Communicating Research to the General Public

The WISL Award for Communicating PhD Research to the Public launched in 2010, and since then over
100 Ph.D. degree recipients have successfully included a chapter in their Ph.D. thesis communicating their
research to non-specialists. The goal is to explain the candidate’s scholarly research and its significance—as
well as their excitement for and journey through their area of study—to a wider audience that includes family
members, friends, civic groups, newspaper reporters, program officers at appropriate funding agencies, state
legislators, and members of the U.S. Congress.

WISL encourages the inclusion of such chapters in all Ph.D. theses everywhere, through the cooperation
of PhD candidates, their mentors, and departments. WISL offers awards of $250 for UW-Madison Ph.D.
candidates in science and engineering. Candidates from other institutions may participate, but are not eligible
for the cash award. WISL strongly encourages other institutions to launch similar programs.

Wisconsin Initiative for
Science Literacy

The dual mission of the Wisconsin Initiative for Science Literacy is to promote
literacy in science, mathematics and technology among the general public and
to attract future generations to careers in research, teaching and public service.

Contact: Prof. Bassam Z. Shakhashiri
UW-Madison Department of Chemistry

bassam@chem.wisc.edu

www.scifun.org



mailto:bassam@chem.wisc.edu
http://www.scifun.org/

State-Level Nuclear Fuel Cycle Simulations for

International Safeguards Applications
by

Kathryn A. Mummah

A dissertation submitted in partial fulfillment of

the requirements for the degree of
Doctor of Philosophy
(Nuclear Engineering and Engineering Physics)
at the
UNIVERSITY OF WISCONSIN-MADISON
2025
Date of final oral examination: January 28, 2025

The dissertation is approved by the following members of the Final Oral Committee:
Paul P.H. Wilson, Professor, Nuclear Engineering and Engineering Physics
Adrien Couet, Professor, Nuclear Engineering and Engineering Physics
Benjamin Lindley, Assistant Professor, Nuclear Engineering and Engineering Physics
Styliani Avraamidou, Assistant Professor, Chemical and Biological Engineering

Vlad Henzl, R&D Engineer, Los Alamos National Laboratory



Xix

O URANIUM’S LIFE STORY AND A GLOBAL HIDE & SEEK GAME

Preface

Science is only useful when it is communicated. Scientific journals and conferences
propagate advancements within a discipline and allow scientists to build on each
other’s work. Events with schools help grow the next generation of scientists, and
I can trace my own journey back to science summer programs and opportunities
to meet scientists as a kid. General audience media is for everyone to enjoy and
explore the new knowledge and capabilities generated each day by scientists and
engineers.

For many scientists, however, only the first type of communication counts as
part of their jobs unless they can convince high-profile organizations like Scientific
American to cover their research. But scientific knowledge should be for everyone.

Nuclear engineering has a long and complex relationship with public communi-
cation. When the fields of risk communication and decision science were first being
developed, nuclear energy, nuclear waste, and nuclear weapons were consistently
studied as examples of industrial hazards.

After the Three Mile Island accident in 1979, the nuclear power industry learned
to communicate its operational experience across companies (a very good practice
that continues today) and to limit its communication to the public to avoid potential
communication mishaps (a bad practice that is still being unlearned). The limited
public communication strategy backfired, allowing entertaining but not factual
portraits of nuclear power like The Simpsons and anti-nuclear energy activists to
dominate the information ecosystem. The lack of public presence has contributed to

the spread of misperceptions and a general lack of awareness of nuclear energy com-



XX

pared to other energy sources. Nuclear engineering has always needed messengers.
Here is my story as a nuclear engineer and the story of my dissertation.
This chapter is also part of the Wisconsin Initiative for Science Literacy (WISL)

Communicating PhD Research to the Public project. I am grateful to the WISL team,

Bassam Shakhashiri, Elizabeth Reynolds, and Cayce Osborne, for creating this
project and encouraging Ph.D. students to make sure their work is accessible to a
broad audience. They also guided me through this process and edited this chapter,
which I greatly appreciate. You can also read dozens of other dissertation general

audience chapters on their website.

tl;dr

Over 180 countries have signed the Treaty on the Non-Proliferation of Nuclear
Weapons [3], promising never to develop nuclear weapons. We don't just take them
at their word, though. In signing the treaty, each country agreed to declare their
nuclear materials and facilities and open them up for inspection to an independent
agency within the United Nations system, called the International Atomic Energy
Agency (IAEA). My dissertation enhances the capabilities of a computer code called
Cycrus, which models the movements of nuclear materials throughout their entire
lifecycle, to support this verification system.

I demonstrated the ability of CycLus to “play nicely” in the international safe-
guards verification system by incorporating an analysis technique that’s already
used in the field into the Cycrus ecosystem. I dug into the way that nuclear fa-
cilities in CycLus trade nuclear materials between them, adding new capabilities
that replicate more complex behavior and overcome prior limitations. I created a

tool to convert those simulations into synthetic nuclear material accounting reports
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using the exact format that countries have to use when they submit their reports
to the IAEA. Finally, I created a small set of fake countries that can be used for
demonstrations of realistic nuclear material movements without being limited by
what exists today.

Together, these capabilities can be used to create synthetic versions of nuclear
material accounting reports, which real countries use to record detailed information
about their nuclear materials. These synthetic reports can be used to find more
efficient ways to implement the IAEA’s inspection system, especially useful now
with the agency having a strained budget and increasing number of nuclear facilities
to inspect. They can also be used to look for previously unknown signatures of
nuclear material diverted away from peaceful uses towards a potential nuclear

weapons program.

Introduction

I'm part of a global hide-and-seek game, where the stakes could not be higher.
Any time a new country develops nuclear weapons, the potential for accidental or
intentional use increases.

Let’s call any country that wants nuclear weapons the hider. I don’t know if
or how many hiders even exist. If any do, they have access to an entire nation’s
resources to stay undetected. I use the analogy of a kid’s game, but in the real world,
this is deadly serious. Any hiders do not want to be found.

Who are the seekers? Well, anyone who doesn’t want additional nations with
nuclear weapons to exist as a start. But more specifically, the International Atomic
Energy Agency (IAEA). This organization is affiliated with the United Nations

and tasked with enforcing the provisions of the Treaty on the Non-Proliferation of
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Nuclear Weapons (NPT) [3]. Nearly every country in the world is a member of
the treaty, which places each signatory nation into one of two categories: nuclear-
weapon States, and non-nuclear-weapon States. The IAEA calls countries/nations
States with a capital S, which is the terminology used through the rest of the disser-
tation, but I'll stick with countries here.

In this analogy, I'm not a seeker, I'm more like the seeker’s support team. My goal
is to find new ways to seek out clandestine nuclear activities. I'm building software
that enables researchers to play virtual hide-and-seek, where they get to act as both
sides of this adversarial game. By simulating many hypothetical hide-and-seek
games, we can hopefully make it easier to detect potential real-life secret nuclear

weapons programs.

So how does one end up getting a nuclear engineering Ph.D. in

nuclear nonproliferation?

I mentioned that my work is designed to help detect the spread of nuclear weapons
technology. We'll return to the story later, there’s a lot more to tell. But right now, I
want to share with you how I ended up here.

As a kid, I fell in love with the mountains. My dad’s family is from central
Pennsylvania, in the heart of the Appalachian Mountains. We would visit them
every year. Those mountains are old, older than anything humans can really wrap
our minds around. They're a product of immense geologic forces. Every mountain
stands in defiance of the gravity, wind, and water that seek to pull them back down.
I was, and am, awestruck.

These dominating and yet delicate landscapes drew me to a passion for the

environment as I grew older. I wanted to study natural systems, I thought. I wanted
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to be a meteorologist or an astrophysicist. Maybe a geologist studying water systems?
I learned that mountains, like every other ecosystem on our planet, are affected by
climate change, which spurred my passion even more.

Then, I learned about engineering and decided that I could channel my energy
into climate solutions. I could use the power of applied science to protect the natural
systems I loved. My attention eventually fell on energy, which powers our modern
life. The widespread adoption of electricity, much of it generated from burning coal
and other fossil fuels, has enabled many of our technological advances in the past
century. Of course, it has also pumped enormous amounts of carbon and other
greenhouse gases into the atmosphere.

I believe that we need to build a future that doesn’t emit carbon but also allows
the entire world to reach the living standards we enjoy in the United States. We need
a world powered by clean energy. I sought information about solar, wind, hydro,
geothermal, and nuclear energy.

I now know that all kinds of engineers work on climate solutions. But as a
17-year-old, it made sense to pursue a major that was such an obvious pathway to
work on clean energy: nuclear engineering. I was lucky to find mentors and role
models who helped me see nuclear energy and engineering as a viable degree and
career for myself.

It turned out to be a perfect fit for me. Nuclear engineering is very physics-
heavy for an engineering field, letting me satisfy my childhood dream of studying
complex scientific systems. The field holds so much promise, but there are also
many challenges to overcome. I didn’t want a slam dunk.

As an undergraduate student, I discovered that I had a passion for interdisci-
plinary challenges. I loved the pure science and the engineering of my classes, but I

was drawn to the socio-political aspects of nuclear energy and engineering in the
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real world.

It wasn’t until the summer after I got my bachelor’s degree that I even really
thought about nuclear weapons. Nuclear engineering programs train students
specifically for careers in nuclear energy or in medicine. Nuclear technology has
so many incredible peaceful uses. Although it’s common for people to assume
that nuclear power plants can blow up like an nuclear bomb, the technologies are
designed very differently; even the worst possible nuclear accidents could not cause
an explosion like a nuclear weapon. Undergraduate nuclear engineering students
are not typically taught about nuclear weapons proliferation or the prevention of
nuclear weapons proliferation through nonproliferation.

Nuclear nonproliferation only became a focus of mine when I came to Los Alamos,
New Mexico for the first time as an intern at Los Alamos National Laboratory
(LANL). I studied the use of nuclear thermal rockets for space power, but I also
learned nuclear history. Known as the birthplace of the atomic bomb, Los Alamos
played a pivotal role in the Manhattan Project (have you seen Oppenheimer?).

"[N]uclear war cannot be won and must never be fought". U.S. president Ronald
Reagan and then-Soviet president Mikhail Gorbachev made this statement in 1985,
and it’s still powerful, and true, today. It is so important that the five nuclear-weapon
State signatories of the NPT, the U.S., France, UK., Russia, and China have recently
released a joint statement re-affirming the phrase.

That summer, I learned about the Treaty on the Non-Proliferation of Nuclear
Weapons. I learned that the IAEA is still checking to make sure that countries that
signed the treaty as non-nuclear weapons States are holding up their end of the
bargain. And I found a way to think about climate change and nuclear weapons
together as two existential threats to humanity.

I'joined the hide-and-seek game.


https://www.whitehouse.gov/briefing-room/statements-releases/2022/01/03/p5-statement-on-preventing-nuclear-war-and-avoiding-arms-races/#:~:text=We%20affirm%20that%20a%20nuclear,deter%20aggression%2C%20and%20prevent%20war
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Figure 0.1: The nuclear fuel cycle starts with mining of uranium and/or thorium and ends with
disposal of nuclear materials. Reprocessing can be used to recycle used nuclear fuel for additional use
in a reactor, which is called a closed nuclear fuel cycle. Otherwise, the fuel cycle is called open.

The uranium lifecycle

My work brings together two different applications of nuclear engineering that have
historical overlap but have long since diverged. I'll introduce them separately and
then tell you how I brought them together and what my work enables.

Although I bridge two disciplines, I consider myself first and foremost an expert
in nuclear fuel cycle modeling. The nuclear fuel cycle is a technical term for the
lifecycle of nuclear materials like uranium. This encompasses all the steps from
digging up uranium-bearing ore from the ground to the chemical processing that
turns rock into highly refined nuclear fuel assemblies, to the reactor itself, where
uranium is split in two by a process called nuclear fission, to the final permanent
disposal of nuclear fuel back underground.

Much of nuclear engineering is focused on the nuclear chain reaction occurring
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in the reactor core and all the complicated processes that are needed to build and
maintain a nuclear reactor and turn the energy from nuclear fission into usable
electricity. My work in the nuclear fuel cycle is instead focused on the supply chain
of nuclear materials that fuel the reactor and is responsible for the used nuclear fuel
afterwards.

I went to graduate school specifically to pursue nuclear fuel cycle modeling.
From my earliest days as an undergraduate in nuclear engineering, I was drawn to

the complex system that supports energy-producing nuclear reactors.

International nuclear safeguards, the global hide and seek game

At the advent of the nuclear age, in 1945, only one country had nuclear weapons. The
United States developed nuclear weapons in the secret Manhattan Project during
WWIL The U.S. announced their existence by deciding to drop two nuclear bombs
on Japan, killing between 110,000 and 210,000 people depending on the source and
their assumptions [4].

U.S. President Dwight D. Eisenhower gave his famous “Atoms for Peace” speech
in 1953, leading to the creation of the IAEA as an independent agency within the
United Nations family. The IAEA was created to promote peaceful uses of nuclear
technology, which are now entrenched in modern life. Nuclear power has produced
nearly 20% of American electricity for decades and has avoided over 1.8 million
deaths that would have been caused by air pollution if the same electricity had been
generated by fossil fuels [5]. Nuclear technology has also saved millions of lives
through the development and use of nuclear medicines, and food irradiation limits
the spread of foodborne illnesses and can limit food waste by extending the shelf

life of products.
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But the nuclear materials used in nuclear energy, like uranium, can also be used
in a nuclear weapons program. One of the very first public reports on the potentials
of atomic energy, released by a committee of the United Nations approximately one
year after the atomic bombings of Hiroshima and Nagasaki, made this connection

explicitly [6].
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A notation accompanying this chart says: “Waste products from the various stages in the processes may be reprocessed to recover the uranium or plutonium which they
contain. For simplicity, such operations have not been shown.” ,

Figure 0.2: This diagram, produced by the newly-formed Atomic Energy Commission of the United
Nations in 1946 [6], is likely one of the first nuclear fuel cycle diagrams ever produced. It notes that
every step could possibly diverted “to secret weapons production”.

By the mid-1960s, five countries had developed nuclear weapons and many more
were either pursuing them or considering developing a nuclear weapons program.
The U.S. and the Soviet Union led the development of a treaty to limit the further
spread of nuclear weapons while explicitly supporting the use of peaceful uses of
nuclear technology.

The NPT was a landmark treaty, with several core principles laid out in the
individual Articles. Signatories of the treaty were categorized as nuclear-weapon

States or non-nuclear-weapon States. The non-nuclear-weapon States agreed not to
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develop nuclear weapons or other nuclear explosive devices, and nuclear-weapon
States agreed not to share their nuclear weapon technology. Everyone agreed to
promote and share peaceful nuclear technologies.

And the non-nuclear-weapon States agreed to allow safeguards, defined in the
NPT as “verification of the fulfillment of its obligations assumed under this Treaty
with a view to preventing diversion of nuclear energy from peaceful uses to nuclear
weapons or other nuclear explosive devices.”

This mission of safeguards continues today, with over 180 countries as non-
nuclear-weapon States signatories of the NPT. While most of the non-nuclear-
weapon States have few nuclear materials or facilities, there are hundreds of nuclear
reactors and other fuel cycle facilities under safeguards around the world. For ex-
ample, large nuclear power programs like Canada’s and South Korea’s have dozens
of reactors between them, and there are critical nuclear fuel cycle facilities, like
uranium enrichment and fuel fabrication, in Germany and the Netherlands.

All of this verification work, which includes
careful evaluation of every nuclear material move-
ment between facilities and inspectors flying
around the world to physically assess nuclear mate-

rials, must be conducted under a regular budget of

about $181.5 million, using the average 2023 EUR-

USD exch te. This is less than the Universit
exchange rate. 1hs 15 fess than the Lhversity Figure 0.3: The IAEA regular budget

of Wisconsin-Madison reported in athletic spend- for safeguards is slightly less than the

UW-Madison athletic budget.
ing during the 2022-2023 school year.
Given a massive mandate and a limited and stagnant budget, there is a demand

for new techniques that help the safeguards process become more efficient while

adapting to new facilities and challenges.
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My thesis

By the 2000s, work in nuclear fuel cycle simulation had long since diverged from
international safeguards. At least informally, the safeguards community perceived
that computer codes designed for nuclear fuel cycle simulation were not detailed
enough to be useful.

As an early grad student, I started attending conferences on nuclear nonprolifer-
ation and introduced myself and my background in nuclear fuel cycle modeling. I
was met repeatedly with the perception that the codes that I worked with were not
useful and that previous efforts were undereducated in safeguards.

Part of this challenge is the vastly different time scales on which long-term nu-
clear energy planning and international safeguards operate. The former considers
decades, even centuries, into the future and can, therefore, oversimplify what hap-
pens on a day-to-day level. The latter is tasked with identifying signs of nuclear
material diversion as quickly as possible and is concerned with the patterns of
nuclear material movement each day and month.

This skepticism motivated my first project, which was designed specifically to
demonstrate how a nuclear fuel cycle simulator could be used within the existing

techniques of international safeguards.

Meeting the field of international safeguard where they are

The first project of my dissertation takes an existing methodology developed by
the IAEA, acquisition path analysis, and implements it within the ecosystem of a
nuclear fuel cycle simulator. This work was meant to show that not only could we
use the flexible nature of Cycrus to replicate an existing technique, but that there

were opportunities to further advance the technique using specialized capabilities
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for modeling the movements of nuclear materials that are available within Cycrus.
Acquisition path analysis looks at all parts of the nuclear fuel cycle and simplifies
them down to a mathematical model called a graph, where all of the facilities are
called nodes, and the nuclear materials that could be traded between them are edges
that connect the nodes.
This graph theoretic representation is a very common

Node

technique in mathematical modeling. Graphs are used to

represent all kinds of systems. A familiar use of graphs "

is social graphs created by social media. You and your

friends on a social media platform can be represented as

a graph; each individual person is a node, and the edges Figure 0.4: A graph
represent the connections between you and another per-

son.

In the most basic type of graph, edges are bidirectional. There’s no to or from,
both ends of the edge are the same. However, when edges represent nuclear material
flows, they are directional. There is a place where the nuclear material comes from
and a place where it goes to, like an arrow rather than a line.

A social media graph can go either way. On Facebook, the connections, called
“friends”, are mutual. Regardless of who sends the request and who accepts it,
friendship goes both ways. Platforms that use followers are directional, such as
X/Twitter, Bluesky, and Instagram. On these directional graphs, someone you follow
is an edge that goes from you to them, and then if that person follows back a second
edge goes from that person back to you.

This directional graph, or digraph, is the type of graph that we use to represent
the nuclear fuel cycle. After carefully setting up nuclear facilities and nuclear

materials that should be in your graph, my tool uses analysis techniques to generate



XXXi

Reactor

Used nuclear fuel

Nuclear fuel

Uranium assemblies

source

O

Reprocessing

Y

Recycled uranium
and plutonium

Fresh
uranium Fuel
fabrication

Figure 0.5: A directional graph. If the nodes were people instead of nuclear facilities and the edges
were directional follows, this would be a would be a weird love triangle.

several metrics of interest. The famous "Six Degrees of Kevin Bacon" game of acting
in Hollywood is an example of a metric from a graph where the nodes are people,
and the edges represent the two actors acting in the same movie or show. How
many steps connect Kevin Bacon and another actor is a type of metric.

Some of the metrics in my tool include the number of different ways to produce
nuclear materials of interest, the shortest path to those materials, and which paths
loop back on top of themselves, called cycles.

The tool I created to conduct acquisition path analysis was a great first step to
demonstrate a system that could be deployed in an international safeguards context.
I presented my work, including a live demonstration of an interactive tool, at the
same conference where I had previously experienced skepticism at the usefulness
of nuclear fuel cycle simulators. I won first place in the student paper award.

However, I ran into a problem. There wasn’t additional information available
about where to take my tool next, what new metrics would be helpful to the IAEA.
This lack of information would be great for some researchers but not for the highly
applied nature of international safeguards.

Consider research in science and engineering as a continuum from basic to
applied. I don't mean basic as in simple. I mean basic as in fundamental, studying

the core properties of a system. Think about some famous scientists you've heard
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of, they are all likely people who studied basic science. The intellectual lineage of
nuclear engineering is built on the basic science that Marie Curie did to identify the
principles of radioactivity and discover the elements radium and polonium.

The other end of the spectrum is typically categorized as engineering, where
the basic principles of science are applied to a system to build something or do
something with a specific purpose. The field of international safeguards is at the far
end of the spectrum on the applied side. The goals are very specific and connect
back to the NPT and the mission of the IAEA to promote the spread of peaceful
uses of nuclear energy while "supporting global efforts to stop the spread of nuclear
weapons".

Any research in international safeguards has a single specific customer: the
IAEA. Unlike basic science, research is driven by a clear need, a specific way to apply
the new results, technique, or tool being developed. Any new tool or capability
must lie within the bounds of the NPT, and all the agreements between individual
countries and the IAEA that dictate the details of safeguards implementation.

When I got into international safeguards, I started to hear quips about how
university students kept coming up with new ideas, methods, and tools that were
novel and warranted a master’s degree or PhD, but they weren't useful. They didn’t
solve any real problems. Or, they could not be applied to a real system because they
didn’t understand the needs and limitations of the international safeguards system.

Once I had replicated the technique of acquisition path

analysis using the open literature available to me, I ran into a

Here lies
PhD

“Interesting but
not relevant”

situation where I was concerned that if  went further and came
up with something novel I would become another one of those

students who did interesting work that was ultimately doomed

to live on a shelf, because there was not enough information
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available about how to further develop the technique in a meaningful way.
Instead, I wrapped up this tool, called it a prototype, and recognized that I had
met my goals. Not only had I replicated the technique within a field cycle simulator,
but I had also clearly caught the attention of the community and demonstrated that
this type of computational tool, the nuclear fuel cycle simulator, has great promise.
Around this time, I was also given an opportunity to come back to a U.S. National
Laboratory, where I had interned before, to work on projects that were already
funded by international safeguards, where I could apply my expertise. So, I made
a pivot, and I picked up some new work that either became or inspired all of the
other parts of my dissertation. I packed up and moved to northern New Mexico to

continue my research at LANL.

Refocusing CycLus capabilities on the needs of international

safeguards

I came to LANL to work on a project to recreate accounting reports for nuclear
material, which I believed could be done using the Cycrus nuclear fuel cycle simula-
tor. These reports are something that all non-nuclear-weapon States must regularly
submit with information on their nuclear material, location, composition, and move-
ment.

The IAEA created a format for these accounting reports, and I developed a tool
that could take a simulation of a country and create synthetic versions of those
nuclear material accounting reports. But while doing that, some limitations of
Cycrus arose. These limitations were critical for international safeguards and had to
be addressed.

This was reinforced by a meeting I had at the time with somebody who knew how
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this tool would be applied if it ever got transferred to the IAEA, and her reaction
immediately identified some of these deficiencies in our modeling capabilities,
pointing out that our tool couldn’t be useful if we didn’t address these shortcomings.
So, I'set out to develop several new capabilities that had to be added to the Cycrus
software.

Cycrus was designed to be very flexible to enable a wide range of nuclear fuel
cycles to be simulated. It comes with a set of “stock” models but also allows users to
connect their own nuclear facility models. This is similar to creating and using DLC,
or downloadable content, in video games that allows users to expand the world that
the game developers created.

My new capabilities specifically target the way that these nuclear facility models
interact with the Cycrus core system, which is a market for nuclear materials. In the
simplest sense, a facility takes in some type of feed material from another facility
and produces some sort of product that it wants another facility to take off its hands.
In between those two steps are the chemical and nuclear process models.

Recent research had mostly focused on improving the process models, such as a
nuclear reactor model. My own research early on in grad school included being part
of a team that created a better uranium enrichment facility model than the stock
option. But there had been almost no corresponding improvement in the ways that
facilities requested their feed or supplied their products to the rest of the system.

So, I added new inventory management capabilities. In keeping with the ethos
of Cycrus, I created a generic set of new capabilities that are flexible and able to be
used across many different types of nuclear facilities. Some are simple, like adding
the notion of a regular production cycle where facilities are sometimes active and
sometimes dormant, simulating a weekend or a clearing or refurbishment period.

Some are more complicated, incorporating random numbers or requesting inventory
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Figure 0.6: Adding packaging capabilities in CycLus allows nuclear materials to be represented in
realistic quantities, in addition to the realistic chemical compositions they were already modeled as.
Here are a few nuclear material packaging types

in specific amounts, using algorithms similar to ones used to stock goods in a store.

On the product side, I added the notion of nuclear material packaging to Cycrus.
In the real world, nuclear materials have very strict international regulations on how
and in what quantity they can be moved, and this new capability allows nuclear
fuel cycle simulations to capture those patterns.

This work is a story of dozens of small updates to the CycLus computer code that
are each flexible and widely applicable rather than one big flashy new capability. In
some ways, that idea is emblematic of my entire dissertation. I set out to identify and
fix the deficiencies that were preventing CycrLus from being useful for international
safeguards, and it turned out that there were a lot of small things in the way instead
of one large project. Research works this way sometimes.

Now that CycrLus simulations include the capabilities needed to produce data for
nuclear material accounting reports, the next part of my work creates the capability
to generate those reports for any hypothetical set of nuclear facilities over any length

of time.
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Figure 0.7: The end result of Code 10 report snippets looks a bit like a small child mashing a keyboard,
but it contains everything the IAEA knows about nuclear material movements!

Turning CycrLus simulations into synthetic nuclear material

accounting reports

One of the requirements for non-nuclear-weapon States is to submit information
about the location, composition, and movement of all nuclear material in their
country. The system for how to do this was developed decades ago around punch
cards. While our computer systems have evolved significantly in the intervening
years, the format for submitting nuclear material accounting reports remains linked
to the style of punch cards. This system is typically called Code 10, because it is
described in the tenth part of the model agreement that countries arrange with the
IAEA.

Real nuclear material accounting reports are in the Code 10 format, so replicating
this information synthetically using computer simulations should be in the same
format, too. Models trained on synthetic data could relatively easily be used on
real data, and using this format ensures that only the information contained in real
reports is incorporated into the synthetic reports.

CycLus generates a lot of information that doesn’t end up in nuclear material

accounting reports. For example, some of the internal movements in a facility are
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simulated in CycLus but do not count as “inventory changes” under the purview of
Code 10. If I trained a model to look for signs of nuclear material diversion using
the entire Cycrus simulation, I would capture this excess data that the IAEA does
not have for real countries, which is undesirable.

Converting a CycrLus simulation into Code 10 format reports is a bit like translat-
ing between two languages. Some of the information has a very straightforward
translation, such as time. Others require new context, such as converting the indi-
vidual processes of a nuclear fuel cycle into the regions of importance to safeguards,
called material balance areas.

Finally, some ideas only exist in one “language” or another. Cycrus simulates
nuclear materials as masses, but some entries in the Code 10 reports are based on vol-
ume. The conversion from mass to volume can be straightforward. If you remember
back to high school science class, density is mass divided by volume. Rearranging
this equation results in volume equals mass divided by density. However, density is
not a concept that exists in Cycrus, so some special handling is required to overcome
this limitation. This is one way where the new nuclear material packaging capa-
bility from the previous section comes in handy. Nuclear material packages have
a specific mass and a specific volume (implying a specific density), and therefore,
when nuclear materials are shipped between facilities using these packages, it is
possible to know their volume.

With this new tool, it is now possible to simulate the movement of nuclear
material from mining to disposal for an entire country over the course of decades
and then see what nuclear material accounting reports should look like for that
entire period. The final step of this work is to create realistic but fake countries to

demonstrate all these new capabilities together.
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Creating realistic but fictitious countries

Computer modeling frequently creates worlds that do not exist. Often, this is some
possible near future, something that could happen to a real system if it evolved in a
certain way. This is very common in nuclear fuel cycle modeling; if you want to see
how a fleet of nuclear waste-burning reactors would work, it makes sense to start
from a real country that already has nuclear reactors.

In some cases, though, it doesn’t make sense to start from a real country. Real
countries are complicated, and the details may not be publicly available. Existing
nuclear fuel cycles may not be a good proxy for “nuclear newcomer” countries that
are building their nuclear power system from scratch in the 2020s and beyond rather
than the 1960s and 1970s. And in the case of international safeguards, real countries
are political. Using a real country for a demonstration, even with innocuous inten-
tions, could accidentally make a political statement about which countries “should”
be considered as possible proliferators.

Researchers often come up with one-off fictitious countries to use in their work.
My team at LANL did this for a project report. A PhD is a chance to do research in
a more robust way, however, so I decided to develop a methodology to comprehen-
sively describe a nuclear fuel cycle and then generate a set of fictitious countries.

I built on a 2014 study for the U.S. Department of Energy, called the Nuclear Fuel
Cycle Evaluation and Screening — Final Report (E&S) study, that aimed to describe
nuclear fuel cycles using six specific parameters, but did not attempt to build entire
tictitious countries. I found that I needed to expand to fifteen parameters to more
comprehensively describe the nuclear reactor system, the type of fuel recycling used,
and the other facilities in the fuel cycle.

Then, I got to work using my parameters to build a set of thirteen fictitious



XXXiX

countries, which I call cases. These are, obviously, not a comprehensive list of
possible fuel cycles. The E&S study produced almost 4,400 reactor systems and was
able to group them into 40 similar categories. With all the extra parameters I added,
it would not be useful or feasible to enumerate all the possible permutations, even
after getting rid of options that would not be possible due to physics.

Instead, I carefully constructed the fake countries such that all the options for
each parameter were used in at least one fake country. Consider one of my param-
eters, reactor power. Reactors are categorized as micro, small, medium, or large,
depending on the amount of power they produce. At least one fake country has a
reactor at every power level. The smallest design, in Case 4, uses microreactors that
produce only 2 megawatts of electricity, or about the same as a single modern wind
turbine. The largest in Case 10 produces over 1300 megawatts, which at the typi-
cal capacity for a nuclear power plant would produce the same amount of annual

electricity as is consumed in the state of New Hampshire [7].

Casel

1 Enrichment
(" ) 1

Reactor details R

e 1000 MWe reactors
Milling Fuel Fabrication
s Cooled with (light) water

e Modeled after the Westinghouse
AP1000 design

o Refuels one-third of the
reactor core every 18 months

e 10 active reactors

s Uses low enriched uranium
Used Fuel Storage
e No recycling of used nuclear fuel F S|
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Figure 0.8: This is some of the information associated with each of my fictitious countries. The
reactors are defined in enough detail that they can be modeled in similar computer codes, and the
nuclear fuel cycle includes information on which facilities exist within the country (materials from
the missing facilities have to be imported from another country).
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Conclusions

The final step of my research was to demonstrate the types of analyses that people
could do with the new capabilities I developed. Eventually this work might be used
to look for subtle patterns that could indicate nefarious actions, but first I needed
to show how we could model and then analyze benign disruptions to the system.
I showed how future users could run many iterations of simulations with slight
changes and evaluate what, if any, effects are detectable elsewhere.

Until now, no one has claimed to be able to generate an entire country’s worth
of synthetic nuclear material accounting reports. This represents a significant new
capability that can open new doors in the fields of nuclear fuel cycle modeling and
international safeguards.

In an ideal world, someone with all the information about a country’s nuclear
tuel cycle (real or fictitious) would use my tools to generate millions of plausible
nuclear material accounting reports. This information could be used to look for
novel signatures of bad behavior, like nuclear material diversion, and to test how
new nuclear facilities would fit into the safeguards structure. This work requires
fuel cycle expertise and a significant amount of data science (including machine
learning) expertise to parse the generated data. Although it was out of the scope of

my PhD work, I hope that it can eventually happen.
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