPAD. The
center triggering SiPM will have a larger signal value compared to the surrounding SiPMs.
If there are too few SiPMs that have signal values significantly above the noise floor, the
center of the event will be disproportionately influenced by the location of the triggering
SiPM. To compensate for this, a method was added to take the SiPM electronic noise values
and compare them to the signals of the SiPMs for a given event. If not enough SiPMs
were above some multiple of the noise floor, the event would be rejected. By default, the
threshold value was set to 3 times the electronic noise of a given SiPM. This value, at the
time, produced uncorrected images that looked the cleanest of any of the other values; after
flood field correction methods were introduced, this was rendered partially obsolete, though
it was assumed that it may still aid in producing high-resolution images.

Figure 7.3 shows the MTF graphs for several multipliers of the noise floor used as a
signal cutoff. Similar to the other cutoff values used, setting the floor to 0 (essentially
using no filtering) leads to the best spatial resolution. With other noise floor values set,
they appear to decrease the spatial resolution of the images, though there is no clear trend,
and they all coalesce near each other. This indicates that while adding a noise floor cutoff
does impact spatial resolution, it does not have a clear relationship depending on the level
selected. Simply removing data of any form from the image itself is what appears to have
the most impact on the spatial resolution of the image. Other optimization settings used
in conjunction with noise floor cutoffs may help determine a trend. No matter the trend,

however, the best method is to not have a noise floor cutoff at all.
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Figure 7.2: Comparison of MTFs for different upper bound cutoff values.

128

3.0



. . ©
~ [ ©

©
)}

Normalized Frequency
© o o o
N w SN (9]

©
-

——(0x —@—x1 2x —@—3x (Default) —@=—4x

0.0 0.5 1.0 1.5 2.0 2.5

lp/cm

Figure 7.3: Comparison of MTFs for different noise floor cutoff values.
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7.1.4 Cluster Size

The other parameter created in order to improve the quality of uncorrected images is referred
to as "cluster size." When an event is being localized, a tally is made of how many SiPMs
have signals above the noise floor cutoff. For the event to be counted, this tally must reach
a certain threshold. This was initially set to 9 SiPMs above the noise floor (a cluster size
of 9), as it produced the best uncorrected images and did not remove too much of the raw
data. Though the artifacts seen in the images in Appendix C are a lot more extreme as this
cluster size is reduced, this was again fixed using the flood field correction method. It should
be noted that the noise floor cutoff is still in effect; signals that are not above the noise floor
are just not used in the localization process, even if the event in general is kept.

Figure 7.4 shows the MTF graphs for several different cluster size cutoffs. Interestingly,
this was the only parameter of the four checked where there was little to no change in the
MTFs depending on the cluster size cutoff used. This is despite the fact that as the cluster
size cutoff is increased, the amount of events that make it into the image decreased. Figures
7.3 and 7.4 show that the noise floor cutoff had more of an impact on the actual spatial
resolution of the system, where the cluster size only had an impact on how the raw image

looked.

7.2 Comparison of Parameters

Tables 7.1, 7.2, 7.3, and 7.4 show the 90% and 10% MTF values for each parameter tested.
Removing the noise floor cutoff entirely from the localization process had the largest positive
impact, bringing the 90% MTF from 0.27 line pairs per centimeter to 0.31 line pairs per
centimeter and the 10% MTF from 1.40 line pairs per centimeter to 1.49 line pairs per
centimeter. The parameters generally had a negative impact on the spatial resolution of the
images. The parameters tested were unable to return the spatial resolution of the full-panel
images seen in Chapter 6 to the spatial resolution values seen in Chapter 5. Removal of these

parameters from the image generation process completely will produce the best images.
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Figure 7.4: Comparison of MTFs for different high-signal cluster sizes.
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Table 7.1: Comparison of Lower-Bound Signal Cutofft MTF Values

| Lower-Bound Signal Cutoff | 90% MTF | 10% MTF |

0 (Default) 0.27 1.40
1000 0.24 1.28
3000 0.24 1.28
6000 0.22 1.21
9000 0.16 1.05
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Table 7.2: Comparison of Upper-Bound Signal Cutoff MTF Values

| Upper-Bound Signal Cutoff | 90% MTF | 10% MTF |

MAX (Default) 0.27 1.40
92,500 0.24 1.26
20,000 0.24 1.28
17,500 0.22 1.23
15,000 0.22 1.22

133



Table 7.3: Comparison of Noise Floor Cutoff MTF Values

| Noise Floor Cutoff | 90% MTF | 10% MTF |

Ox 0.31 1.49
1x 0.24 1.30
2x 0.26 1.35
3x (Default) 0.27 1.40
4x 0.25 1.31
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Table 7.4: Comparison of Cluster Size Cutoff MTF Values

| Cluster Size Cutoff [ 90% MTF | 10% MTF |

0 0.27 1.38
4 0.27 1.37
9 (Default) 0.27 1.40
16 0.25 1.33
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Chapter 8

Conclusions & Future Work

8.1 Research Outcomes

This research sought to demonstrate a first-of-a-kind scalable radiography system based on
the IDEAS ROSSPAD readout module. While the initial research was for the system to
be a fast-neutron specific radiography panel, analysis of the system with both photons and
neutrons demonstrated its ability to perform radiography with both modalities. For imaging
with a single ROSSPAD module, Figures 5.7 and 5.12 demonstrate the ability to generate
radiographs with 10% MTF spatial resolutions better than the spatial resolution of the bare,
6-mm-pitch SiPM board, as discussed in Section 5.1.4. The MTF values in Figures 6.9, 6.13,
6.17, and 6.21 show that spatial resolution remained similar for gamma rays, but neutron
radiographs lost significant spatial resolution.

As demonstrated in Chapter 5, weighted-average localization appears to be the most
promising method. A novel 2D Gaussian localization method was proposed as an alternative
to weighted-average localization. The 2D Gaussian method was developed with the goal of
mitigating some of the artifacting issues present within the single-ROSSPAD radiographs
generated with the weighted average method. However, the high computational cost of the
2D Gaussian localization method has proven it ineffective at this stage for use in a full-panel
radiography device. Table 5.1 shows that only a 7.8% improvement requires over 19 times as

long to compute. The multi-ROSSPAD panels generate significantly more events that need
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to be localized, meaning that image generation times can balloon to the order of days to
complete.

There is no surefire way to improve the spatial resolution of the full-panel system. Despite
changing four different parameters of the system - lower bound cutoff, upper bound cutoff,
noise floor cutoff, and cluster size cutoff - spatial resolution values from data presented
in Chapter 6 could not be improved to the same levels seen in Chapter 5. Optimization
of these parameters demonstrated the need to take a large amount of data, which guides
further research into the best practices for setting up an experiment. It also indicates that
other factors outside of data collection and processing are the reason for the drop in spatial
resolution of the full-panel system.

Portable fast-neutron radiography is a nondestructive evaluation modality that is still
relatively in its infancy. This first-of-a-kind full-panel system demonstrates that the
capability to perform field neutron radiography can be developed to a point where it can
actually be deployed in a user facility. The system is the first ROSSPAD-based neutron
imaging system to been published at the time of writing. Further developments can bring
this research to a higher technology readiness level, allowing for more widespread use of this

modality in a wide variety of industries.

8.2 Lessons Learned

A large portion of this research went into the development of new methods to take data from
the IDEAS ROSSPAD module and store it in a way that was easily readable for anyone who
may need to use the system later. While the off-the-shelf Testbench software was useful for
a wide range of use cases, developing methods that completely bypass Testbench mean that
data acquisition was faster and more stable. Developing these tools also allowed for a chance
to learn about wired networking, parallel computing, and handling of big data sets.
Chapter 4 demonstrated that, with any detector system, it is important to understand
what is considered "optimal" operation and what is considered "faulty" operation. Every
system out there has the potential to break at any point in the research process. Much was

learned about how specifically the ROSSPADs operate and how they can be characterized
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in order to determine which ones are working and which are not. However, the lessons from
this can be applied to any system; developing diagnostic tools is an important step for any
fundamental research, especially if the systems used are not developed in house and thus
not intimately known by those performing the work. This also stressed the importance of
understanding the systems being used before they are deployed in a larger setup. Since
characterization of the ROSSPAD modules was not properly done before they were installed
in the larger radiography array, a large section of the panel could not be used in the research.
This could have been avoided with good characterization and testing at the very beginning
of the project.

Developing the skills to quantitatively analyze a fast-neutron radiography device has
allowed for a better understand of what is needed within the NDE community. At the 2023
Workshop On Radiographic Imaging and Applications (WORIA) at Oak Ridge National
Laboratory, one of the key points stressed was the need for a standard way to compare
spatial resolution between the vast array of neutron radiography systems [59]. Although the
methods used in this research are not the only method for determining spatial resolution,
the research has demonstrated that it is a viable path forward for the industry, especially

given that MTF measurements have already seen widespread use in other industries [60].

8.3 Opportunities for Future Work

One of the most significant drawbacks of the current setup is the use of a 3-mm-thick
continuous sheet of EJ-200 light spreader. The continuous scintillator package limits the
spatial resolution of the radiographs produced, and the thin sheet of scintillator will decrease
the chance of a neutron recoil compared to thicker scintillator blocks seen in previous
research. A thicker, continuous scintillator block would allow for more neutrons to be
detected, but it would spread the light of the event out further, reducing spatial resolution
in the process. Initially, this research was intended to have segmented scintillator blocks
comprised of 1-mm-pitch pixels that were 20 mm thick. Issues with the delivery of these
blocks meant that the research had to be pivoted to a much scintillator package that had

some inherent drawbacks. While this research did prove that a continuous neutron scattering
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scintillator package could be used in a flat-panel radiography device, further work will allow
for the device to have both decreased acquisition time and increased spatial resolution, both
important for its use in a non-laboratory environment.

The scope of this research had to be performed without an actual D-T neutron generator.
A Cf-252 fission source was an adequate replacement for the time being, but did limit the
tests that could be performed. First, the Cf-252 source used outputs significantly fewer
neutrons than a typical D-T generator operating at nominal settings. This means that
image acquisition times are significantly longer for the Cf-252 images than they would be
for D-T images. Additionally, the neutrons from a Cf-252 spectrum are of a lower energy
than that of D-T neutrons, meaning that lead shielding used to reduce the gammas from the
Cf-252 source are more likely to scatter the Cf-252 neutrons. A thinner sheet of lead can
be used with the D-T generator to block off the lower-energy x-rays given off by the fusion
reaction. Finally, the lack of D-T neutrons in this research means that there has not been
an demonstration of the final use case of the system yet. While this research does prove
that the system works, there is no way to tell if there are issues that will arise when a D-T
generator is finally used on the panel.

The ROSSPAD modules were a great start for developing a scalable, compact fast-neutron
radiography system. At the time of writing, there are few SiPM-based tileable systems
available on the commercial market. However, the ROSSPAD does have some drawbacks
that make it worthwhile to explore other COTS systems or the development of a brand new
readout module. The initial plan for this research was to use EJ-276, a plastic scintillator
that was developed for use in systems that can take advantage of pulse shape discrimination
(PSD). While PSD does not mean that a system can tell the difference between a photon
and a neutron 100% of the time, it still allows for significant noise reduction, as many
background gamma rays can be eliminated from the data stream. As of now, the IDEAS
ROSSPAD cannot perform PSD, meaning that there is no way of determining what event was
a photon and what event was a neutron. The ROSSPADs also does not have well-developed
control software; for this research, everything from data collection to data processing had to

be made from scratch. Future development of these data processing programs is not only
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important for future work with this radiography panel, but also important for anyone else

who may want to use the ROSSPAD for their research.
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than the authors) thereof.

A.2 Copyright Notice

This document has been authored by Consolidated Nuclear Security, LLC, a contractor of the
U.S. Government under contract DE-NA0001942, or a subcontractor thereof. Accordingly,
the U.S. Government retains a paid-up, nonexclusive, irrevocable, worldwide license to
publish or reproduce the published form of this contribution, prepare derivative works,
distribute copies to the public, and perform publicly and display publicly, or allow others to

do so, for U. S. Government purposes.
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B Supplemental Images of the Full-Panel Housing

tem

Figure 1: Full-panel housing lying flat, with cooling fan ports visible.
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Sys-



Figure 2: Milling of the aluminum lid for the full-panel assembly.
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Figure 3: Test fit of a single ROSSPAD and cooling fan in the full-panel housing.
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assembled housing with all fans installed.

Figure 4
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C Supplemental Signal-to-Noise Optimization Images

C.1 Lower Bound Signal Cutoff

Figure 5: Cf-252 flood field where all events are above 1000 total signal.
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(a) Uncorrected

(b) Corrected
Figure 6: Cf-252 edge images where all events are above 1000 total signal a) before flood
field correction and b) after flood field correction.
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® Image Values ——Error Function Fit
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Figure 7: a) Line profile and b) MTF plot for a Cf-252 edge where all events are above
1000 total signal.
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Figure 8: Cf-252 flood field where all events are above 3000 total signal.
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(a) Uncorrected

(b) Corrected

Figure 9: Cf-252 edge images where all events are above 3000 total signal a) before flood
field correction and b) after flood field correction.
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® Image Values ——Error Function Fit
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Figure 10: a) Line profile and b) MTF plot for a Cf-252 edge where all events are above
3000 total signal.
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Figure 11: Cf-252 flood field where all events are above 6000 total signal.
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(a) Uncorrected

(b) Corrected

Figure 12: Cf-252 edge images where all events are above 6000 total signal a) before flood
field correction and b) after flood field correction.
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® Image Values ——Error Function Fit
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Figure 13: a) Line profile and b) MTF plot for a Cf-252 edge where all events are above
6000 total signal.
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Figure 14: Cf-252 flood field where all events are above 9000 total signal.
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(a) Uncorrected

(b) Corrected

Figure 15: Cf-252 edge images where all events are above 9000 total signal a) before flood
field correction and b) after flood field correction.
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® Image Values ——Error Function Fit
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Figure 16: a) Line profile and b) MTF plot for a Cf-252 edge where all events are above
9000 total signal.
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C.2 Upper Bound Signal Cutoff

Figure 17: Cf-252 flood field where all events are under 22,500 total signal.
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(a) Uncorrected

(b) Corrected

Figure 18: Cf-252 edge images where all events are under 22,500 total signal a) before flood
field correction and b) after flood field correction.
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® Image Values ——Error Function Fit
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Figure 19: a) Line profile and b) MTF plot for a Cf-252 edge where all events are under
22500 total signal.
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Figure 20: Cf-252 flood field where all events are under 20,000 total signal.
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(a) Uncorrected

(b) Corrected

Figure 21: Cf-252 edge images where all events are under 20,000 total signal a) before flood
field correction and b) after flood field correction.
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® Image Values ——Error Function Fit
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Figure 22: a) Line profile and b) MTF plot for a Cf-252 edge where all events are under
20,000 total signal.
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Figure 23: Cf-252 flood field where all events are under 17,500 total signal.
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(a) Uncorrected

(b) Corrected

Figure 24: Cf-252 edge images where all events are under 17,500 total signal a) before flood
field correction and b) after flood field correction.
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® Image Values ——Error Function Fit
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Figure 25: a) Line profile and b) MTF plot for a Cf-252 edge where all events are under
17,500 total signal.
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Figure 26: Cf-252 flood field where all events are under 15,000 total signal.
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(a) Uncorrected

(b) Corrected

Figure 27: Cf-252 edge images where all events are under 15,000 total signal a) before flood
field correction and b) after flood field correction.
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® Image Values ——Error Function Fit
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Figure 28: a) Line profile and b) MTF plot for a Cf-252 edge where all events are under
15,000 total signal.
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C.3 Cluster Size

Figure 29: Cf-252 flood field where the SiPMs used have signals that are above 0x the
noise value of said SiPM.
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(a) Uncorrected

(b) Corrected

Figure 30: Cf-252 edge images where the SiPMs used have signals that are above Ox the
noise value of said SiPM a) before flood field correction and b) after flood field correction.
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® Image Values ——Error Function Fit
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Figure 31: a) Line profile and b) MTF plot for a Cf-252 edge where the SiPMs used have
signals that are above 0x the noise value of said SiPM.
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Figure 32: Cf-252 flood field where the SiPMs used have signals that are above 1x the
noise value of said SiPM.
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(a) Uncorrected

(b) Corrected

Figure 33: Cf-252 edge images where the SiPMs used have signals that are above 1x the
noise value of said SiPM a) before flood field correction and b) after flood field correction.
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® Image Values ——Error Function Fit
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Figure 34: a) Line profile and b) MTF plot for a Cf-252 edge where the SiPMs used have
signals that are above 1x the noise value of said SiPM.
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Figure 35: Cf-252 flood field where the SiPMs used have signals that are above 2x the
noise value of said SiPM.
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(a) Uncorrected

(b) Corrected

Figure 36: Cf-252 edge images where the SiPMs used have signals that are above 2x the
noise value of said SiPM a) before flood field correction and b) after flood field correction.
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® Image Values ——Error Function Fit
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Figure 37: a) Line profile and b) MTF plot for a Cf-252 edge where the SiPMs used have
signals that are above 2x the noise value of said SiPM.
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Figure 38: Cf-252 flood field where the SiPMs used have signals that are above 4x the
noise value of said SiPM.
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(a) Uncorrected

(b) Corrected

Figure 39: Cf-252 edge images where the SiPMs used have signals that are above 4x the
noise value of said SiPM a) before flood field correction and b) after flood field correction.
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® Image Values ——Error Function Fit
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Figure 40: a) Line profile and b) MTF plot for a Cf-252 edge where the SiPMs used have
signals that are above 4x the noise value of said SiPM.
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C.4 Noise Floor Cutoffs

e b A .q1

Figure 41: Cf-252 flood field where no SiPMs have to have signals that are above the noise
value cutoff.
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(a) Uncorrected

(b) Corrected

Figure 42: Cf-252 edge images where no SiPMs have to have signals that are above the
noise value cutoff a) before flood field correction and b) after flood field correction.
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® Image Values ——Error Function Fit
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Figure 43: a) Line profile and b) MTF plot for a Cf-252 edge where no SiPMs have to have
signals that are above the noise value cutoff.
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Figure 44: Cf-252 flood field where 4 SiPMs have to have signals that are above the noise
value cutoff.

195



(a) Uncorrected

(b) Corrected

Figure 45: Cf-252 edge images where 4 SiPMs have to have signals that are above the noise
value cutoff a) before flood field correction and b) after flood field correction.
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® Image Values ——Error Function Fit
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Figure 46: a) Line profile and b) MTF plot for a Cf-252 edge where 4 SiPMs have to have
signals that are above the noise value cutoff.
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Figure 47: Cf-252 flood field where 4 SiPMs have to have signals that are above the noise
value cutoff.
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(a) Uncorrected

(b) Corrected

Figure 48: Cf-252 edge images where 4 SiPMs have to have signals that are above the noise
value cutoff a) before flood field correction and b) after flood field correction.
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® Image Values ——Error Function Fit
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Figure 49: a) Line profile and b) MTF plot for a Cf-252 edge where 4 SiPMs have to have
signals that are above the noise value cutoff.
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