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SUMMARY

The International Atomic Energy Agency (IAEA) relies heavily on surveying facilities
and verifying inventories to ensure that special nuclear material (SNM) pathways are cor-
rect and complete. This process, conducted through on-site inspections, draws a significant
amount of the limited resources from the IAEA. Through implementing near-field antineu-
trino detection systems, changes in reactor core composition can be continuously moni-
tored without the need of any expensive and invasive inspection. Our confidence in such a
system, however, needs to be carefully considered for the IAEA to implement antineutrino
detection systems for nuclear reactor safeguards. In this work, system confidence, or the
certainty of the predicted antineutrino spectra, is evaluated to outline current antineutrino-
based safeguard capabilities as well as to highlight the leading causes of uncertainty. The
proposed system under evaluation is the Reactor Evaluation Through Inspection of Near-
field Antineutrinos (RETINA) system, which utilizes high-fidelity modeling to predict the
antineutrino spectra emitted from a simulated reactor. Certain deviations in real-time an-
tineutrino spectra would indicate a shift in fissile inventory and a possible diversion of SNM
from the reactor core. To fully analyze the role of reactor designs and diversion scenarios
in the system evaluation, the antineutrino spectra was simulated for various next genera-
tion reactor designs as well as processed for possible diversion scenarios the IAEA would
aim to detect. The results indicate that larger reactors with more common fissile inven-
tories lead to lower system uncertainty. While some simulated diversion scenarios were
consistently detected, the overlapping spectra led to low confidence of diversion following
IAEA standards. Future work will go into modeling new reactor-detector systems as well

as applying modern machine learning methods for confidence improvement.
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CHAPTER 1
INTRODUCTION

1.1 Proliferation Concerns in the Nuclear Power Industry

The world is in need of a reliable and sustainable energy source [1]. While many decision
makers look towards solar and wind as the soul solution to climate change, nuclear reactors
could substantially decrease the global carbon footprint [2]. With the spread of nuclear
reactors, however, there is a growing nuclear proliferation concern [3]. For there to be a
nuclear renaissance, the agency inspecting a majority of these reactors, the International
Atomic Energy Agency (IAEA), would need to be prepared to safeguard widespread and
novel nuclear technologies [4].

Since the implementation of the Treaty on the Non-Proliferation of Nuclear Weapons
(NPT) in 1970, nuclear reactors spread across the globe [S5]. The NPT has three pillars
of focus: nonproliferation, disarmament, and peaceful use. These three components of the
NPT are verified through the IAEA. Ensuring nuclear nonproliferation and the peaceful use
of nuclear energy, the IAEA has developed a safeguarding framework through comprehen-
sive safeguards agreements to prevent diversion of nuclear energy to nuclear weapons for
all non-nuclear-weapon agreement states. This framework, however, might not suffice in
effectively safeguarding a shifting global nuclear order [4].

The IAEA is looking towards modernizing their infrastructure to account for the evolv-
ing global nuclear power industry [6]. Some aspects of modernization include the Safe-
guards by Design concept [6], in which reactor designers incorporate safeguards measures
prior to development, as well as implementing remote safeguards technologies [7]. While
the JAEA can encourage the development of Safeguards by Design reactor designs, the

employment of proliferation resistant reactors are beyond the agency’s control [6]. Remote



sensing safeguards provide a mechanism for effective and efficient reactor monitoring and
treaty verification without the need for invasive inspections. The potential of these remote
sensing technologies as nuclear reactor safeguards remain in the authenticity and reliability

of the gathered information [7].

1.2 Antineutrino Detection for Reactor Safeguards

Many researchers believe antineutrino detectors can be used to remotely safeguard nuclear
reactors [8, 9, 10, 11, 12]. Antineutrinos, due to their low interaction cross section, can
be used to gather reliable and continuous real-time information from a nuclear reactor core
[8]. With enough antineutrinos collected, these safeguards system can verify a reactor’s
on-off status, thermal power level, and, to some extent, the fissile inventory [9]. Antineu-
trino detectors are far from optimised as IAEA safeguards and vary widely in parameters
depending on user-needs and limitations [10]. The capabilities of these antineutrino-based
safeguards systems continue to be explored across the globe for IAEA application [11].
The Nu Tools Report [12] in 2021 explored potential roles for neutrinos in nuclear energy
and security based on the opinions of subject matter experts in neutrino physics, reactor
design, and nuclear security. The diverse findings support that they have potential beyond
current IAEA safeguards, and can be used for advanced reactor safeguards, future nuclear
deals, reactor operations, non-cooperative reactor monitoring, spent nuclear fuel assay, and

for post-accident response [12].



CHAPTER 2
BACKGROUND

There are many different antineutrino detector configurations. These detectors can be di-
vided into three classes, near-field (~10 - 200m), mid-field (~200 - 1,000 m), and far-field
(~10,000 m) [13]. Near-field antineutrino detectors are placed as close to the reactor as
possible to maximize the geometric efficiency and experience the largest antineutrino flux
possible from the source. While this is an ideal location for antineutrino collection from
a concentrated source, the bounded size of reactor facilities limit the available detector
mass that can be deployed. Mid-field detectors, typically located just outside the facility
fence, allow for a larger detector but sacrifices detector geometric efficiency. This dis-
tance increase might also be necessary depending on the cooperative agreement between
all involved parties [14]. The last antineutrino detector class, far-field, is significantly fur-
ther away from reactor cores and can be scaled to megaton volumes, as is the case with
the WATCHMAN detectors [15]. These far-reaching detectors can theoretically detect an-

tineutrinos being emitted from undeclared facilities [13].

2.1 Fundamental Properties of Near-Field Antineutrino Safeguards

Most antineutrino detectors for reactor safeguards have been designed for near-field im-
plementation [13]. Near-field antineutrino monitoring capabilities include verification of
reactor operational status, thermal power, and fissile content. While these capabilities have
been studied to some extent, more research and development is needed for effective system

implementation [16].



2.1.1 Production

Within fission reactors, there are a significant portion of neutron-rich radioactive fission-
products [17]. These products are most likely to decay rapidly through a series of beta
decays, outlined in Equation Equation 2.1 [18]. There are multiple types of antineutrinos,
referred to as ’flavors,” and the original flavor of the antineutrino is dictated by the counter
particle in formation [19]. Nuclear reactors are a massive source of electron antineutrinos,

e, as seen with the electron formation of beta decay [10].

2X =5, Y +e 47 2.1)

When an atom fissions, fission product libraries are used to predict the various possible
paths of fission product formation. These product libraries are dependent on the isotope
undergoing fission. From the known fission product, the various decay chains are pre-
dicted via well-defined branching ratio libraries [20]. Since a majority of these neutron-
rich products will undergo beta decay, the electron antineutrino yields and energies can
be deduced [16]. On average, there are 6 antineutrinos generated per fission [19]. From
well-understood fission product and branching ratio libraries, the average amount and ener-
gies of these antineutrinos can be reasonably simulated [16]. Due to the isotopic variation
in fission products, there are slight deviations between the antineutrino yield spectra for
the different fissioning isotopes, as seen in Figure 2.1. By effectively detecting this alter-
ation in isotopic antineutrino flux, even diversion scenarios in which fuel is replaced with

fissionable material could be monitored [8].

2.1.2 Detection

There are many different mechanisms used for neutrino detection [21]. Neutrinos, lacking
electrical charge and significant mass, interact very little with other forms of matter [22].

Their relative properties and interaction mechanisms depend on their leptonic flavor and
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Figure 2.1: Antineutrino yield per fission per MeV for U-235, U-238, Pu-239, and Pu-241

charge. There exists three different active neutrinos: electron, ., muon v,, and tau ;.
There are also equivalent antiparticles, or antineutrinos, to balance various leptonic charges
through existing processes [23].

Although these subatomic particles are outlined in the Standard Model, evidence sup-
ports that neutrinos follow physics beyond our current understanding [24, 25, 26]. Along
with leptonic flavors, antineutrinos have associated mass flavors. Due to these flavors hav-
ing slightly varying wavelengths, the antineutrinos form is predicted by an oscillating term,
or a mixing angle. While the antineutrino is born in a specific form, the probability of an-
tineutrino transition alters as a function of neutrino energy and distance between the source
and detector. Through experimentation, another neutrino flavors, referred to as sterile neu-
trinos, are theorized to exist with masses in the eV scale. Their existence would explain
discrepancies seen in short-baseline reactor experiments [26].

Depending on the desired neutrino form, different detection mechanisms can be lever-
aged to design an optimal system. A few neutrino detector technologies include Cherenkov,
liquid Argon TPC, liquid scintillator, and sampling detectors [21]. One of the most com-
monly used antineutrino detector interaction, inverse beta-decay (IBD), typically is de-

tected via scintillation and/or Cherenkov detectors [27]. While there are other measurable



neutrino interactions, such as elastic neutrino-electron scattering and coherent neutrino-
nucleus scattering [28], the IBD interaction is antineutrino flavor specific [29] and has a
relatively high cross section for low MeV antineutrinos [30]. With a majority of the reactor
antineutrinos emitted in the electron flavor, there is a benefit to the flavor-specific nature of
IBD detection [29].

In an IBD interaction (Equation Equation 2.2), an antineutrino interacts with a proton,
forming a positron and neutron. For this interaction to take place, the initial antineutrino
must have a minimum threshold energy of 1.8 MeV. Accounting for this threshold energy,
only about 1.92 and 1.45 antineutrinos for U-235 and Pu-239, respectively, are produced
per fission in the detectable range [31]. The IBD-generated positron quickly annihilates
within the detector, depositing its initial kinetic energy as well as two 511 keV photons. The
neutron, after some thermalization, is typically captured by a neutron-absorbing dopant,
such as gadolinium or lithium [32], and after some time produces several photons through
de-excitation. Through careful positron-neutron detection coincidence timing, IBD events

can be reconstructed [33].

Ve +p— et +n (B, >18MeV) (2.2)

2.2 Current Antineutrino-Based Safeguard Capabilities

2.2.1 Production

There are two main approaches to predicting the antineutrino spectra emitted from a reactor
core: the summation method and the conversion method [34]. The summation method con-
sists of computing the total antineutrino spectra via fission product libraries and weighted
beta decay branches. Through this method, the spectra can deconvolved to analyze each
component contributing to the antineutrino spectra. This method is severely limited by
available nuclear data. The nuclear beta decay data is especially limiting in the summation

method due to the Pandemonium effect, in which the higher energy antineutrino yields are

6



overestimated [35]. The summation method has been applied as both deterministic, as de-
scribed in Mueller et al. [36], and stochastic calculations, as outlined in the Oklo toolkit
[37].

Alternatively, the antineutrino spectra can be calculated via the conversion method.
This method utilizes experimental beta particle measurements to deduce possible antineu-
trino spectra. These spectra values are normalized by a user-defined factor to control the
spectra used in calculation. The conversion method is highly dependent on the beta particle
measurements, which took place in the 1980s at the Institute Laue-Langevin (ILL) for the
U-235, Pu-239, and Pu-241 antineutrino spectra [38, 39, 40]. The antineutrino spectra from
fast fissioning U-238 was later added to this method [41].

The Huber-Mueller model [42] is a widely used conversion-method-based library for
the antineutrino spectra [43]. The spectra was developed through a combination of virtual
beta-decay branches and Monte Carlo simulations to quantify correction terms to match
the ILL experimental data. This model led to an overall 2-3% upwards shift in antineutrino
yield compared to previous spectra. The library is comprised of experimentally-driven
values for U-235, Pu-239, Pu-241, and U-238 as well as theory-driven values for all other
fissionable isotopes of interest. They are divided in antineutrino energy bins ranging from 2
MeV to 9 MeV with 0.5 MeV energy bin widths. This library also includes well-evaluated

estimated errors for the spectra [42].

2.2.2 Detection

There have been many experiments that have pioneered the path towards near-field antineutrino-
based safeguards across the globe, including Rovno [44] in Russia, SONGS [45] in the
U.S.A, and Double Chooze [46] in France. These projects utilized Gd-doped liquid scin-
tillator detectors to measure IBD events and deduce characteristics of nearby reactors [11].
Detector characteristics, such as dopant type and scintillation material, can vary depending

on the project. For example, compared to the Gd-doped, liquid scintillation experiments



previously mentioned, the PANDA experiment utilizes a plastic scintillation material target
[47] and the PROSPECT experiment utilizes a Li-6 dopant [48].

The Precision Reactor Oscillation and Spectrum Experiment (PROSPECT) is of partic-
ular interest within this study. The project is designed to take precise antineutrino spectra
measurements from the High Flux Isotope Reactor (HFIR) at the Oak Ridge National Lab-
oratory as well as to probe eV-scale sterile neutrinos. The 4-ton, segmented, Li-6 doped
detector, antineutrino detector - 1 (AD-I), is placed from 7 m to 13 m away from the 85
MW, highly enriched uranium fuel loaded HFIR core. PROSPECT has been collecting
data since March 2018 with these set parameters [48]. While AD-I, the prospect collab-
oration is preparing an upgraded detector, antineutrino detector - 2 (AD-2), for system
improvements [49].

Background radiation fields play a large role in these antineutrino detector experiments
due to the low event rates of inverse-beta decay. The sources of background include nat-
urally occurring radiation within the facility structures, reactor-generated radiation, and
cosmogenic background. The majority of background radiation within the facility, namely
~-rays and thermal neutrons, can largely be shielded. The fast neutron background, >10
MeV, is the most significant concern since fast neutrons can mimic the signature of IBD
events. Although there are fast neutrons born within reactor cores, reactor-correlated fast
neutrons are typically moderated to sub-10 MeV energies prior to reaching the detector.
Through detailed simulation and experimental verification, background values can be rea-
sonably determined for a reactor-detector system at specific locations [50]. The relative
background rates can be scaled according to the reactor-detector system and configuration,
as seen in Figure 2.2, in which the radiation background at HFIR has been scaled to match
a small reactor, the Advanced Fast Reactor (AFR) and a large reactor, the ultra-long cycle
fast reactor (UCFR), as well as an altered detection system, the Reactor Evaluation Through

Near-field Antineutrinos system (RETINA) [51].
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2.3 The RETINA System

The proposed system of this study is the Reactor Evaluation Through Inspection of Near-
field Antineutrinos system, or RETINA system. The system includes a suite of detectors
for data acquisition and a sensitivity tool for safeguards implementation. In practice, the
suite of antineutrino detectors are placed near any well-understood reactor core to isolate
the antineutrino flux emitted from the reactor core. Based on high-fidelity modeling, we
can reasonably predict the quantity and energies of antineutrinos collected by our suite
of detectors. If the real-time antineutrino spectra deviates from our predict spectra, this
could indicate that the fissile inventory of the core has been altered [53]. Sensitivity studies
for the RETINA system have been performed in Stewart [51] using statistical methods for
diversion confidence analysis.

The detector design of choice for the RETINA system closely resembles the initial an-
tineutrino detector design (AD-I) used in the PROSPECT experiment [52]. These detectors
are well understood and the experiments associated with the detector provide a fair base-
line for current detection capabilities [48]. The detector suite characteristics are listed in
Table 2.1. These parameters will likely change as antineutrino detectors continue to evolve

but these initial values include realistic properties for system implementation.

Table 2.1: Properties of the RETINA detection suite

| Parameter \ |
Scintillator EJ-309
Specific Gravity 0.959
Neutron Capture Dopant Li-6
Proton Density 5.5 x 10 /m’
System Mass <10t
Target Mass S5t
Efficiency 42 %
Standoft Distance 17-25m

10



2.4 Reactor Designs of Interest

Three different reactor designs were included in this study: the small fluoride salt-cooled
high-temperature reactor (FHR), the advanced fast reactor-100 (AFR-100), and the lead-
cooled flexible conversion ratio fast reactor in unity configuration (LFR-FCR1). These
varying reactor designs were chosen for their unique isotopic inventories, power levels,

and fuel cycle lengths.

24.1 FHR

The FHR reactor design is a well-researched generation IV reactor concept utilizing a
lithium beryllium fluoride salt (Li,Be4F), or FLiBe, as the fuel coolant to reach elevated
temperatures with a high volumetric heat capacity. While there are many reactor designs
that include this coolant, such as the advanced high-temperature reactor (AHTR) [54] and
the small modular advanced high-temperature reactor (SmAHTR) [55], they can also vary
in fuel type. The previously mentioned FHR reactor designs both use tri-structural isotropic
(TRISO) particle fuel, which is made up of a uranium oxide/carbide kernel. This relatively
novel fuel type technology could benefit from an antineutrino-based safeguard [56], but
would involve a complex system-preparation scheme to account for the bulk inventory.
Rather than redesign the current system, a UO, pin-type, graphite-moderated, small FHR
developed by Mohamed et al. [57] was modeled to closely reflect the other reactor designs
outlined in this study.

This reactor design includes many different configurations to match user requirements.
User needs include the size of the reactor and the enrichment and longevity of the fuel. To
optimize the system to these requirements, system variations include the number of fuel
rings around the assembly control rod as well as the channel diameter. The different ring
options are illustrated in Figure 2.3. In this study, we model the 4 ring, 6 variation (4R6)

assembly configuration. Parameters matching this configuration are listed in Table 2.2 for
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a 13 effective full-power month (EFPM) burnup cycle [57].
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Figure 2.3: FHR configurations for 3 (left), 4 (middle), and 5 (right) rings [58]

24.2 AFR-100

The AFR-100 is a small, sodium-cooled fast reactor design developed by Argonne National
Laboratory. The main objectives for this core design was to develop a small modular reactor
for small local grids that could then run for many years without refueling. To do so, this
design relies on an onion-enrichment scheme of U-Zr metallic alloy fuel in which the outer
portions of the core have a higher enrichment level than the inner portions of the core.
Towards the beginning of the core’s operation, the outer enrichment provides a majority
of the power. After a few years, the flux moves inwards as the inner content of U-238
breeds into a significant portion of Pu-239. This fuel development allows for the AFR-100
to remain operational without refueling for 30 effective full power years (EFPYs) while
still maintaining a reasonable reactivity swing [59]. The enrichment scheme can be seen in
Figure 2.4. Other key reactor parameters are listed in Table 2.3.

The breeding-nature and longevity of this reactor design make it desirable for a novel
safeguarding method. Using current inspection techniques, the core fissile inventory can-
not be properly inspected until after the 30 EFPYs of operation. Considering the core is
designed to breed more than a significant quantity of plutonium, this reactor design could
lead to a serious proliferation problem if not properly addressed. With antineutrino-based

safeguard systems being non-intrusive and long-lasting, they show potential as a safeguard
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Table 2.2: Properties of the 4R6 FHR reactor design [58] [57]

’ Parameter \ ‘
Power 125 MWy,
Fuel Cycle Length 13 EFPM
Primary Coolant FLiBe
Number of Fuel 60
Pins per Assembly
Number of Fuel 60
Assemblies
Pin Outer Radius 1.068 cm
Cladding Thickness 0.057 cm
Fuel Pin Pitch 1.944 cm
Active Core Height 100 cm
Composition
[Weight %]

O 12.4

U 87.6
Enrichment 16 %U-235
Smear Density 10.32 g/cc
Specific Power 128.81 MW/t
Density
Initial Heavy 1.07t
Metal Inventory
Average Discharge | 3.04 MWd/kg
Burnup

for this reactor design.

24.3 LFR-FCRI

The LFR is another next-generation reactor design considered in this work. The LFR-FCR
can be implemented with either a conversion ratio of O or a conversion ratio of 1. The
conversion ratio dictates specific parameters of the core to fulfill a certain objective. With a
conversion ratio of 0, the initial reactor inventory is optimized to burn TRU with maximum
efficiency. With a conversion ratio of 1, or the unity configuration, the core is designed to

produce energy in a sustained cycle [60].
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Figure 2.4: AFR-100 enrichment zoning scheme in weight % U-235 [59]

The LFR-FCR in unity operation was selected for this study due to the longer lasting
fuel cycle. While the conversion ratio 0 reactor does contain a larger fraction of fissionable
transuranic isotopes, the fuel cycle only lasts about 1.5 EFPYs compared to 5 EFPY's with
the unity core. Due to the rare-event nature of antineutrino detection, antineutrino-based
safeguards have the most potential with longer-lasting fuel cycles [9].

To sustainably burn fuel, the core is divided into three zones, as seen in Figure 2.5. The
isotopic composition and assembly-specific locations of these zones were optimized to last
the 5 EFPY while maintaining a flat radial power distribution for the duration [59]. The

composition within these zones as well as other parameters are listed in Table 2.4.
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Table 2.3: Properties of the AFR-100 reactor design [59]

| Parameter \ |

Power 250 MWy,
Fuel Cycle Length 30 EFPY
Primary Coolant Sodium
Number of Fuel 91
Pins per Assembly
Number of Fuel 150
Assemblies
Pin Outer Radius 1.501 cm
Cladding Thickness 0.052 cm
Fuel Pin Pitch 1.606 cm
Active Core Height 110 cm
Composition
[Weight %]

Zr 10

U 90
Enrichment 8- 18 %U-235
Smear Density 10.94 g/cc
Specific Power 10.5 MW/t
Density
Initial Heavy 2391t
Metal Inventory
Average Discharge 101 MWd/kg
Burnup
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Figure 2.5: LFR-FCRI radial core zoning [61]
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Table 2.4: Properties of the LFR-FCR1 reactor design [61] [60]

| Parameter Zone 1 Zone 2 Zone 3 Core
Power - - - 2400 MW,
Fuel Cycle Length - - - 5 EFPY
Primary Coolant - - - Lead
Number of Fuel - - - 441
Pins per Assembly
Number of Fuel 128 124 197 349
Assemblies
Pin Outer Radius - - - 0.752 cm
Cladding Thickness - - - 0.063 cm
Fuel Pin Pitch - - - 0.978 cm
Active Core Height - - - 130 cm
Composition
[Weight %]

Zr 10.00 15.00 19.00 -

TRU 15.00 14.17 13.50 -

U 75.00 70.83 67.50 -
Enrichment - - - 0.71 %U-235
Smear Density 11.53 g/cc 10.70 g/cc 10.12 g/cc -
Specific Power - - - 40.60 MW/t
Density
Initial Heavy 256t 215t 152t 62.2t
Metal Inventory
Average Discharge | 60 MWd/kg | 86 MWd/kg | 93 MWd/kg | 77 MWd/kg

Burnup
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CHAPTER 3
METHODOLOGY

3.1 Confidence in Antineutrino Yield

The crux of the RETINA system is the antineutrinos collected by the detector. The simu-
lated antineutrinos collected, however, will contain some uncertainty based on the statistical
nature of radiation decay as well as the propagated uncertainty throughout the system [62].
While some uncertainty is unavoidable, there are many forms of uncertainty that can be
mitigated [63]. Our confidence in these antineutrino yields is defined by the uncertainty
propagated up to the antineutrino yield dataset used in deviation detection. The following
subsections outline our method for deriving antineutrino yields and their associated uncer-

tainties for reference case reactors, or reactors that are operating as reported to the IAEA.

3.1.1 Reactor Modeling

SERPENT?2 [64] was used for high-fidelity reactor modeling calculations. This code, de-
veloped at VTT Technical Research Centre of Finland, uses Monte Carlo methods for three-
dimensional, continuous-energy particle transport. SERPENT?2 was chosen as the reactor
modeling tool based on its built-in neutronics and depletion calculation ability as well as
its quick computation speed through parallelization [65].

While SERPENT?2 has many useful capabilities, in this work, we are primarily inter-
ested in highly accurate reactor inventories and isotopic fission rates throughout the en-
tirety of the fuel cycle. Reactor inventories are used to determine the assemblies that depict
a proliferation threat based on significant plutonium quantities [8]. Isotopic fission rates
are the most vital component of reactor modeling since they correlate to the antineutrino

spectra being emitted from the core [66]. As outlined in section 2.2, different fissionable
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1sotopes will produce a different amount of antineutrinos at various energies [42]. Since the
RETINA system in practice will need to detect diversion scenarios at the end of a reactor’s
lifetime just as well as with a fresh core, there is a special importance on fairly accurate
inventories and isotopic fission rates at the end of the core fuel cycle [8].

Each reactor of interest, the FHR, AFR-100, and LFR-FCR1, were modeled in SER-
PENT? for the entirety of their fuel cycles. Their geometries are shown in Figure 3.1 as
modeled in SERPENT?2. For each Monte Carlo run, there were 200000 source neutrons per
cycle, 200 active cycles, and 20 inactive cycles. The burnup steps for each reactor design
are listed in Table 3.1 and were normalized to maintain reactor power density. The burnup
steps varied between the reactor designs depending on the core lifetimes and how drasti-
cally the inventory changed. The isotopic fission rates were calculated using the analog
reaction rate mode in SERPENT?2, in which sampled events were counted and recorded.

The isotopic fission reaction rate, ['R;, for the isotopes of interest (Table 3.2) were
isolated for a desired burnup step and stored in a matrix along with their listed variances,
o2, r, using Jupyter Notebook. The listed variances only account for statistical variation
through the Monte Carlo approach. All other modeling variances, such as reactor inventory

through burnup, were assumed to be negligible compared to the statistical uncertainty [67].

Figure 3.1: Reactor geometries for the FHR (left), AFR-100 (middle), and LFR-FCR1
(right)
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Table 3.1: Burnup steps used for reactor modeling in cumulative effective full power days
(EFPD)

| Burnup steps [EFPD] |

FHR | AFR-100 | LFR-FCR1
0.1 0.1 0.1
1 1 1
15 10 180
30 365 365
90 1825 1800
180 3650 -
270 4836 -
365 5475 -
395 5749 -
- 7300 -
- 7756 -
- 9125 -
- 10950 -

Table 3.2: Isotopes of interest for reactor modeling

U-233
U-234
U-235
U-236
U-238
Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-242
Am-242m
> Am-243
Cm-243
Cm-244
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3.1.2 Antineutrino Translation

The Huber-Mueller model [42] was used to convert the isotopic fission rates into antineu-
trino spectra being emitted from the core. The Huber-Mueller spectra values, in unit yield
per fission and MeV, along with relative uncertainties are labeled in libraries by isotope,
incident neutron energy, and antineutrino energy. The values were first multiplied by the
energy bin width, 0.5 MeV, to translate the values into integrated counts, in units yield per
fission. The libraries were further simplified through assuming all fissions occurred from
intermediate neutrons [68] (400 keV). Since not all isotope libraries have thermal-induced
neutron values, such as U-238, or fast-induced neutron values, such as Pu-239, this greatly
simplifies the data while still including the isotopic antineutrino spectra variations. These

final values in energy bins, b, ranging from 2 MeV to 9 MeV in 0.5 MeV increments will

O'AYi’b

be listed as antineutrino yields, AY;;, with their relative uncertainty, v

To retain isotopic uncertainty information propagated through the final uncertainty, the
isotopic fission rate matrix was multiplied by the altered Huber-Mueller library to form a
dictionary of isotopic antineutrinos generated per second within the source reactor core,
ASR; ;. Antineutrinos in this form, however, have no memory; they all have the same
probability of interaction with the detector independent of the fissioning isotope. With
this characteristic in mind, the isotopic antineutrino generation rate is truncated into the

summation antineutrino source rate, AS Ry, as seen in Equation 3.1.

isotopes isotopes
ASR,= ) [ASR;|= ) [AY;y* FR)] (3.1)

i i

The uncertainties for all contributing factors to the antineutrino generation rate must
be propagated forward. While the antineutrino yield libraries and isotopic fission rates are
the only explicit values used to determine the antineutrino generation rate, we often see
the antineutrino generation rate as a linear function of reactor thermal power, Py, [11].

This relationship between thermal power and antineutrino generation indicate any relative
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change in the reactor power would lead to the near-identical change in the antineutrino
generation rate. This trend is captured by including a relative reactor power uncertainty,

J;Tt:, of 0.007. This value is based on the 0.7% capability of current flow meter technology

for nuclear reactors [66]. The relative antineutrino source rate variance, (:A; g: )2, is then
calculated following Equation 3.2.
(s LN o Ty (T (32)
ASR,”  ASRy 4~ " Py, AY;y FR? '

While the uncertainty must propagate forward to conclude the final system confidence,
the influence of fission rate uncertainty, antineutrino yield uncertainty, and reactor thermal
power uncertainty must be stored for a comprehensive uncertainty analysis. To account
for their significance to the final uncertainty, fractional values were calculated to represent
their contribution to the propagated antineutrino generation rate, as seen in Equation 3.3
and Equation 3.4 for the fission rate fraction, /' RF;, and power fraction, P F;, respectively.
With two of the three contributing sources of uncertainty stored, we can calculate the final
fraction, the antineutrino yield fraction, by exclusion. As seen in the normalized contri-
bution function, Equation 3.5, any contributing factor can be isolated if the other fractions

and antineutrino generation rate are set.

()
FRF, = e - (3.3)
()2 + ()2 + (k)

(Zhen )2

PF; = o ) (3.4)
o TAY; o i

(T + Gy ) + (F)

(3

isotopes
1
1= . Y [FRF;xo%gp,, + PFy % 0sp,, + (1 = FRF; — PF)) x 0%gp,,] (3.5)
b 7
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3.1.3 Detector Effects

The antineutrino generation rate must then be processed to account for actual antineutrinos
collected from the source. The spectra translation follows Equation 3.6 [8], in which SD R,
is the antineutrino source detection rate for energy bin b, L is the distance between the
detector and the reactor, 1, is the number of target protons within the detector, I BD ..
is the inverse-beta decay cross section averaged over each energy bin b, € is the detector
efficiency, and AS Ry is the antineutrino generation rate for energy bin b. The number of
target protons were calculated following Equation 3.7, in which p,, is the proton density
of the detector, V. is the detector volume, my.; is the detector mass, and Gy, is the
detector specific gravity. The detector values of interest are listed in Table 2.1. The distance
between the detector and the reactor is dependent on the size of the reactor. The smaller
reactor designs, the FHR and AFR-100, can likely accommodate for a closer antineutrino
detector compared to the larger LFR-FCRI1. For this reason, 17 m were used for the smaller

reactor cases while 25 m were used for the larger reactor cases [8].

1
SDRy, = e Nprotd BDgsecp€ ¥ AS Ry (3.6)
Mge
Nprot = Pprot * Vdet = Pprot * % (37)
det

Since the detector translation equation is relatively simple with values multiplying, the

propagation of error equation [69] can be used to derive Equation 3.8 for the relative an-

(;S]?g: )2. In this equation, "'—L)2 is the relative

tineutrino source detection rate variance, ( 7

( onprot
Nprot

i i . OIBD
)? is the relative number of target protons variance, (755" D )2

distance variance,
is the inverse-beta decay cross section variance, ("?)2 is the detection efficiency variance,

(UIBDfit,b
IBDacsec,b

OASR,,

2 . . .
Zsk. ) 1s the antineutrino source

)? is the inverse-beta decay fit variance, and (

rate variance.
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(OSDRb )2 _ (UL)2+ Unprot 2 aIBDzsec,b 2

o
SDR, (7

2 OIBDyirp 2 OASRy \2
3.8
L Nprot [BD:csec,b € ) - ( [BD:csec,b ) * ( ) 38)

ASRy,

The distance between the detector and reactor will likely be known up to 1 cm (lo
uncertainty) based on well documented construction dimensions and placing the detector
against the containment building wall to minimize standoff distance [51]. While the varia-
tion in scintillation mass is not listed in EJ-309 documentation [70], we can assume a 1%
relative number of proton uncertainty is a conservative estimate based on frequent detector
calibration periods [51]. Current inverse-beta decay cross sections are reported to be ac-
curate to 1.4% (1o) on average [71]. The relative detector intrinsic efficiency uncertainty
is set to a conservative 1% as well to account for poorly-characterized background and
system degradation [53]. Lastly, the inverse-beta decay cross sections had to be fit and
integrated to match the energy bins set by the Huber-Mueller spectra libraries. A simple
second-order polynomial was used to fit the cross section dataset and the integrated fitting

error was returned via the scipy.integrate.quad function in Jupyter Notebook.

3.1.4 Background

The uncertainties up to this point are based on systematic variations that can be controlled
and studied further for mitigation; for example, the Monte Carlo modeling can use more
particles and run longer and the antineutrino libraries can be further studied to lower the
isotope-specific antineutrino spectra to lower the overall uncertainty. That said, there are
some aspects of radiation detection, such as background and counting statistics, that are
unavoidable. While we can partially shield from background radiation and can be relatively
certain in background events collected [50], any background events will add on to the
uncertainty from counting statistics [62].

The background counts were based on results from the PROSPECT experiment at HFIR
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[52]. The background values had to be modified to fit the desired energy bins and scaled
to account for the different fiducial mass of the RETINA detector. A simple ratio between
the RETINA detector, which is designed to be 5 tons, and the PROSPECT AD-I detector,
which is 1.48 tons, was used to scale the background linearly. While the background is
specific to HFIR, the RETINA system in application would ideally be calibrated to the
location during a reactor-off period and/or would be verified through simulation [50].

The gross background detection rate, BD R;, can be added to the source detection rate
outlined in Equation 3.6 to form a total antineutrino detection rate. For deviation analysis,
more useful values are the cumulative antineutrino counts collected based on the number
of detectors, nge, and collection period, ..;.ct, as seen in Equation 3.9 with associated
variance in Equation 3.10. Once again, an uncertainty fraction, SFj, was used to store
the significance of the source detection rate on the final antineutrino spectra as seen in
Equation 3.11. The influence of the background detection rate can be deduced by subtract-
ing the source detection rate fraction from 1. The RETINA system is assumed to have 3

antineutrino detectors and to have a collection period of 3 months.

Ly = Net * Leotiect * (SDRy + BDRy,) (3.9)
O-ftb - (ndet * tcollect)2 * (O-Z'FRb + a%DR;,) (3.10)
2
(USFRS)
SFy = —— (3.11)

9SFRy UzBDRb
( SFR? )+ BDR? )

3.1.5 Counting Statistics

Lastly, for antineutrino deviation analysis, the counting statistic nature of radiation detec-

tion will play a role when the RETINA system is placed next to a reactor core. In practice,
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the onsite RETINA system will collect some measured value of antineutrino counts, ny,
with a counting statistic uncertainty, o,,. This value and uncertainty can be folded into
the current RETINA system simulated structure by using Equation 3.12. For a confidence
analysis, however, there is no measured value to derive the counting statistic. The counting
statistic uncertainty can be assumed to some extend using the simulated spectra, as seen in
Equation 3.13, but will break from Gaussian statistics due to the quantity-dependency of

counting statistics.

Deviation, = (up £ 0,,) — (np £ 04,) (3.12)

Deviationy, = p, £ 1/ (02, + ny) — M (3.13)

To elaborate, the propagated simulated uncertainty follows Gaussian statistics so there
is an equal probability (68% [18]) that the number of antineutrinos collected will fall either
above or below 1o deviation from g, If the counting statistics, considered /n; [18], are
based off these values, however, the larger values would be considered more uncertain than
the lower values. For example, if 1, was set to be 100 and o, was set to 10, there is a
68% that the antineutrino counts fall between 90 and 100 as well as 100 and 110. From
collection, however, the standard deviation would be /90 for 90 counts and /110 for 110
counts.

This distribution can be accurately modeled through Monte Carlo methods. To do so,
sample points are generated from a normal distribution with /i, set as the mean and o,
as the standard deviation. From this dataset, the sample points can be randomized from a
new normal distribution that matches that sampled point’s current value, as seen in Equa-
tion 3.14 with the processed sample points, s,. The final values of these points would
represent the distribution expected through the propagated uncertainty and counting statis-

tics.
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ny ~ N(pip, 0p,)
Sp ~ N(nb’ \/n_b) (3.14)

While the stochastic method can be used to form an approximation of the exact dis-
tribution, the significance of the propagated uncertainty and counting statistics to the final
confidence becomes convoluted. Specific error bars would need to be formed on both sides
of mean and evaluated independently for each component of the uncertainty analysis. Since
these results would not be as interpretable as standard Gaussian statistics, the Monte Carlo
results were fit to a Gaussian to generate a distribution that closely reflects the original
distribution.

The Gaussian fit helped better shape the distribution, but the initial Monte Carlo sam-
pling became too computationally intensive. Determining the influence of each aspect
would require a significant amount of computational resources compared to a statistical
approach. To counteract this computational demand, the Monte Carlo approach was by-
passed for adding the variances of the propagated uncertainty and the mean counting statis-
tics. This result would be slightly skewed due to the counting statistics not fitting the mean

exactly but is useful to determine our confidence in antineutrino yields.

3.1.6  Figures of Merit

The confidence in antineutrino yield is evaluated by the following metrics:

1. Component Significance to Confidence: what RETINA system components are the

most influential towards our antineutrino yield uncertainty and to what extent?

2. Reactor Significance to Confidence: how do different reactor design parameters, such

as power level and initial reactor inventory, impact the antineutrino yield confidence
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for different factors of uncertainty?

3. Temporal Significance to Confidence: how do does the reactor burnup influence the

antineutrino yield confidence for different factors of uncertainty?

3.2 Confidence in Diversion Scenario Detection

The purpose of the RETINA system is to safeguard nuclear reactors. Before implemen-
tation, the system will need to prove it can effectively and consistently detect SNM being
removed from a core within a reasonable amount of time. Due to the innate wide distribu-
tion of antineutrino yields, a probability threshold is set to classify diversion scenarios, or
scenarios in which SNM has be removed from the core, from reference scenarios, or sce-
narios in which the core includes the reported inventory. The RETINA system’s detection
confidence is defined as the probability that SNM has been removed from the core based on
the antineutrino yield. The confidence in the system is tested for a variety of diversion sce-
narios to determine RETINA system sensitivity limits. This work is outlined in Dunbrack

etal. [72].

3.2.1 Diversion Scenarios

Diversion scenarios were initially selected by Stewart [51]. The AFR-100 reactor design
was chosen to test RETINA system diversion confidence. This reactor design is of partic-
ular interest for sensitivity limits since it is considered a small reactor (< 300M We [6]),
meaning there will be a considerably small antineutrino yield for diversion analysis com-
pared to a large reactor, and the reactor breeds a significant quantity (SQ) of plutonium by
the end of the reactor’s lifecycle [59]. An SQ of plutonium, 8 kg, is defined as the amount
of nuclear material in which manufacturing a nuclear weapon cannot be excluded [73].
While an SQ of lower enriched uranium (LEU), 75 kg U-235, could also be removed from
the AFR-100 core in a diversion scenario, the smaller SQ of plutonium would allow an

adversary to take a smaller quantity of SNM from fewer assemblies. A variety of diversion
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scenarios were simulation to account for adversaries’ different priorities and resources. Re-
gardless of the scenario, a total of 1 SQ of plutonium was simulated being removed from
the core.

The AFR-100 reactor design is outlined in Figure 3.3. As previously mentioned in
subsection 2.4.2, the reactor initially burns U-235 as the fuel source in the outer portion
of the core. As the reactor ages, plutonium is generated throughout the core based on U-
238 absorbing a neutron. Due to the larger U-238 inventory in the inner core, an SQ of
plutonium is first available in a single assembly towards the center of the core at 15.75
EFPY. If timing and assembly accessibility are important diversion factors to an adversary,
a scenario in which 1 SQ of plutonium is removed from a center assembly (upper left of

Figure 3.3), labeled scenario 1, is ideal.

Inner Core (30)
.‘ ‘ Middle Core (48)
“ ‘ ‘ Outer Core (72)
9
.‘ .‘. . Control (10)
CL ) @
“ “.““ ‘.‘. .‘ Secondary Control (3)
900000 9900009
‘ ‘ .‘ ‘. ‘ . Reflector (48)
0006990600660609
0000066066086 00 o
900008 889009 Shield (54)
‘.. 000009 ..‘
...‘.... Total (265)

Figure 3.2: AFR-100 core layout with the numbers in parentheses corresponding to number
of assemblies in a particular core region

Alternatively, there are diversion benefits if an adversary is able to pull from two assem-
blies and wait until a later burnup step. From breeding plutonium inwards, there is a higher
fission rate around the center of the core at the end stages of the reactor lifecycle. If fuel is
removed from this region, this could significantly alter the isotopic fission rate and is more
likely to shift the antineutrino yield detected by the RETINA system. The outer regions,

while still containing an SQ of plutonium, have a lower plutonium fission rate so are less

29



Figure 3.3: Diversion scenarios assembly location 1 (upper left), 2 (upper right), and 3
(lower center) in which 8 kg of plutonium total was removed from the core. Figures adapted
from Stewart [51]

likely to alter the antineutrino yield if plutonium is removed. While an adversary would
have to remove 1/2 of an SQ of plutonium from each assembly since no single assembly
has enough plutonium for a single-assembly-diversion, the plutonium vector in these as-
semblies are more pure compared to the inner region. An ideal plutonium vector has a
maximal amount of Pu-239 and Pu-241 and a minimal amount of Pu-238 and Pu-240. For
plutonium processing, Pu-238 is an undesired hazard since it is not fissile and generates
an energetic alpha particle in its fairly active decay. Pu-240 is also undesirable since it has
a significant spontaneous fission rate, meaning any bomb containing a large percentage of
Pu-240 would fissile out on detonation. The plutonium vectors for each scenario are listed
in Table 3.3. Scenario 2 is set at 21.25 EFPY and illustrated in the upper right portion of
Figure 3.3.

The final diversion scenario location variation, scenario 3, is the most ideal for an ad-
versary. If an adversary is able to access three cores, in which 1/3 of an SQ of plutonium
is removed, the scenario could happen early on in the fuel lifecycle, 13.25 EFPY, while
still including a low outer plutonium fission rate and pure plutonium vector retention. This

scenario is seen in the bottom center of Figure 3.3.
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Table 3.3: Plutonium isotopic composition for various diversion scenario locations

Plutonium | Scenario | Scenario | Scenario
Removed | Vector 1 | Vector 2 | Vector 3
Pu-238 0.31 0.15 0.08
Pu-239 93.93 97.00 98.15
Pu-240 5.55 2.80 1.75
Pu-241 0.20 0.05 0.02
Pu-242 0.01 <0.01 <0.01

Along with diversion scenario location, an adversary can customize a scenario with
fuel replacement. Fuel replacement refers to the nuclear material that an adversary can
place in the diverted assembly to fill the void. While there are endless possibilities for
fuel replacement, natural uranium (NU), labeled fuel replacement a, is seen as a reasonable
fuel replacement since it is likely easily available to an adversary with assembly access
and contains fissionable material. In a more ideal diversion scenario to the adversary, LEU
would better reflect the fissile inventory of the assembly. LEU with an enrichment based
on the average of that region was selected for fuel replacement b.

The last diversion scenario variable altered was power manipulation. While replace-
ment fuel will mask the missing plutonium fuel to some extent, there will be a change
in the antineutrino yield due to different amount and isotopic inventory of the fuel. This
alteration will lead to either an increase or decrease in the overall antineutrinos collected
by the RETINA system. This behaviour, however, in the overall counts can be mitigated
through power manipulation. For example, increasing the reactor power correlates to more
fuel burning, which correlates to generating more antineutrinos. If an adversary wanted to
mask a diversion scenario that would typically lead to a decrease in overall antineutrino
counts, they can increase the reactor power to generate more antineutrinos and match the
RETINA system’s expected antineutrino yield. For diversion scenario variations, nominal
and manipulated power levels were simulated, following the labeling convention listed in

Table 3.4.
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Table 3.4: Diversion scenarios labels by assembly diversion locations (1, 2, and 3), fuel
replacement (a for NU and b for LEU), and power manipulation (nominal and manipulated)

’ Assembly Location \ Fuel Replacement \ Power Manipulation ‘

Scenario 1 a Nominal
Scenario 1 a Manipulated
Scenario 1 b Nominal
Scenario 1 b Manipulated
Scenario 2 a Nominal
Scenario 2 a Manipulated
Scenario 2 b Nominal
Scenario 2 b Manipulated
Scenario 3 a Nominal
Scenario 3 a Manipulated
Scenario 3 b Nominal
Scenario 3 b Manipulated

Nominal power level refers to the power level matching the expected power level per-
fectly while manipulated power level refers to the optimal power level to match the ex-
pected antineutrino yield. The optimal power manipulation value was set through Equa-
tion 3.15, in which a hyperparameter, z, is set to minimize the Chi-square value, x?, for
an expected antineutrino yield, n,, a diverted antineutrino yield, nj, and the propagated
uncertainty at nominal power, 0,,,,»,. This equation reflects the Chi-square goodness of fit
test, in which the deviated antineutrino yield is directly compared to the expected yield for

variation, but includes a penalty term, (UL

)2. This penalty term is added to account for
reactor power variation possibly setting off other safeguard measures. The strength of this
term is dependent on how drastically the adversary alters the antineutrino spectra, x, and

uncertainty of this spectra, 7, .

b np Onorm

32



3.2.2 System Variation

Diversion scenario detection confidence has been studied in Stewart [S1]. The diversion
scenarios were simulated using a joint-toolkit system of MC2-3 (MCC) [74] and REBUS-3
[75]. MCC utilizes cross section libraries and well-defined reactor geometries to produce
spatial and energy dependent effective microscopic cross sections for full-core neutronics.
The deterministic code, REBUS, was then used for neutronics, which directly reports the
isotopic fission rate, and for depletion calculation, which updates the macroscopic cross
sections then altered by MCC for the next burnup steps. This process, outlined in Fig-
ure 3.4, was iterated for every 0.25 EFPY steps for the entirety of the AFR-100 fuel lifecy-
cle (30 EFPY) [51].

2082-group
Libraries
MC>3
R-Z Core Resonance self-shielding, Hex-Z Core
Geometry region-wise flux, condensation Geometry
from ultrafine to broad group
Compositions micro-XS
&

Temperatures REBUS-3

‘Whole-core neutronics &
depletion

Area Grouping /-3
Partially-burned Fission Rate
Fuel regions are grouped into [12] fuel (Hex-Z) Distribution
areas with similar compositions

Figure 3.4: Reactor modeling calculation scheme with rectangles indicating codes, ovals
indicating data sets, gold indicating user-defined data, and grey indicating calculated data.
Figure from Stewart [51]

Uncertainty within this process was complex due to the iterative nature of the joint-
toolkit system. Any deviation in microscopic cross sections can shift the isotopic fission
rate which then would alter the cross sections in the next burnup step. Accounting for
this complex iterative behaviour, a Monte Carlo stochastic method, sampling from thermal
power variations, microscopic cross sections, and burnup histories, was developed for sys-

tem convergence. After sampling from 1000 histories, the AFR-100 isotopic fission rates
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were well converged. This process is described in more detail in Stewart [51].

While this process was sufficient in Stewart, SERPENT2 (SERPENT) was used for re-

actor modeling and isotopic fission rate calculations for the antineutrino yield confidence

study. SERPENT, as described in subsection 3.1.1, is a Monte Carlo-based tool that in-

cludes both a neutronics and depletion tool. The SERPENT-resulting antineutrino yield

associated with the RETINA system is in agreement with the MCC/REBUS-resulting an-

tineutrino yield (Figure 3.5). Considering the MCC/REBUS system to be a more compre-

hensive system, based on smaller burnup steps and a more generalized uncertainty prop-

agation system, all SERPENT-driven values fall well within 1o for the burnup of interest

(Figure 3.6). The MCC/REBUS derived antineutrino yields are assumed for the entirety of

the diversion detection confidence portion of this work.
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Figure 3.5: Antineutrino yield and associated uncertainty (1o0) for an AFR-100 reactor core
at 15.75 EFPY (upper left), 21.25 EFPY (upper right), and 13.25 EFPY (bottom center)
using SERPENT and MCC/REBUS toolkits for reactor modeling

The diversion detection analysis system also has been altered since the work outlined in
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Figure 3.6: SERPENT-based antineutrino yield deviation from MCC/REBUS-based an-
tineutrino yield for an AFR-100 reactor core at 15.75 EFPY (upper left), 21.25 EFPY
(upper right), and 13.25 EFPY (bottom center)
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Stewart [51]. For diversion detection variance, the previous system included the variance
of a Chi-square goodness of fit test for the deviation distribution (Equation 3.16) [76]. In
this equation, T} is the y? value defined in Equation 3.15 for a given diversion scenario and
reference case. A cumulative distribution function, @, is then taken in terms of a critical

false positive rate value based on the Chi-square distribution, 7

crit?

the expected Chi-square
value, and the Chi-square standard deviation, 2v/7, (Equation 3.17). The value of T%,,
depends on the allowable false positive rate, or the rate in which the RETINA system
reports a diversion scenario when one has not taken place, set by the user. The resulting
value, 3, represents the false negative rate, or the rate in which the RETINA system does
not report a diversion scenario when one has taken place. Our detection confidence in the

RETINA system is defined by the probability of the RETINA system to not report a false

negative, described in Equation 3.18.

T ~ N(Th, 2y/To) (3.16)
g — g Lere — Loy (3.17)

2VTy

Detection Confidence =1 — (3 (3.18)

This deviation analysis method does not account for complex bin-to-bin relationships.
Initially, from the starting deviation Chi-square values (Equation 3.15), the system only
accounts for the deviation from each antineutrino yield bin to the antineutrino yield bin
of the reference case. There are cases, such as with reactor power manipulation, when
this general deviation is at a minimum. Inadvertently, however, this minimization causes
this oscillation effect in which the upper some energy bins overestimate yields while other
bins underestimate yields (Figure 3.7). A more complex method is needed to process the

antineutrino yields for bin-to-bin comparisons.
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Figure 3.7: Oscillation effect from goodness-of-fit function minimization for diversion la

3.2.3  Support Vector Machine Modeling

Machine learning (ML) models have been used in many fields to process complex datasets
[77]. A support vector machine model (SVM) is used in this work to classify the antineu-
trino yield as a diversion scenario or a reference scenario. Specifically, a soft-marginalized
SVM is applied to allow for some misclassification to generate a more robust system. The
model iterates over different kernel weights, w, to minimize Equation 3.19. For the an-
tineutrino dataset, since the yields go from 2 MeV to 9 MeV in 0.5 MeV increments,
the weights are stored in a 15 feature vector. The left hand portion of the equation,
C * XN maz(0,1 — L(y, f(x;)))? is a penalty term for any misclassified values. The
extent of this penalty depends on the hyperparameter, C', which scales the loss function
relative to the right hand term. The loss function includes the actual data classifier, y, and
the kernel classifier, f(x;) [78]. There are many forms of kernel classifiers, such as linear,
polynomial degree 2, polynomial degree 3, radial basis function, and sigmoid [79]. The
kernel type is selected to fit the shape of the dataset. Since the shape of the dataset is un-
known, all 5 types of kernels are fit to diversion scenario la for selection. A squared hinge

loss function was chosen for the system loss function.
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min[C % SN maz(0,1 — Ly, f(x:))? + %||w|12] (3.19)

w

2, describes the spread of the soft-margin. Ideally, the

The right hand portion, ||w|
diversion and reference antineutrino yields will be fairly different. If the clusters are far
apart, however, there are many ways to draw the SVM classification boundary while still
classifying the data perfectly. In Figure 3.8, the classification boundaries could be placed

right next to either the red or green cluster while still providing perfect classification. The

second weighted term, ||w||, minimizes the distance between the boundary and the clus-
ters. The entirety of the equation is differentiable so with each model iteration the weights

become more inline with the optimal classification boundary.

=12 =10 -8 -6 -4 -2 0 2

Figure 3.8: Visual of a support vector machine applied in 2 (left) and 3 (right) dimensions

Once the SVM weights are set, test data is processed through the SVM model for clas-
sification values. While a classification value of -1 represents a diverted scenario spectra
and 1 represents a reference scenario spectra, most values fall somewhere in between the
boundaries. The classification values for both the diversion scenario and reference scenario
are placed in a histogram and fit to Gaussian distributions to mitigate the stochastic fluc-

tuation of sampling. A T7, ., classification boundary is set to match a user-defined false
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positive rate limit. Similar to the statistical Chi-square approach, a cumulative distribution
function (Equation 3.20) is used to isolate the false negative rate of the diversion-based
Gaussian distribution. Unlike the Chi-square approach, however, the reference case has an
associated false negative rate (Equation 3.21) that must be subtracted out. The confidence
is defined as the probability that the RETINA system detected a diversion scenario above
the reference standard. Without this definition distinction in this formula (Equation 3.22),
the system diversion detection confidence would always be greater than 0 regardless of any
applied diversion scenarios.

(e}

T, it — Mcu
ﬁcvz@( cv,crit H ) (320)

O-C’U

T M/

r cv,crit cv

Bl = B(=
cv

) (3.21)

Detection Con fidence = Con fidence., — Confidencel,, = B, — Bew (3.22)

3.2.4 Data Selection

To use ML, a model must be trained for a sampled dataset. This dataset can easily retain
the antineutrino yield distribution information through selective sampling. These samples,
however, would be widely deviating from the mean compared to the actual deviation be-
tween the reference and scenario cases. As illustrated in Figure 3.9, the propagated uncer-
tainty (1o0) spans far further than the actual deviation between the distributions. The SVM
would likely not converge to a meaningful classification boundary if there is considerable
variation in the dataset [80]. To aid in model convergence, samples are generated from a
more idealistic distribution from source and background counting statistics. The difference

in antineutrino spectra is then more significant compared to the overarching uncertainty in
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the system, as seen in Figure 3.10, While there are other sources of uncertainty, counting
statistics represent an unavoidable hurtle that the RETINA system must surpass for diver-

sion detection confidence.
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Figure 3.9: Antineutrino yield (left) and reference-based deviation (right) for diversion
scenario 1a nominal assuming all sources of uncertainty
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Figure 3.10: Antineutrino yield (left) and reference-based deviation (right) for diversion
scenario 1a nominal assuming only counting statistics as the source of uncertainty

The generated dataset was then further processed to scale the importance of each fea-
ture. With each energy bin being a feature to the model, the spectra needs to be compressed
to indicate significant deviations. For example, deviating by 1000 counts might not be sig-
nificant in the 3.5 MeV bin, where around 80,000 counts are expected, but this deviation
might be significant in the 9, where around 5,000 counts are expected. To scale the features
according to their expected deviation and uncertainty, the standard score, SU;S";, in which s;

is the sample antineutrino yield, n; is the expected antineutrino yield, and o, is the sample
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uncertainty, was taken for every count. Features that match the expected value would be
near 0 while the highly-deviating values would be near 1.

There is also customization that can be made in ML model training. The SVM models
are most well-prepared for datasets that reflect the selected training data. For example, if an
SVM model was trained from diversion scenario 1a nominal data, it would likely classify
diversion scenario la nominal testing data with more confidence than any other scenario.
The RETINA system, however, should be prepared for all diversion scenarios. To make a
more robust system, datasets from multiple scenarios can be used for SVM model training.
While the complex training data scheme would better prepare the RETINA system for a
variety of scenarios, the system would be more generalized to fit all scenarios.

Model training-testing selection was divided into four groupings: individualized mod-
els, power-ignorant models, unseen models, and power-ignorant unseen models. The in-
dividualized models represent the most idealistic RETINA system. The system utilizes
12 SVM models that are individually trained and tested for a specific diversion scenario.
In practice, however, there would be no way of knowing which model is accurate with-
out an explicit diversion scenario. Power-ignorant models include training from a grouped
dataset of both nominal and manipulated power scenarios while testing from the individual
12 scenarios. As seen in Figure 3.7, manipulated power scenarios cause an antineutrino
yield oscillation effect. The ML models might rely on this oscillation pattern too much for
nominal power scenarios and too little for manipulated power scenarios. By grouping the
power datasets together, the models would be equally-trained for both oscillation spectra
and general deviation spectra.

The final two model variations, unseen models and power-ignorant unseen models, in-
volve training from the majority of the scenarios to generate a robust system towards all
possible diversion scenarios. Considering there are infinitely many ways to divert SNM
from a reactor core, the RETINA system will need to safeguard not only diversions ex-

pected by the system, but scenarios never simulated for preparation, or "unseen’ scenarios.

41



The unseen model grouping trains the SVM models from 11 of the 12 scenarios and then
tests the model against the withheld scenario. The final model grouping, the power-ignorant
unseen models, train from all scenarios excluding the scenario of interest and its alternat-
ing power scenario. The model is then tested against only the scenario of interest. By
withholding the power-varying scenario equivalent, the model is equally trained from both
nominal and manipulated diversion scenarios. Compared to the unseen models, in which
there is an imbalance with 11 training datasets, this model variation proportionally consid-
ers the oscillation pattern of the manipulated power spectra and the general deviation of the
nominal power spectra.

The unseen scenarios require a 16th model feature, a timestamp, since the assembly
location varying scenarios occur at 13.25, 15.75, and 21.25 EFPY. The SVM models will
need to discriminate between the reference scenario spectra and the diverted scenario spec-
tra for all three reactor ages. To transfer this information through the SVM models, the
reactor age was added in as an extra feature and normalized by all timestamp options to fall
between 0 and 1. There, 13.25 EFPY had a feature value of O and 21.25 EFPY had a feature
value of 1. Linearly interpolating, 15.75 had a feature value of 0.3125. The corresponding
feature values were added to the spectra vectors for every reference scenario and diversion

scenario for their respective timestamp.

3.2.5 Figures of Merit

The IAEA has well-defined limits for reactor safeguard implementation. For the RETINA
system to be used for low-probability scenarios, the system must have a minimum detection
confidence of 0.2 (with a 0.05 false positive rate limit) within 3 months of diversion [73].

The confidence in diversion detection is evaluated by the following metrics:

1. Scenario Significant to Confidence: can the RETINA system detect any simulated

diversion scenario above current IAEA detection limits?
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2. Model Significance to Confidence: can the RETINA system become robust to effec-

tively detect unseen diversion scenarios?
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Confidence in Antineutrino Yield

The RETINA system was applied to a variety of reactor designs and inventories for compo-
nent analysis. The final uncertainties correspond to our confidence in the RETINA system
in certain situations. In the following subsection, the component, reactor, and temporal

significance are outlined and discussed in terms of antineutrino yield confidence.

4.1.1 Component Significance

Each uncertainty component was propagated forward and stored to assess leading causes of
uncertainty that limit the antineutrino yield confidence. The AFR-100 reactor design with
a fresh core is used as a surrogate for all other reactor designs in regards to component sig-
nificance. Explicit processed data for the AFR-100 fresh core antineutrino yield confidence
analysis can be found in Appendix A.

The initial component of the RETINA system simulation is reactor simulation and an-
tineutrino translation. While isotopic fission rate is an important aspect to generate the
antineutrino spectra, not all isotopes are equally important to our final antineutrino yield
confidence. As discussed in subsection 2.1.1, on average, a fissioning U-235 atom pro-
duces about 1.9 detectable antineutrinos while a fissioning Pu-239 atom produces about
1.5 detectable antineutrinos. With antineutrinos as the final information carriers, the uncer-
tainty from one fissioning U-235 atom is considered about 25% more important than than
the uncertainty from one fissioning Pu-239 atom. This weighted factor is accounted for by
analyzing the isotopic contribution to antineutrino flux, as seen in Figure 4.1.

The antineutrino yield was then converted by the antineutrino yield uncertainty dictio-
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Figure 4.1: U-235 and U-238 as the significant contributing isotopes to the antineutrino
flux for a fresh AFR-100 reactor core

nary, Figure 4.2, to produce the antineutrino yield uncertainty. The relative antineutrino
yield uncertainty, normalized by total contribution, is seen in Figure 4.3. While U-235 fis-
sion was the most significant contributor to the antineutrino flux, the large U-238 fractional
uncertainty at low (< 3 MeV) and high (> 6.5 MeV) antineutrino energies led to the total
U-238 uncertainty contribution being much higher than the U-235 uncertainty contribution
at low and high antineutrino energies. Since these two isotopes produced the most amount
of antineutrinos for this scenario, they were the most significant isotopes that contributed
to our final uncertainty.

After antineutrino translation, detector effects and background were included to predict
antineutrinos collected by the RETINA system. From the values listed in subsection 3.1.3,
there was no energy dependency on the uncertainty contribution from detector components.
The relative detector effect uncertainty contribution is shown in Figure 4.4. The inverse-
beta decay was the most significant component of system uncertainty. The number of
target protons and intrinsic efficiency uncertainty were near-identical in their significance
to the propagated uncertainty. Figure 4.5 depicts the detected background expected after a

3 month collection period using the RETINA system at HFIR.
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Figure 4.2: Processed Huber-Mueller antineutrino yield uncertainty dictionary

U_233
U_234
U_235
U_236
U_238
Np237
Pu238
Pu239
Pu240
Pu241
Pu242
Am241
Am42m
Am243
Cm243
Cm244
Cm245

= =

Relative Antineutrino Yield Uncertainty
o=

2 3 4 L [ 7 B 9
Antineutring Energy [MeV]

Figure 4.3: U-235 and U-238 as the significant contributing isotopes to the relative antineu-
trino emission rate uncertainty for a fresh AFR-100 reactor core
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Figure 4.4: Inverse-beta decay, target proton quantity, and intrinsic efficiency as the signif-
icant contributing factor to the relative detector effect uncertainty
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Figure 4.5: Background counts and associated uncertainty (1o) for a RETINA system at
HFIR
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Counting statistics were initially applied via a Monte Carlo sampling process. The
samples were then fit to a Gaussian for better interpretability. Alternatively, the variances
between the propagated uncertainty and mean counting statistics were added for simplicity.
The results for the 5 MeV antineutrino energy bin and a skewed example are shown in
Figure 4.6. As seen in the 5 MeV histogram, the skewed nature of applying counting
statics to a varying n; in the ~ 47, 500 region has little impact compared to the propagated
uncertainty. As the region gets towards comparable |/, and o,,,, the Gaussian and added
variance fits tend to deviate from the actual distribution. In the example, with a p, = 4
and a 0, = 2, the Gaussian and added variance fit were virtually identical with values of
s = 4.0007 and o, = 2.8284 for the Gaussian fit and s = 4 and o, = 2.8345 for the added
variance fit. The fits matched to even more precise values at in the realistic regions of the
antineutrino yield datasets.

The final antineutrino yield and associated uncertainty, accounting for both the prop-
agated uncertainty and counting statistics, is shown in Figure 4.7. Since all uncertainties
were stored in some manner, the contribution of every variance previously discussed was
evaluated for their significance for all 15 energy bins. The uncertainties stored include
the reactor thermal power uncertainty, the fission rate uncertainty from simulation, the an-
tineutrino yield uncertainty from the Huber-Mueller spectra libraries, the uncertainty due
to detector effects, the background uncertainty, the uncertainty from counting statistics for
background events, and the uncertainty from counting statistics from source events. The
leading 5 uncertainties can be seen in Figure 4.8. The other 2 uncertainties, power un-
certainty and fission rate uncertainty, were much less significant compared to the other 5.
Their values can be seen in Appendix A.

The background was the most significant contributing factor to the system uncertainty
for all antineutrino energies. This was an expected trend, to some extent, considering the
large error bars on the background counts and the large portion of events that come from

background. A majority of the source antineutrinos are collected in around the 3.5/4 MeV
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Figure 4.7: Antineutrino yield and associated uncertainty (1o) for a fresh AFR-100 reactor
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Figure 4.8: Five leading causes of uncertainty for the RETINA system 17 m away from a
fresh AFR-100 reactor core
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energy bin. For this reason, the background uncertainty is less significant around those bins
compared to source-component uncertainties, such as those uncertainties from antineutrino
yield libraries and detector effects. The signal-to-background, however, on average is fairly
low (~ 1.5 : 1), indicating that the background uncertainty will play a significant role in

our yield confidence across the whole measured spectra.

4.1.2 Reactor Significance

The 3 reactor designs outlined in section 2.4 were simulated and processed through the
RETINA system to determine reactor-specific variations in the antineutrino yield confi-
dence. The total antineutrino yields and their associated uncertainties are shown in Fig-
ure 4.9. As expected, the overall antineutrino yields increase with reactor power. To get a
better sense of reactor design alters the antineutrino spectra regardless of operating power,
the spectra were normalized by power for comparison, as seen in Figure 4.10. The differ-
ences at this point in the spectra are from variations in the reactor inventories, background
significance, and reactor-detector standoff distances.

The confidence in antineutrino yield depends not only on the uncertainty by antineutrino
quantity, but the relative impact of that antineutrino quantity uncertainty. For example, the
RETINA system can be fairly confident in a collection near the LFR-FCR1 core even if
it counts 5, 000 fewer antineutrinos than expected. But if the same 5, 000 count deviation
was to occur at the FHR core, our confidence in that yield would significantly diminish.
Fractional uncertainties, as seen in Figure 4.11, can be used to evaluate our confidence in
the antineutrino yield and compare across the different reactor designs. Overall, the FHR
had the largest fractional uncertainties ranging from about 9% to 48% while the LFR-FCR1
had the smallest fractional uncertainties ranging from about 3% to 35%

As previously stated, after power normalization, reactor inventory variation could cause
spectra uncertainty variations. From initial inventories, most of the relative antineutrino

yield uncertainties come from U-235 in the FHR and AFR-100 spectra and from Pu-239
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Figure 4.9: Antineutrino yields for the RETINA system 17 m away from a fresh FHR core
(upper left), AFR-100 core (upper right), and 25 m away from a fresh LFR-FCR1 core
(lower center)

52



= =] & z
= = = =1

Counts/MWth

=
(=1
=

*HH}

4 5 6 7 8 9
Antineutrine Energy [MeV]

Counts/MWth
T Ly
[=] %3]

g 8 8 8B & 8 ¥

=

ot

b
bty

3 4 5 6 7 8 9
Antineutrine Energy [MeV]

100 |.
B0 } I.
t
5
= ®W 3 3
s b
5
8 % b
1]
20 N
0 P
2 3 4 5 B 7 B 3

Antineutrine Energy [MeV]
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in the LFR-FCR1 spectra. The LFR-FCR1’s initial inventory includes a large quantity
of TRU and NU, which support the idea that U-235 would not play a large role in the
spectra uncertainty. The LFR-FCR1 design, similar to the AFR-100 design, utilizes a faster
neutron spectrum for U-238 fission. This design characteristic leads to a larger U-238
fission contribution, noticed at the lower and higher energy bins for the AFR-100 and LFR-

FCRI designs.
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Figure 4.12: Relative antineutrino emission rate uncertainties for a fresh FHR core (upper
left), AFR-100 core (upper right), and a fresh LFR-FCR1 core (lower center)

The 5 leading causes of uncertainties for the 3 reactor designs are shown in Figure 4.13.
There are slight differences between the FHR and the AFR-100 uncertainty significant
factors. One notable difference is the varying importance of counting statistics depending
on antineutrino energy. The FHR design, with an approximate signal-to-background ratio
of 0.95, a majority of the uncertainty from counting statistics is due to the background
events. For the AFR-100 design, with an approximate signal-to-background ratio of 1.5, a

majority of the uncertainty from counting statistics is due to the source events. The LFR-
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FCRI design, while located further away from the RETINA system (25 m compared to 17
m ), has a much larger signal-to-background ratio of about 6.5. With a much larger signal
source, the overwhelming background uncertainty is relatively lowered. This is especially

significant around the 4 MeV antineutrino energy bin based on the larger antineutrino event

rate.
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Figure 4.13: Five leading causes of uncertainty for the RETINA system 17 m away from
a fresh FHR core (upper left), AFR-100 core (upper right), and 25 m away from a fresh
LFR-FCRI1 core (lower left)

4.1.3 Temporal Significance

The final component for the antineutrino yield confidence analysis is temporal effects.
While many aspects of the RETINA system uncertainty remain motyl consistent for the en-
tirety of the reactor’s lifecycle, such as detector effects and background, the reactor fissile
inventory will change with time. Depending on the reactor design, there can be significant

changes in the reactor inventory. Since the AFR-100 has the longest fuel cycle (30 EFPY)
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and is designed to breed plutonium as fuel, it was selected as the reactor design for this

section. As seen in Figure 4.14, the age of the AFR-100 reactor has little influence on the

overall antineutrino yield.
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Figure 4.14: Antineutrino yields for the RETINA system 17 m away from an AFR-100
core at 0 EFPY (top) and 30 EFPY (bottom)

The antineutrino flux, however, changes drastically as the reactor ages (Figure 4.15). As

expected, after 30 EFPY's of breeding plutonium, the antineutrinos being emitted from the

reactor are largely due to fissioning plutonium. The U-235 still contributes a large portion

of the antineutrino flux uncertainty. With 3 isotopes contributing relatively similar amounts

of antineutrinos to the flux rather than the initial 2, the yield uncertainties become more
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evenly distributed among the fissioning isotopes (Figure 4.16). Plutonium-241, a relatively
insignificant fissioning isotope, can be seen in Figure 4.16 due to the larger antineutrino

uncertainty library associated with that isotope.
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Figure 4.15: U-235, U-238 and eventually Pu-239 as the significant contributing isotopes
to the antineutrino flux for an AFR-100 core at 0 EFPY (top) and 30 EFPY (bottom)

The overall uncertainty rankings for the confidence analysis, Figure 4.17, do not change
orders depending on the age of the reactor. That said, there are slight deviations in the sig-
nificance of antineutrino yield uncertainty compared to the other components. For example,

at the 6.5 MeV bin for the fresh core, the detector effects surpass the importance of the an-
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tineutrino yield uncertainties in the nearby bins. In the 30 EFPY case, the antineutrino
yield uncertainties around that region all remain more prominent than the detector effect
uncertainties. Regardless of these slight variations, the background uncertainty remains the

overwhelming contribution to lower antineutrino yield confidence in the RETINA system.

4.2 Confidence in Diversion Scenario Detection

The Chi-square goodness of fit test was applied to each diversion scenario listed in Ta-
ble 3.4. After applying a distribution and processing through a cumulative distribution
function, the confidence values were calculated and placed in Table 4.1. Due to the preci-
sion limits of Python, any confidence lower than 10719 is considered 0. These results are
included in Dunbrack et al. [72].

Table 4.1: Detection confidence through Chi-square approach

Scenario | Confidence |
la Nominal 221x1072
la Manipulated | 2.52 x 10713
1b Nominal 8.56x 10~*

1b Manipulated | 6.34 x 102
2a Nominal 5.63 x 10712

2a Manipulated 0
2b Nominal 0
2b Manipulated 0
3a Nominal 4.69 x 10712
3a Manipulated 0
3b Nominal 0
3b Manipulated 0

After the Chi-square approach was considered, sample points were generated from a
random distribution. As previously mentioned in section subsection 3.2.4, the unprocessed
spectra would not be ideal features due to the low variance between the diverted and ref-
erence scenarios, as seen in Figure Figure 4.18. The standard score of each sampled yield

was used to increase the variance of these features (Figure Figure 4.19.
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The SVM model was selected to process the standard score features. A variety of
regularization hyperparameter values, ranging from 107° to 10° and scaling by factors of
10, and various kernel functions, f(X;), including linear, polynomial degree 2, polynomial
degree 3, radial basis function, and sigmoid, were applied to an SVM to classify data from
diversion scenario 1a nominal. The small regularization hyperparameter values typically
required over 1000 iterations for SVM convergence. Small regularization hyperparameters
were chosen to create a high bias system, or a system that is generalized to fit widely diverse
datasets [81]. Although in some cases a high bias model can underfit data [82], a low C
value was necessary to fit the wide distribution of the datasets. As the hyperparameter
decreased, fewer iterations were required to converge the model with little effect on system
performance. A regularization hyperparameter value of 107! was set for the SVM models
since any smaller value had little impact on required iterations and performance. The linear
kernel type was chosen since it led to relatively high detection confidence while performing
significantly faster than the other kernel types. Equation 4.1 includes the updated SVM

model design.

1
min[l()_12 * Efilmax((), 1- inTXi)2 + §||W||2] (4.1)

w

After the hyperparameters were selected, sample points for each scenario were pro-
cessed through the ML model for a sensitivity analysis. A total of 10 samples were used
in each model evaluation with an 80/20 train-test split. The resulting test classification val-
ues were binned in a histogram and fit to a Gaussian distribution, as seen in Figure 4.20.
A decision boundary was then set at the classification value that would match a 0.05 false
positive rate. The difference in area between the distributions above this decision boundary,
outlined by Equation 3.20 - Equation 3.22, is the detection confidence. This process was
repeated for 100 iterations to get a standard deviation for the models depending on sample
fluctuations. Due to the stochastic nature of this process, it is possible to have negative de-

tection confidence. If the distributions are near exact, the reference spectra could have one
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extra sample over the classification boundary that skews the fitted Gaussian distribution.
Since this is a nonsensical value, all negative confidence values are considered to be 0 from

precision limits.
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Figure 4.20: Histogram (left) and Gaussian fit (right) of SVM classification values from
individualized model diversion 1a sampling

4.2.1 Scenario Significance

The resulting detection confidence values are found in Table 4.2. The scenario resulting in
the highest detection confidence is scenario 1a nominal while the scenario resulting in the
lowest detection confidence is scenario 3b manipulated. The most influential component
of scenario significant is the assembly diversion location. The lowest confidence value for
scenario 1, 2.08 x 1072, is higher than the highest confidence value for all other scenarios,
1.26 x 102, The following most influential scenario factor is power manipulation. As seen
in the confidence values for scenario 2, power manipulation can lower the confidence value
by almost a factor of 10. The final scenario variation, fuel replacement, had the smallest
impact on the overall confidence of the RETINA system. On average, LEU compared to

NU fuel replacement decreased the confidence value by about 25%.

4.2.2 Model Significance

Overall, the SVM models performed significantly better than the previous Chi-square ap-

proach. The confidence values are listed in Table 4.3 and Table 4.4. While the highest SVM
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Table 4.2: Detection confidence through SVM individualized model approach

Scenario \ Individualized Models ‘
1a Nominal 428x 1072 +£6.94x 10718
la Manipulated | 2.08 x 1072 & 1.04 x 107
1b Nominal 3.63x1072+6.94x 1018
1b Manipulated 228x1072+0
2a Nominal 1.26x 1072 £5.20x 10718
2a Manipulated 3.82x1072 £0
2b Nominal 1.01x1072+0
2b Manipulated 270x 1072 £0
3a Nominal 8.93x107°+0
3a Manipulated 346x 1072 £ 0
3b Nominal 6.65x1072+0
3b Manipulated 1.47x1072 £ 0

confidence value of 4.28 x 1072 is lower than the 0.2 confidence value needed for IAEA
implementation, it is significantly higher than the 2.21 x 10~2 confidence value calculated
from the Chi-square approach. Along with this better performance, the SVM models, in
general, were able to detect a majority of the scenarios to some extent. In the previous
Chi-square approach, half of scenarios were considered to have a 0 confidence value due
to precision limits. Out of all 4 model variations and 12 diversion scenarios, only 4 of the
scenarios were considered to have a 0 confidence value.

The individualized models performed significantly better than the other SVM models.
Not only did these models improve the confidence values of the RETINA system, but they
were the most consistent models. After 100 iterations, a majority of the individualized
models converged to the exact same confidence value. The other models typically fluctu-
ated with a standard deviation of about 1073,

The other three models varied in performance depending on the scenario. In general,
the power-ignorant models performed second best compared to the individualized models.
Similar to the individualized models, the power-ignorant models are trained for specific

cases while remaining partially robust to the spectra oscillations of manipulated reactor
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Table 4.3: Detection confidence through SVM model approach

Scenario Individualized Models \ Power-Ignorant Models ‘
la Nominal 428x1072+694x1071% | 421 x107?+3.51x10~*
la Manipulated | 2.08 x 1072 £ 1.04 x 107" | 1.38 x 1072 £ 1.08 x 10~*
1b Nominal 3.63x1072+£694x1071% [ 352x1072+6.37x107*
1b Manipulated 228x1072+0| 1.82x1072 4+ 1.08 x 1073
2a Nominal 1.26x1072£520x 107 | 1.24x 1072 £ 1.26 x 107*
2a Manipulated 3.82x103+£0|278x 102 £1.37x 1073
2b Nominal 1.01x1072+£0[949x10° £1.38x10°°
2b Manipulated 270x 102 £0]9.63x107*+142x 1073
3a Nominal 893x10°+0|819x107% 4+ 1.48x1073
3a Manipulated 346 x 103 +0 | 1.97x 1072 £ 1.59 x 1073
3b Nominal 6.65x103£0|5.62x103+£1.31x1073
3b Manipulated 147x1073 40| 583x107* £ 1.36x107°

power.

The third best performing models were the power-ignorant unseen models.
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Table 4.4: Detection confidence through SVM model approach for unseen scenarios

’ Scenario Unseen Models \ Power-Ignorant Unseen Models ‘
1a Nominal 3.84x1072+6.10x 1074 4.05x 1072 +£4.38x 1074
la Manipulated | 1.34 x 1072 & 1.26 x 103 1.72x 1072 £ 1.02x 1073
1b Nominal 355x1072+641x 1074 3.62x 1072+ 5.81x 1074
Ib Manipulated | 1.40 x 1072+ 1.15x 1073 146x 1072+ 1.11x 103
2a Nominal 1.18x 1072+ 1.32x 10° 1.18x 1072+ 1.27x 10°
2a Manipulated | 3.27 x 1072 + 1.31 x 1073 341 x103 +£1.63x 1073
2b Nominal 0+1.77x 1073 0+145x1073
2b Manipulated 04+1.38x1073 04+1.38x1073
3a Nominal 791x10%+£133x10°° 805x 103+ 1.28x 1073
3a Manipulated | 2.54 x 1073+ 1.33x 1073 243x107% +£1.44x 103
3b Nominal 0+1.75x1073 0+ 1.81x1073
3b Manipulated 0+1.51x1073 0+ 1.64x1073
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CHAPTER §
CONCLUSIONS

5.1 Confidence in Antineutrino Yield

The uncertainty in the final antineutrino yields are considerably high, ranging from 3% to
48% depending on the energy bin and reactor of interest. Since background uncertainty was
typically the most significant component of uncertainty, reactor designs with a low signal-
to-background ratio had the largest fractional uncertainty for all energy bins. Regardless
of the reactor design, the lowest fractional uncertainties remained around the 4 MeV bin
due to the larger source term. Especially for the larger reactor, the LFR-FCR1, in which
background uncertainty, antineutrino yield uncertainty, and detector effects have compa-
rable significance in antineutrino yield confidence around the 4 MeV bin, the fractional
uncertainty becomes more consistent at a low value.

The background uncertainty was the most impactful component to the low confidence
in antineutrino yield. Considering background is an unavoidable aspect of the RETINA
system, there are two ways to mitigate this hindrance: by increasing the signal-to-noise
ratio or by gaining confidence in the detected background. As outlined in Equation 3.10,
the propagated uncertainty scales with both the source uncertainty and the background
uncertainty. If the background uncertainty cannot be improved, having a more significant
source term uncertainty would make the background uncertainty relatively insignificant.
Alternatively, the background uncertainty can be studied directly for uncertainty mitigation.

The second leading uncertainty, lowering the antineutrino yield confidence, is the an-
tineutrino yield uncertainty. This value corresponds to the sum of the antineutrino yield
libraries’ uncertainties weighted by the isotopic fission rates. While the libraries for the

less common reactor inventory actinides, such as Americium and Curium, include large
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theoretical uncertainties ranging from 20% to 50%, not many of these actinides produce
a notable amount of antineutrinos compared to U-235, U-238, and Pu-239. While U-235
or Pu-239 typically produce the most amount of antineutrinos in these simulated reactor
cores, U-238 contributes the most to the antineutrino yield uncertainty at low and high en-
ergy bins due to the uncertainty library. The U-238 antineutrino yield uncertainty library,
discussed in subsection 2.2.1, required high error bars for low and high energy bins based
on later-derived values for U-238 fast fission. For the overall antineutrino yield confidence
to increase, future research should focus on improving the antineutrino yield libraries for
common fissile isotopes, such as U-235 and Pu-239, as well as for U-238 for lower and
higher antineutrino energy bins.

Detector effects also played a significant role in the uncertainty propagated through the
RETINA system. The leading causes of uncertainty within these effects include inverse-
beta decay cross sections, number of protons within the scintillation medium, and the over-
all intrinsic efficiency of the system. The IBD cross section uncertainty is the most sig-
nificant of these components, nearly twice the relative contribution compared to the target
proton uncertainty and intrinsic efficiency uncertainty. While the uncertainty values for the
detector effects are accurate based on literature review, a more complex detector modeling
aspect should be applied to generate a more comprehensive understanding of how detector
effects fluctuate with varying antineutrino energies and detector designs.

If the RETINA system is to safeguard small reactor cores, this background uncertainty
must be significantly lowered. For the FHR, an 125 MWy, reactor design, the background
1s more significant than the other leading causes of uncertainty by a factor of 100 for high
yield energy bins and by a factor of 1, 000 for low yield energy bin. Even for the AFR-100, a
250 MWy, reactor design, the background uncertainty is more significant by factors ranging
from 10 to 100. With larger reactors, such as the LFR-FCR1, the source term uncertainty
is large enough to mitigate the significance of background uncertainty compared to the

antineutrino yield uncertainty and detector effects uncertainty.

69



As for the temporal significance in antineutrino yield confidence for antineutrino-based
safeguards, the largest difference forms from the antineutrino yield uncertainty. The fissile
inventory shifts overtime as fuel is produced and depleted. Over the 30 EFPY lifespan of
the AFR-100 fuel, Pu-239 becomes the leading antineutrino-producing isotope, replacing
U-235. This shift in antineutrino generation propagates through the antineutrino yield un-
certainty portion of the RETINA system. There is also a slight shift in the role between
background uncertainty and the other forms of uncertainty due to the change in antineu-
trino production. Since, on average, Pu-239 generates fewer antineutrinos than U-235 per
fission, switching to a Pu-239 fuel source would alter the signal-to-background ratio. With
U-235 and Pu-239 having similar antineutrino yield uncertainty libraries, this temporal ef-

fect has little influence on the overall antineutrino yield confidence of the RETINA system.

5.2 Confidence in Diversion Scenario Detection

The following conclusions are found in Dunbrack et al. [72]. While none of the SVM
models were able to classify diversion scenarios above the IAEA-set confidence level, all
of the models performed better than the Chi-square goodness of fit approach for non-zero
confidence values. Also, scenarios that were previously considered 0 now have confidence
values. From this change in antineutrino yield processing, all 12 scenarios can be ranked in
order of risk. For example, diversion scenario 3b nominal, with a confidence value of 6.65
x 1072 for individualized SVM models, is easier to detect compared to diversion scenario
3b manipulated, with a confidence value of 1.47 x 1073 for individualized SVM models.
The previously used Chi-square approach would consider these scenarios equivalent in risk
(with a 0 detection confidence value).

The most significant scenario parameter that influenced the diversion detection confi-
dence was the number of diverted assemblies and their locations. The RETINA system
could best isolate diversion scenarios in which 1 SQ of plutonium was diverted from 1

assembly. The next most meaningful diversion variable is reactor power manipulation. If
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the reactor operator is an adversary and attempts to mask the shift in antineutrino yield
through reactor power manipulation, they can significantly reduce the confidence in diver-
sion scenario detection. The final variable in scenario selection was fuel replacement. The
RETINA system is less confidence in scenarios with LEU fuel replacement compared to
NU. In summary, the RETINA system is most prepared for scenarios in which only one
assembly is diverted, the reactor is operating at nominal thermal power, and the diverted
Pu-239 is replaced with NU. The RETINA system is least prepared for scenarios in which
multiple assemblies are diverted, the reactor is operating at a manipulated thermal power,
and the diverted Pu-239 is replaced with LEU.

The individualized models performed significantly better than than the power-ignorant
models, the unseen models, and the power-ignorant unseen models. This is expected since
each model is custom to the scenario of interest and does not need to be robust to a complex
system of spectra. The power-ignorant models require a more generalized model that can
process the information from the deviation of nominal scenarios and from the oscillation
of manipulated power scenarios. The unseen models require similar complexity to become
robust to any deviation from the reference case. The power-ignorant unseen models need
both oscillation generalization as well as robustness for unexpected spectra.

The power-ignorant unseen models were not only robust enough to reasonably detect
diversion scenarios, but they were more confidence in the detected diversion scenarios in
certain cases compared to the power-ignorant. Power-ignorant unseen models are better
performing than the power-ignorant models since there are more diverse diversion scenarios
within the training dataset, making a more robust system.

The power-ignorant unseen models also led to higher confidence values than the unseen
models. While the unseen models train from a larger variety of scenarios compared to the
power-ignorant unseen models, the power-ignorant models have a more balanced dataset in
regards to power manipulation. For example, for the unseen model tested against scenario

la nominal, the model should utilize generalize deviation rather than an oscillation effect
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since there is no oscillation in the nominal case. The model, however, is trained from 6
datasets with the oscillating spectra and only 5 datasets with no oscillation spectra. This
imbalance in oscillation-based datasets caused the models to focus primarily on the less
common pattern.

Both the unseen models and power-ignorant unseen models included confidence values
of 0. These harder-to-detect scenarios, as supported by the individualized models, fall
below the precision limit of this method. Since a total of 10° samples were generated for
each model, the unseen models and power-ignorant unseen models, including 11 and 10
training datasets, respectively, have fewer samples from each scenario compared to the
other two models. With fewer samples from each distribution, the classification boundaries

are less likely to reach the true optimal position.

5.3 Future Work

There are many components of the RETINA system that can be improved. Aside from
fundamental library improvements, such as with antineutrino yield libraries and inverse-
beta decay cross section libraries, the are more RETINA system-focused improvements
that can be made directly to the safeguards system. This future work includes applying
the system to different reactor designs, utilizing more realistic multi-physics models, and
implementing new ML techniques to improve our final confidence in the system.

The RETINA system could be used to safeguard an evolving nuclear industry with
novel fuel types and complex facilities. Bulk fuel, for example, would require new safe-
guards for implementation [83]. An FHR with TRISO fuel, a previously mentioned fuel
type in subsection 2.4.1, can be simulated in SERPENT?2 with a variety of simplified diver-
sion scenarios for confidence analysis. A simplified diversion scheme can be applied since
assembly location would no longer be a user-controlled parameter. The RETINA system
could also be applied to a facility with many small reactors. While the current RETINA sys-

tem is unable to effectively safeguard small reactors following the IAEA confidence limits,
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the system could have value in safeguarding a facility that contains many small reactors.

The simulation capability of the RETINA system can also be improved to account for
more realistic and complex behaviors within the system. For example, there are uncer-
tainties, such as those associated with reactor burnup and thermal power fluctuation, that
would directly influence the isotopic fission rate. Rather than including these uncertainties
on deterministically through propagation of error, a Monte Carlo method can be used to
sample for power level and burnup history distributions for a more all-encompassing iso-
topic fission rate. This Monte Carlo approach has already been applied to some degree for
cross sections in SERPENT through Total Monte Carlo (TMC). The detection translation
component can also be more comprehensive by applying high-fidelity reactor modeling
through GEANT4 simulation. Although there is a loss in interpretability through a Monte
Carlo approach, the RETINA system is more realistic with complex relationships.

A modern ML technique, temporal difference learning, can be applied to the RETINA
system to improve the final system diversion detection confidence. Since there are an infi-
nite number of reactor diversion scenarios possible for simulation, a reinforcement learning
(RL) model agent can be used to determine the optimal scenarios to remove SNM from a
reactor core without being detected by the RETINA system. The RETINA system can
then be trained to effectively detect these scenarios. With the RETINA system altered for
these specific scenarios, the RL agent can then generate a new set of reactor diversion sce-
nario simulations to avoid detection. This back-and-forth computational process, referred
to as temporal difference learning, would provide a single, fundamental confidence value as
well as identify possible antineutrino-based safeguards concerns for researchers and policy

makers.
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APPENDIX A

AL MATERIAL FOR ANTINEUTRINO YIELD CONFIDENCE

U233 u23a u23s U236 U238 Np237 Pu238 Pu239 Pu240 Pu241 Pu242 Am241 Am242 Am24zm Am243 cm243 cm244 cma24s
Fissions 4516190e+11 3.101479+14 4.497990e+18 2.954330e+16 1162460e+18 7.602470e+15 3.404290e+15 1891190e+18 2.603550e+16 1559900e+16 9.290770e+13 1921310e+14 4.479630e+1l 7.183630e+13 7.187650e+12 1.348230e+12 4.040800e+12 8.973380e+11
U233 2039597e+23 5.836213e+24 5.890995e+26 5.416980e+25 3517426e+26 2.585365e+25 1705023e+25 3928848e+26 5150050e+25 3.804195e+25 3.029431e+24 4.136326e+24 2023086e+23 2572052e+24 7.803250e+23 3.497747e+23 5.950583e+23 2.858384e+23
U238 5836213e+24 16700056426 1685681e+28 1550044e+27 1006495€+28 7.397903e+26 4.8768456+26 1124222e+28 1473666e+27 108B553e+27 8.068578+25 1.183591e+26 5.788967e+24 7.359800e+25 2.232864e+25 1.000864e+25 1705307e+25 B8.179135e+24
U235 5890995+26 1.685681e+28 17015040430 15645030429 1015043e+30 7.467344e+28 4.924641e+28 1134774e+30 14874980429 1098771e+20 8.749946e+27 1.194701e+28 5.843306e+26 7.428803e+27 2.253823e+27 1010259e+27 17213140427 82550006426
U236 5416980e+25 1550044e+27 1564593e+29 1438699e+28 9.341957e+28 6.800489€+27 4.528383e+27 1.043465¢+29 1367808e+28 1010359e+28 8.045887e+26 1098570e+27 5.373128e+25 6.831131e+26 2.072470e+26 9.289691e+25 15828108+26 7.591602e+25
U238 3517426426 1.006495+28 10150430430 03419572428 6.066045e+29 4.458641e+28 2.040430e+28 6.775570e+29 88816340428 6.560507e+28 5.224464e+27 7.133381e+27 3.4880520+26 44356820427 1345724e+27 6.032107e+26 1.027771e+27 4.929481e+26
Np237  2.585365+25 7.397903e+26 7.467344e+28 6.86648%e+27 4.45804le+28 3.277173e+27 2.161264e+27 4.980153e+28 6.528144e+2] 4.822144e+27 3.840065€+26 5.243150e+26 2.564436e+25 3.260298e+26 9.891292+25 4.433096e+25 7.554284e+25 3.623248e+25
Pu238  1705023e+25 4.878845e+26 4.924641e+28 4.528383e+27 2.940430e+28 2.161264e+27 1425333e+27 3.284363e+28 43052480427 3.180157e+27 2.532486e+26 3.457807e+26 1691221e+25 21501350426 6.52321le+25 2.923979e+25 4.981977e+25 2.380497e+25
Pu239  3.928848e+26 1124222028 1134774e+30 1043465e+29 6.775570e+29 4.980153e+28 3.284363e+28 7.568085¢+29 7.327967e+28 5.835551e+27 7.967748e+27 4.954509e+27 1503129e+27 6.737662e+26 1.147986€+27 5.506066€+26
Pu240  5150059+25 1473666e+27 1487498e+29 13678080428 8.8B1634e+28 6.528144e+27 4.305248e+27 9.020488¢+28 13004002428 9.605734e+27 7.649428e+26 1.044438e+27 5.108368e+25 64945290426 1970350e+26 8.831943e+25 1504817e+26 7.217528e+25
Pu281  3804195e+25 1088553e+27 1098771e+29 1010350e+28 6.560597e+28 4.82214de+27 3.180157e+27 7.327967e+28 9.605734e+27 7.095468e+27 5.650403+26 7.714950e+26 3773398e+25 4.797314e+26 1455438e+26 6.523892+25 1111563e+26 5331371e+25
Pu242  3.029431e+24 B.668578e+25 B.749946e+27 B.045887e+26 5.224464e+27 3.840065+26 2.532480e+26 5.835551e+27 7.649428¢+26 5.650403e+26 4.499640e+25 6.143721e+25 3.004907e+24 3820292e+25 1159023425 5.195234e+24 8.851819e+24 4.245583e+24
Am241  4136326e+24 1.183591e+26 1194701e+28 1098570e+27 7.13338le+27 5243150e+26 3.457807e+26 7.967748e+27 1044438e+27 7.714950e+26 6.143721e+25 8.388517e+25 4102841e+24 5216151e+25 1582508e+25 7.093471e+24 1208610e+25 5.796836e+24
AmM242  2.023086+23 5.788967e+24 5.843306e+26 5.373128e+25 3.48B952e+26 2.504436e+25 1691221e+25 3.8970426+26 5.108368e+25 3.773398e+25 3.004907e+24 4.102841e+24 2.006708e+23 2.551231e+24 7.740080e+23 3.469432+23 5.911338e+23 2.835245€+23
Am242m  2.572052e+24 7.359809e+25 7.428893e+27 6.831131e+26 4.435682e+27 3.260298e+26 2.150135e+26 4.954509e+27 6.94520e+26 4.797314e+26 3.820292e+25 5216151e+25 2551231e+24 32435100425 9.840358e+24 4.410866e+24 7.515385e+24 3.604591e+24
AM243  7.803250e+23 2.232804e+25 2.253823e+27 1.345724e+27  9.89129: 6523211 1503129e+27 1.970350e+26 1.4554386+26 1159023e+25 1582508e+25 7.740080e+23 9.840358e+24 2.985428¢+24 1338195e+24 2.280064€+24 1.093583e+24
Cm243  3.497747e+23 1.000864e+25 1.010259e+27 9.289691e425 6.032107e+26 4.433696e+25 2.923979e+25 6.7376620+26 88319430425 6.523892e+25 5.195234e+24 7.003471e+24 3.4604320+23 44108660424 1338195e+24 5998359423 1.022021e+24 4.901902e+23
Cm244  5959583e+23 1705307e+25 1721314e+27 15828106426 102777le+27 7.554284e+25 4.981977e+25 1147986e+27 1504817e+26 1111563e+26 8.851819e+24 1208610e+25 5911338e+23 7.515385e+24 2.280064e+24 1022021e+24 17413556+24 8.352030e+23
Cm245  2.858384e+23 8.179135+24 8.255009e+26 7.5016020425 4.92948le+26 3.623248e+25 2.389497e+25 5.506066e+26 7.2175280425 5.331371e+25 4.245583+24 5.796836e+24 2.8352450+23 3.604501e+24 1093583e+24 4.901902e+23 8.352030e+23 4.005870e+23

Figure A.1: Fission-covariance matrix for a simulated fresh core AFR-100 reactor
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Figure A.2: Antineutrino spectra for U-235 (left) and Pu-239 (right)
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Figure A.3: Relative antineutrino spectra uncertainty for U-235 (left) and Pu-239 (right)
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Figure A.4: Total antineutrino generation rate (left) and relative antineutrino generation
rate variance (right) for a simulated fresh core AFR-100 reactor
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Variance Fraction Variance Fraction

Energy Bin Center [MeV] Energy Bin Center [MeV]
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Figure A.5: Variance fraction for the fission rate uncertainty (left) and power uncertainty
(right) for a simulated fresh core AFR-100 reactor
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Figure A.6: Inverse-beta decay cross sections fit to match desired energy bins
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Figure A.7: Expected background event rate and error fit to match desired energy bins
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Figure A.8: Antineutrino detection rate for a simulated fresh core AFR-100 reactor
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Figure A.9: Antineutrino yields for a 3 month collection period with associated uncertain-
ties for a simulated fresh core AFR-100 reactor
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Figure A.10: Contributing uncertainties for a simulated fresh core AFR-100 reactor
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APPENDIX B
SUPPLEMENTAL MATERIAL FOR DIVERSION SCENARIO DETECTION
CONFIDENCE
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Figure B.1: Oscillation effect from goodness-of-fit function minimization for diversion 1b
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Figure B.2: Oscillation effect from goodness-of-fit function minimization for diversion 2a
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Figure B.3: Oscillation effect from goodness-of-fit function minimization for diversion 2b
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Figure B.4: Oscillation effect from goodness-of-fit function minimization for diversion 3a
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Figure B.5: Oscillation effect from goodness-of-fit function minimization for diversion 3b
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