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PREFACE

The world of electrical engineers is composed of abstractions built upon abstractions. Abstractions like Thevenin and Norton’s theorems provide the basis for circuit design and analysis. An engineer uses these abstractions to solve a problem.

Throughout my life, I lived in this world of electrical engineering. It was a great surprise to me to find that the world of physics was upside down compared to electrical engineering. Physicists see the answer and attempt to develop a question.

For example, when physicists first observed beta decay, the electron should have exhibited a monoenergetic spectrum, a single spectral line. Instead, the spectrum was continuous. Physicist Lionel Pauli postulated the question, "Where is this additional energy going?" The question was no less important than the observation to a physicist; perhaps it was more important. The question provided a framework for a new understanding of beta decay.

Since its birth, physics has repeatedly focused on observation and question postulation. With this approach, we consider how to help make neutrino detectors more compact, combining engineering and physics. Given background radiation levels, how much and what shielding would be required to provide a sufficiently quiet environment to detect antineutrinos generated from reactors?
This dissertation departs somewhat from the typical technical format. It reflects the empirical and non-empirical nature of Energy Science and Engineering, a field driven by qualitative and quantitative questions. What energy sources are likely to replace fossil fuels when they run out? How long will our global oil supplies last? How can we meet our energy needs while protecting our environment? How much and what kinds of energy sources do we need globally? What renewable energy sources are likely available to us soon, on the research horizon, and beyond?

The introduction highlights Nobel Prize winners who contributed to understanding neutrino science. It also includes a section on Bruno Pontecorvo, who is considered by many to be a subject matter expert on neutrinos. Emmy Noether is also briefly mentioned because of her mathematical contributions. These distinguished scientists established the importance of this field of study.

What is novel about this dissertation? Successful neutrino detectors have typically been massive, requiring tons of detector material. This dissertation builds a case for a user facility to test and evaluate compact neutrino detectors. No facility like this currently exists, supported by current literature. 

Periodically, researchers consider effective Z or the calculated number of protons in a unit measure of a compound. A comparison of four effective Z computer programs is applied to a specific radiation detection compound, sodium iodide thallium [NaI(Tl)], to determine correlations. The resulting data indicates discrepancies. While this comparison proved interesting, its importance for radiation detection and analysis appears to be minimal. Numerous computational tools and software toolkits are available to characterize shielding and radiation detection materials. These include manufacturer resources like Luxium’s efficiency calculator (Luxium, 2024) and Monte Carlo software for particle tracking through matter including the GEometry ANd Tracking (Geant4) collaboration and Monte Carlo N-Particle Transport Code (MCNP6). 

These are all parts of the technical fabric supporting legacy nuclear reactor performance and fuel characterization in future operations. However, new thorium molten salt modular reactors (MSR) in the prototype and testing phase won’t require the same level of security monitoring because the fuel can’t be easily weaponized.  

Owing to a different isotopic weakly radioactive composition and low penetration of alpha particles for thorium [Th-232] and operational characteristics of MSRs, waste materials can have shorter-lived or smaller quantity waste products than uranium [U-235] and [U-238] in Pressurized Water Reactors (PWRs). PWRs account for about 73% of operational reactors globally. MSRs can be operated in a continuous fuel recycling mode. Fission products are continuously removed in this mode of operation (Cern, 2013). Even though thorium [Th-232] has a long half-life, about 14 billion years, it is fertile rather than fissile material.

The news isn’t all good. MSR liquid fuel has a higher degree of chemical complexity than pressure water reactors, complicating isotope separation and waste management. MSR molten salt fuel is corrosive, tending to cause leakage problems in the reactor itself and waste storage containment leakage. The importance of continuing to operate legacy nuclear reactors and future molten salt reactors will become clear in the context of future global energy requirements.
































ABSTRACT

Antineutrino detection and characterization promise to reduce the expense and labor required to verify legacy reactor fuel and operation. To realize this promise, the huge antineutrino detectors prevalent today, consisting of tons of active material, must be reduced to a manageable size on the order of a meter cubed. Charge-coupled and bolometric devices are the best candidates for compact antineutrino detectors.

[bookmark: _Hlk180418668]Oak Ridge National Laboratory’s high flux isotope reactor (HFIR) provides a controlled environment to establish a user facility to test compact antineutrino detectors. To this end, the Compact HIFR Antineutrino Monitoring Platform (CHAMP) project was established. The first step was to establish background radiation. This dissertation focuses on the design and implementation of the background detection system. The author drafted the research proposal, initiated, planned, executed, monitored, and controlled the project to complete the build and data collection in one month, considered record time, to meet schedule requirements at HFIR. The system was successfully constructed, and data was collected. Additional CHAMP milestones are on hold due to the Very Short Baseline Reactor Antineutrino Experiment (vIOLETA) collaboration established among twelve countries with over 200 researchers targeting the same goal as CHAMP.

The author evaluated theoretical tools to continue with the next phase of CHAMP as follows. A review of deterministic calculation for effective proton count (Z) of compounds composing sodium iodide detectors is included. Also included is an evaluation of Monte Carlo software including Geometry ANd Tracking, Version 4 (Geant4), Monte Carlo N-Particle Transport Code, Version 6 (MCNP6) coupled with Attila, and Gamma Analysis for Dose and Risk Assessment Software (GADRAS), favoring MCNP6 including the Advanced Tool for the Transport of Ionizing Radiation (Attila). Geant4 is an open-source toolkit requiring significant computer science and C++ programming skills. MCNP6 and GADRAS are both stand-alone proprietary computer programs. GADRAS is less capable for particle transport modeling.

The author analyzed the need for future nuclear power based on projected global energy requirements as a function of projected population. Protecting the environment is critical. Nuclear power is critical in meeting energy consumption needs while safeguarding the environment.
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Introduction and General Information

[bookmark: _Toc177931271][bookmark: _Toc182642905]The Beta Decay Conundrum
The year was 1930. Scientists were perplexed by a mystery of nature; radioactive beta decay emitted electrons across a spectrum of energy. Theoretical physics predicted monoenergetic electrons, as shown in Figure 1.1. Where was this lost energy going?

In desperation, Wolfgang Pauli theorized a new particle called the neutron. When Chadwick discovered the neutron in 1932, Enrico Fermi renamed Pauli’s particle the neutrino, Italian for “little neutral one (Shef, 2013).” This neutral particle, believed to be massless, presented a problem for experimental physicists. Many top scientists, including Pauli, believed the electron neutrino could never be detected.

The theory predicted neutrinos and symmetry played a part in the hypothesis. Enter the Noether Theorem. Emmy Noether, a brilliant mathematician, helped Einstein refine his theory of general relativity (Rowe, 2021). Her theorem included symmetrical techniques used later by scientists to establish conservation laws governing neutrinos and gave scientists clues on what to look for as they searched for neutrinos.

Perhaps her most significant achievements were her dedication, determination, and selfless knowledge-sharing with students. She initially attended mathematics classes in Germany as an observer. Women in the early 1900s were not allowed to attend 
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[bookmark: _Ref153993975][bookmark: _Toc177931313][bookmark: _Toc180835836][bookmark: _Toc182156217]Figure 1.1. In Circa 1930, researchers were at a loss to explain why beta decay electron kinetic energy was distributed across a spectrum instead of a monoenergetic value (expected to be 1.182MeV). The unscaled intensity monoenergetic line from Hyperphysics, Georgia State University was added to this diagram.












institutions of higher learning. For over a decade, she worked in the shadow of universities without compensation. Most people have never heard of Emmy Noether, yet history records her as one of the most brilliant mathematicians of her time.

Decades later, using 10 tons of equipment, Reines and Cowan ran the first successful antineutrino reactor experiment. Their 1956 Poltergeist Experiment marked the earliest recorded antineutrino detection (Giunti, Kim, 2007).

[bookmark: _Toc177931272][bookmark: _Toc182642906]Detecting the Undetectable
“Those Who … Have Conferred the Greatest Benefit to Humankind.”
-Alfred Nobel

Pauli was confident of the neutrino’s undetectability. He cabled the funding committee for the Reines and Cowan experiment, recommending not funding their neutrino detection project (Rajasekaran, 2016). Fortunately, his cable arrived too late to affect the committee’s decision. Reines and Cowan were the first to detect the antineutrino in 1954 using inverse beta decay detection. Reines received the 1995 Nobel Prize in Physics for his co-detection of the neutrino (Figure 1.2) (Nobel, 2014). Cowan died two decades earlier. The Nobel Committee does not award prizes posthumously. Owing to perseverance and determination, neutrino researchers have received four Nobel Prize awards in physics. The significance of these awards speaks to the importance of neutrino research.
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[bookmark: _Ref153994334][bookmark: _Toc177931314][bookmark: _Toc182156218]Figure 1.2. Frederick Reines won the 1995 Nobel Prize in Physics for the first detection of antineutrinos using inverse beta decay (Nobel, 2014).


















Reines and Cowan started their Poltergeist experiment at the Hanford reactor in Washington State in 1953 (Reines, Cowan, 1953). Their method detected two gamma rays separated by 5.5 microseconds (Close, 2012). Electron-positron annihilation generated the first pulse and neutron capture in the second. 

The experiment moved to Savannah River, Aiken, South Carolina, for better shielding against cosmic rays. The shielding location was 11 m from the reactor 12 m underground. Shielding for Poltergeist included 4 to 6 feet of paraffin alternated with 4 to 8 inches of lead. Reines and Cowan installed a six-foot thick water shield above the detector to help 
shield against cosmic rays. The more correct description of the neutrino they detected would be the electron antineutrino (Close, 2012).

An interesting side note: the source of cosmic rays is unknown. Magnetic fields change the direction of these charged particles, so their reverse vector does not point to their origin. Scientists believe most Cosmic rays come from outside our galaxy (Drury, 2012). A relatively quiet environment to detect antineutrinos requires cosmic ray shielding.
In 1962, when scientists were only aware of electron neutrinos, researchers Lederman, Schwartz, and Steinberger were instrumental in using Brookhaven National Laboratory’s Alternating Gradient Synchrotron to identify a new particle (Figure 1.3). This device generated a beam of energetic protons to produce a shower of pi mesons, which traveled 70 feet to a 5,000-ton steel wall. On their journey, they decayed into muons and 

[image: ]
[bookmark: _Ref170494634][bookmark: _Toc177931315][bookmark: _Toc180835838][bookmark: _Toc182156219]Figure 1.3. Lederman, Schwartz, and Steinberger won the Nobel prize for discovery of the muon neutrino (Nobel, 2019).















neutrinos. The steel wall made of old battleship plates blocked the muons. The neutrinos, however, were unimpeded and continued into a neon-filled spark chamber detector, proving the existence of previously unknown muon neutrinos (Nobel, 2019).

Ray Davis had regrettably attempted to detect “neutrinos” produced by a reactor. As Reines and Cowan proved, reactors produce antineutrinos. Although disheartened by what he perceived as a failure, Davis persevered. Switching from fission to fusion reactors, he successfully detected the sun’s neutrinos in 1969, winning the Nobel Prize for his work in 2002 (Figure 1.4).

In 1998, Takaaki Kajita reported that neutrinos had mass after observing only half as many neutrinos coming from below the Earth as from above directly from the sun. His measurements came from the Super-Kamiokande experiment. Arthur McDonald at the Sudbury Neutrino Observatory reported neutrino oscillations in 2001, proving neutrinos have mass. In 2015, Kajita and McDonald were jointly awarded the Nobel Prize in Physics for their work (Figure 1.6) (Nobel, 2019).

Scientists have proven neutrinos are subatomic particles that come in three flavors: electron neutrinos [νe], muon neutrinos [νμ], and tau neutrinos [ντ] (Figure 1.5). An international collaboration of 54 physicists proved the existence of Tau neutrinos at the Department of Energy’s Fermi National Accelerator Laboratory (Hazi, 2007). 
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[bookmark: _Ref154777050][bookmark: _Toc177931317][bookmark: _Toc182156220]Figure 1.4. Ray Davis and Matoshi Koshiba won the 2002 Nobel Prize in Physics for detecting solar neutrinos (Nobel, 2019).
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[bookmark: _Ref170494456][bookmark: _Toc177931318][bookmark: _Toc182156221]Figure 1.5. Neutrinos are fundamental particles in three flavors: electron neutrinos [νe], muon neutrinos [νμ], and tau neutrinos [ντ] (Donev, 2017).
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[bookmark: _Ref154778867][bookmark: _Toc177931316][bookmark: _Toc182156222]Figure 1.6. Takaaki Kajita and Arthur B. McDonald were awarded the 2015 Nobel Prize in Physics for discovering neutrino oscillations, which “show that neutrinos have mass (Nobel, 2019).”




[bookmark: _Toc177931273][bookmark: _Toc182642907]The Man Behind the Scenes in Neutrino Science
“Great and strange ideas transcending experience often have less effect upon men and women than smaller, more tangible considerations.”
      - H. G. Wells, Invisible Man

Conspicuous in his absence from the previous section is Bruno Pontecorvo, a man who was as productive in his ideas about neutrino physics as his political convictions were contentious. Pontecorvo is a fascinating scientist to consider in the story of neutrino physics. Unless otherwise cited, information in this section came from (Close, 2015).

Studying the scientist and his research environment is as vital as learning the science (IOM, NAS, NAE, 2009). Rarely can one find a more intriguing case study in this regard than Bruno Pontecorvo, arguably the most brilliant physicist in the history of neutrino physics. Although not explicitly related to neutrinos, Pontecorvo’s observation and investigation of slow neutrons’ efficacy eventually became important in nuclear power.
[bookmark: _Toc177931274]During what has been termed the golden age of nuclear physics from the mid-1930s to 
[bookmark: _Toc177931275]the mid-1950s (Cook, 2006), science, scientists, and security clearances were popular
topics. Bruno Pontecorvo was pivotal in studying particle neutrino physics theory and experimental investigation in the context of these three topics.

Born in Pisa, Italy, in 1913, Bruno was the fourth of eight children, three girls and five boys. He was considered the least intelligent of his siblings. For this reason, he may have worked harder to prove himself.

At age sixteen, he entered Pisa University, majoring in engineering. Technical drawing proved a dull subject for him. After two years, he switched to physics at La Sapienza University in Rome. After graduation, he assisted Enrico Fermi, noting an odd difference in neutron production depending on the surface where he performed his experiments. The investigation eventually resulted in heavy water and graphite reactor materials to slow neutrons for added interaction in splitting nuclei to produce more neutrons (CERN, 2013).

Three years later, in 1936, as WWII unfolded in Italy, the political climate proved unfriendly to Jewish families like the Pontecorvos, so Bruno moved to Paris to work with Irène and Frédéric Joliot-Curie (Close, 2015). Many intellectuals preferred Russian communism to German and Axis Power Italian fascism. Among those individuals was Frédéric, who would profoundly influence Bruno, turning him into a devout communist. Bruno’s political choice would one day affect his security clearance and coerce him into an unfortunate exile.

As the Germans flooded into northern France, Bruno fled south 300 miles by bicycle. He escaped WWII in Europe with his wife and daughter to Tulsa, Oklahoma, where he worked on neutron logging to identify likely oil reserves. Unknown to him, this experience would become helpful in developing the heavy water nuclear reactor at Chalk River Laboratory in Canada (Close, 2015).

The Manhattan Project acquired all the uranium and nuclear science equipment available in the United States, making Pontecorvo’s development and testing of his oil logging systems impossible. In 1943, he accepted a position at Chalk River, Ontario, Canada.

The Canadians were attempting to build a heavy water reactor. Uranium had been discovered in Canada. Pontecorvo’s means of identifying oil reserves also proved beneficial in searching for uranium.

During his six years at Chalk River, he was instrumental in building Onterio’s Zero Energy Experimental Pile (ZEEP) and National Research Experimental (NRX) heavy water reactors, but he also developed fundamental science theories. Pontecorvo theorized these revelations (Close, 2015).
· The weak interaction is a universal force of nature.
· The muon, a heavy electron version, has a unique flavor.
· There are distinct varieties of neutrinos.
· Neutrinos oscillate between varieties.

Pontecorvo left Chalk River in January 1949, accepting a position at Harwell Atomic Energy Research Establishment in the United Kingdom. For those who had known Bruno Pontecorvo, the next few years in history became cloudy visions of unsubstantiated rumors and innuendo. 

With the United States still reeling from the deceptions of various spies, including Klaus Fuchs, Harry Gold, Julius and Ethel Rosenberg, and David Greenglass, who shared classified nuclear science information with the Russians, McCarthyism left no stone unturned in its search for foreign agents (Close, 2015). Given Pontecorvo’s previous dedication to communism and his friendship with Fuchs, he came under suspicion.

Neither Military British Intelligence (MI5) nor U.S. intelligence had hard evidence of any spying activity by Pontecorvo. Britain decided to transfer Pontecorvo from his government laboratory into an unclassified University faculty appointment. Before moving out of Harwell, Pontecorvo and his family took an extended European holiday in the summer of 1950 (Close, 2015).

Pontecorvo and family mysteriously disappeared that summer without a trace. In a clandestine detour, the Pontecorvos defected to Russia. From a scientific point of view, Bruno Pontecorvo’s future work from the summer of 1950 forward was sequestered behind the Iron Curtain, where he received the highest Russian scientific honors.

In his elder years, he was allowed to leave the Soviet Union and gave interviews to several authors eager to tell his story. Pontecorvo described a recurring dream. In this dream, as a young man, he made a mistake in a scientific calculation, carrying the error forward throughout his future work.

He had made no such error. His restrained scientific freedom and lack of access to Western high-energy physics experimental capability restricted his research. His dream implied that he had misjudged his decision to defect to Russia, resulting in forty-three years of sequestered science.
[bookmark: _Toc177931276][bookmark: _Toc182642908]Neutrino Sources
Refer to Figure 1.7 courtesy of (Gonzalez-Garcia, 2019). The universe has been generating ubiquitous neutrinos since the beginning of time. Scientists estimate the Big Bang gave birth to 330 neutrinos for every cubic centimeter, each with an energy of 
0.0004 electron volts [eV]. Since the Big Bang, other celestial phenomena have continued to generate large numbers of neutrinos.
 
One example is a supernova, SN1987, generating neutrinos in the megaelectronvolt [MeV] range. Even more energetic neutrinos come from outside the galaxy on the order of 30 teraelectronvolt [TeV]. Cosmic rays also hit the Earth’s atmosphere, interacting with atmospheric atoms and causing a cascade of neutrinos with an area flux of about one in each centimeter squared.

The source of cosmic rays is unknown. Magnetic fields change the direction of these charged particles, so their reverse vector does not point to their origin. Scientists believe most Cosmic rays come from outside our galaxy (Drury, 2012).
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[bookmark: _Ref165395640][bookmark: _Toc177931319][bookmark: _Toc180835842][bookmark: _Toc182156223]Figure 1.7. Known sources of neutrinos and antineutrinos. Humans are continuously bathed in neutrinos, the second most ubiquitous particle in nature next to photons (Gonzalez-Garcia, 2019).








Closer to Earth, the sun is a constant source of 0.1-20 Mev neutrinos. Its fusion energy reaction spews out some 6 x 1010 neutrinos through every square inch of area. The Earth’s natural radioactive decay elements are responsible for 6 x 106 neutrinos per square centimeter flux. 

Man’s effort to duplicate the sun’s fusion reaction with the International Thermonuclear Experimental Reactor (ITER) project continues to elude mankind. ITER is billions of dollars over budget and over a decade behind schedule (Seife, 2023). What are the motivations for this costly and time-consuming project? In just one hour the energy from the sun's fusion reaction hitting the earth is enough to supply all the world's power requirements for a year (NREL, 2024). Man could have clean power virtually forever.

Manufactured reactors generate antineutrinos with energy in the order of 5 MeV (Dodd, Gripaios, 2020). For high-energy neutrinos the calculated value of the cross-section for the laboratory frame of reference as follows (Fukugita, Yanagida, 2003),Equation 1‑1


Where,  = 9 x 10-45 cm2 is a constant value
Reactor neutrinos have a cross section around 10-43 cm2. 
[bookmark: OLE_LINK1]Adding humankind’s accelerator 0.3-30 gigaelectronvolts [GeV] neutrinos into the mix, these particles bathe every human on Earth with roughly 340 x 106 neutrinos daily. Even still, perhaps only two or three will react within any person during their lifetime. While this low interaction is suitable for human survival, it doesn’t bode well for scientists attempting to detect these ghost-like particles. The tiny cross-section, low neutrino mass, and high speed make them nearly undetectable.

[bookmark: _Toc177931277][bookmark: _Toc182642909]Radioactive Decay and Neutrinos

Students were taught the nucleus was composed of neutrons and protons. These nucleons, together with electrons, were the elemental building blocks of all matter (Mannheim, 1986). Nuclear physics for the 1970s electrical engineering student consisted almost entirely of calculating nuclear half-live.
[bookmark: _Toc177931278][bookmark: _Toc182642910]Betrayal: The Nucleus, Nothing Interesting Happens There
[bookmark: _Toc177931279][bookmark: _Toc182642911]Structure of the atomic nucleus

An electrical engineering student of the 1970s studying nuclear science today could be excused from feeling betrayed by his original undergraduate college physics courses. At that time, the atom’s outer shell electrons were the focus of electrical engineering. To these students, nothing interesting happened in the nucleus for their discipline.

Undergraduate engineering physics and electrical engineering in the seventies drew this picture of the atom for students. First, electrons were most important to electrical engineering. There was nothing of interest in the nucleus for mainstream electrical engineers. Engineering physics and chemistry at the time discussed decay in the most general terms, focusing on half-life calculations. For electrical engineering students the nucleus consisted of two elementary particles, the neutron and proton. During the previous decade, theoretical physicists Murray Gell-Mann and George Zweig began to question this view of the nucleus. In 1964, they proposed quarks (Allday, 2018).

An electrical engineering student in the seventies would be  if he chose to delve more deeply into the physics of the nucleus presented in Figure 1.8. The nucleus is composed of elementary up and down quark particles. The up quark has a +2/3 electron charge. The down quark has a -1/3 electron charge. Two down and one up quarks together form a neutral charge neutron. Two up and one down quarks together form a plus one electron charge proton (Wright, 2019).

The theory became fact when Friedman, Kendall, and Taylor found evidence of quarks within protons published in 1968. Why wasn’t this research integrated into the 1970s electrical engineering physics education? Gell-Mann, arguably the leader in quark theory, said quarks are fictitious at the 1972 Eighth International Conference on High Energy Physics in Geneva, Switzerland (Kaiser, 2020). Definitive research to confirm the existence of quarks continued into the late 1970s. Combined research developed experimentally verified quarks (Figure 1.9).

[bookmark: _Toc177931280][bookmark: _Toc182642912]Protons Contain Point-Like Structures

In his 1991 Nobel Prize acceptance speech, Friedman said the primary purpose of the inelastic program was to study the electro-production of resonances as a function of momentum transfer. He describes two unexpected results of an investigation into the deep inelastic region bombarding protons with high-energy electrons.  

[image: ]

[bookmark: _Ref165814587][bookmark: _Toc177931320][bookmark: _Toc182156224]Figure 1.8. Up and down quarks make up protons and neutrons, adapted from (Wright, 2019).
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[bookmark: _Ref165987542][bookmark: _Toc177931321][bookmark: _Toc182156225]Figure 1.9. Putting pieces of the puzzle together showing nucleons were made of point-like charges (quarks). First Friedman and his group at the Stanford Linear Accelerator Center showed there were structures inside the proton and those structures had 1/2 spin. Then the CERN team found evidence of fractional charge in the structures. Modified from Looyen, 2020.













First is weak [q2] dependence, where q is the four-momentum transfer. Four-momentum transfer consists of a space-time vector. Energy and momentum’s X, Y, and Z components comprise the four-momentum vector. Energy describes what is carried through time.

The cross-section [ϭ] on the vertical axis of Figure 1.9 describes the likelihood of the electron interacting with a proton. The Mott cross section [ϭMott] describes Coulomb scattering off a nucleus. The Coulomb scattering law states that the force between two charged particles is proportional to the charged products and inversely proportional to the distance between them (Hernandez, 2017).

Friedman and his team expected a strong [q2] dependence, indicating elastic scattering between the high-energy electron and proton, similar to billiard balls. In that case, the proton would be an elemental particle with no internal structure. Instead, the weak [q2] dependence implied a structure within the proton. (Gell-Mann, 1964) and (Zweig, 1964) suggested the possibility of quarks while (Feynman, 1972) hypothesized more general particles called partons. As late as 1972, Gell-Mann expressed little faith in the actual existence of quarks. The idea was more of a mathematical solution to unexplained experimental results. Friedman and his team were well on the way to proving the existence of quarks.

Another surprise Freeman discussed in his Nobel Prize speech was scaling as stated by the Bjorken hypothesis: at large energies and momentum transfers, the cross section depends on one variable only. The photon no longer scatters coherently off the nucleon, but solely sees point-like structures, partons (Bjorken, 1968). Bjorken characterized inelastic scattering as follows in equations 1.1 and 1.2.
Equation 1‑2

     


[bookmark: _Toc177931310]Equation 1‑3





Callen and Gross (1973) simplified the relationships further depicted in Figure 1.10.


Deep inelastic scattering built a strong case for the existence of physical spin ½ quarks. But what about the fractional charges proposed for quarks? Krauss (2009) discusses how electron, proton scattering (Friedman, 1991) and CERN, Gargamelle neutrino, proton scattering as described by (Riordan, 1992) both supported the fractional charge theory leading to today’s conception of quarks composing nucleons previously shown in Figure 1.8.

[bookmark: _Toc177931281][bookmark: _Toc182642913]Reactor Antineutrino Production: The Flip Side

Considering Figure 1.11 recall [Z] is the atomic number or proton number of an atom. [A] is the atomic mass or the number of protons and neutrons together (Callen, Gross 1973). Note the difference between parent and daughter. While atomic mass remains the 
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[bookmark: _Ref170496309][bookmark: _Toc177931322][bookmark: _Toc182156226]Figure 1.10. Callen and Gross (1973) simplified the relationship of F1(x) and F2(x) 2xF1(x) = F2(x). 
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[bookmark: _Ref164800601][bookmark: _Toc177931323][bookmark: _Toc182156227]Figure 1.11. Reactor antineutrino production.

















same the number of protons has increased by one. In other words, a neutron has flipped to become a proton.

In fission, the neutron composed of two down quarks and an up quark, flips to a proton with two up quarks and a down quark. Two primary physical laws come into play, the conservation of charge and the conservation of energy (Lang, 2013). 

The greater mass of the neutron than the proton has to be accounted for. Nature’s bookkeeper passes part of that mass to the expelled electron. The original theory predicted a monoenergetic electron in the reaction of Figure 1.11.

Experimentalists didn’t see monoenergetic electrons. Instead, they measured a spectrum of lower-energy electrons (Figure 1.12). Where was this energy going? This was a grave problem for physicists. It appeared the conservation of energy was violated in beta decay.

Linus Pauli came to the rescue when he theorized an additional particle he called the neutron in 1930. As a result, physicists were then faced with a new problem. How could they detect a particle with no charge and zero or near zero mass?

Enrico Fermi gave this idea a concrete foundation in his beta decay theory, renaming Pauli’s particle, neutrino (little neutral one) in 1932. Also, in 1932 James Chadwick reported the discovery of the neutron.

[bookmark: _Ref170496499][image: ]
[bookmark: _Ref181022861][bookmark: _Toc177931324][bookmark: _Toc182156228]Figure 1.12. The unexpected continuous energy spectrum of the electron. Graphic provided courtesy of the T2K Experiment Team in Japan studying neutrino oscillation (T2K, 2020). The monoenergetic line is not to scale.























In a twist of nature something miraculous happens unfamiliar to humans in their classical physical world.                  Figure 1.13 attempts to shed some light on this phenomenon. Don Lincoln at the Fermi Lab explained it this way, [ΔE Δt ≥ h/4π] is relevant; however, “a W boson is a vibration of the W field and it can transfer its energy into the electron/neutrino field.  Right now, we don’t have a perfect understanding of the mechanism.  Instead, we have a number we call the “coupling” which is a measure of the strength of the interaction” (Don Lincoln, 2021). In other words, we have a mathematical model accurately describing what we observe. However, this mathematics represents an abstraction, not a complete understanding. 

Physicists often describe nuclear decay as a proton changing into a neutron. However, an up quark changes into a down quark. Saakyan (2013) and Gilmore (2008) discuss nuclear decay. The simple explanation is energy minimalization. Radioactive atoms seek their lowest energy state referred to as an energy parabola for a single element (Saakyan, 2013) or energy valley for multiple elements (Gilmore, 2008).

In beta decay, to attain a lower energy state, a down quark changes into an up quark transforming a  neutron into a proton (Resag, 2018). Einstein’s equation E=mc2 quantitatively describes how much energy will be created in the W- Boson field as the difference in mass between the neutron and proton (Dalager, 2024). 

The vibrating W-Boson field transfers its energy to the neutrino and electron fields, and
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[bookmark: _Ref164803683][bookmark: _Toc177931325][bookmark: _Toc182156229]                 Figure 1.13. Beta decay, finding a stable state.






















out pops an antineutrino and an electron. These elemental particles account for most of the neutron and proton mass difference. Any excess energy provides kinetic energy to the antineutrino and electron.

It’s important to recognize, these elemental particles weren’t constituents of the neutron. In other words, they weren’t originally part of the neutron. Energy and mass are two sides of the same coin. The mass difference between the neutron and proton transforms into energy (Pal, 2015). That energy is transformed into mass as an antineutrino and an electron. Leftover energy propels the two elemental particles away from the radiation decay site.

While this explanation and a few equations seem persuasive, the truth is; scientists don’t understand the mechanism behind the generation of these two elemental particles. Why is a W-Boson field vibration generated? Why not in some other field? How does the Boson energy transform into matter, the antineutrino an electron? What determines how much kinetic energy is imparted to each of these elemental particles? Are they elemental particles? These are all questions without answers. Mankind may still live in the dark ages of science and technology. There are so many unanswered questions.

[bookmark: _Toc182642914]Nuclear Reactor Accidents and Public Opinion
The focus so far has been directed toward legacy nuclear reactors, hinting at the possibility of using antineutrino monitoring both to determine when reactors are active and eventually to characterize fuel. Fuel characterization is a laborious and costly process necessary to ensure nuclear materials are accounted for and securely stored. Individual fuel rods must be inspected and characterized at a cost of about $156 million united states dollars annually (Figure 1.14).

Nuclear power however is publicly unpopular, especially in the United States where just over four percent of the world’s population suffered almost thirty percent of global reactor incidents. Nuclear power plant incidents are big news. Like commercial aviation, incidents often receive disproportionate, sensationalized news coverage. Citizens may favor nuclear power, but most prefer not to live near reactors.

Consider the list of nuclear reactor incidents from 1948 to 2011 listed in Table 1.1 (Marquet, 2022). The International Nuclear and Radiological Event Scale (INES) could be used to rate these incidents between zero and seven (Domenech, 2024). Arguably, three accidents were primarily responsible for developing negative public opinion. Three Mile Island and Fukushima Daiichi were INES level 5 accidents with wider consequences. These resulted in significantly releasing radioactive material impacting the environment and requiring public protection. Chernobyl was a catastrophic accident rated INES 7, a major accident with severe impacts on the environment and public health. Negative perceptions of nuclear power in the public must be overcome before nuclear power can flourish. Given the risks and high capital investment, why does the world need nuclear power?
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[bookmark: _Ref178519726][bookmark: _Toc182156230]Figure 1.14. The cost of International Atomic Energy Agency manual nuclear fuel verification (Department of Energy, 2023).













[bookmark: _Toc181126071]Table 1.1. Global nuclear reactor incidents (Marquet, 2022).
	Year
	Reactor
	Location
	Incident Summary

	1948
	Zoe
	France
	Near criticality accident

	1952
	Chalk River
	Canada
	Cooling system failure, major release of radioactive material

	1957
	Kyshtym
	Russia
	Nuclear waste storage explosion, major contamination

	1957
	Windscale
	UK
	Reactor fire, significant radiation release

	1958
	Vinca
	Serbia
	Criticality accident

	1959
	Santa Susana
	USA
	Core flow blockage

	1960
	Browning
	USA
	Criticality accident, no serious injuries

	1961
	SL-1
	USA
	Steam explosion kills three operators

	1961
	Idaho Falls
	USA
	Control rod ejection

	1961
	Submarine   K-19
	Russia
	Primary coolant loss

	1966
	Fermi-1
	USA
	Sodium cooled fuel melting

	1967
	Chapelcross
	UK
	Magnesium cladding melting & CO2 blockage

	1967
	Siloe
	France
	Fuel plates melting

	1969
	Lucens
	Switzerland
	Partial fuel rod fusion

	1969
	Eaux A1
	France
	Coolant loss, minor radioactive gas release

	1976
	Bohunice A1
	Czech
	Coolant loss, core overheat, ≈ 1k Ci release

	1979
	Three Mile Island
	USA
	Partial meltdown, small radioactive gas release

	1980
	Eaux A2
	France
	Coolant loss, minor radioactive gas release

	1983
	Constituyentes RA-2
	Argentina
	Criticality accident, 1 death

	1986
	Chernobyl
	Ukraine
	Catastrophic explosion, widespread contamination

	1989
	Vandellos
	Spain
	Turbo-blower fire

	1990
	Zion
	USA
	Radioactive water leak

	2003
	Paks
	Hungary
	Cooling system failure, no radiation release

	2011
	Fukushima Daiichi
	Japan
	Earthquakes & tsunamis caused meltdowns in three reactors, radioactive material release


[bookmark: _Toc182642915]Nuclear Power in a Larger Energy Context

[bookmark: OLE_LINK2]Meeting future global energy consumption requirements is a complex issue. The United Nations considers climate change control to be one of its highest priorities. Energy consumption sits at the pentacle of that priority. No discussion about these issues could be complete without addressing the global population. The good news is that United Nations simulations shown in Figure 1.15 are predicting a peak in the world’s population from the current 8 billion to about 10 billion in 2080 and a decline afterward (United Nations, 2024). This is a change in previous calculations from 2013, when the world population was projected to continue at higher levels for a longer period.

Projections of population, energy consumption, energy supply, and environmental pollution are based on assumptions of multiple variable parameters. Consider the two alternatives in Table 1.2 (Vanek, et al., 2012). Both alternatives add up to the same total energy consumption, 631 exajoules [EJ] or 631 * 1018 joules implying this value is a 2050 expected limit on global energy growth for that year.

The U.S. Energy Information Administration (EIA) projects, “increasing population and income offset the effects of declining energy and carbon intensity on emissions.” The projection identifies China as the primary source of energy-related carbon dioxide [CO2] emissions through 2025 (EIA, 2023).

The International Energy Agency (IEA) published a 2021 world energy consumption of 418 EJ with a 2.2 percent growth in 2023 or about 427 EJ (Enerdata, 2024). Given these
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[bookmark: _Ref178533851][bookmark: _Toc182156231]Figure 1.15. According to two United Nations simulations world population is expected to peak in 2080 (United Nations, 2024).












[bookmark: _Toc181126072]Table 1.2. Two alternatives for total energy and per capita energy consumption in 2050. Modified from (Vanek, et al., 2012).
	Parameter
	Industrial Nations
	Emerging Nations

	Population, 2050 (Billions)
	1.2
	7.7

	Alternative 1 assumptions
	Constant per capita consumption
	Total energy remaining

	Energy/capita (GJ/pers)
	194
	52

	Energy use (EJ)
	231
	400

	Change in energy/capita
	+/- 0%
	+ 34%

	Alternative 2 assumptions
	Decreased consumption due to efficiency
	Increase energy capacity (20TW*year)

	Energy/capita (GJ/pers)
	100
	66

	Energy use (EJ)
	119
	512

	Change in energy/capita
	-48%
	+71%













numbers, the world can expect to increase energy usage by about 48 percent over the next two and a half decades by 2025, estimated at 631 EJ. Mitigating carbon dioxide emissions will require both renewable and nuclear power additions during that timeframe (EIA, 2023).

For those who doubt man is aggravating the natural global warming cycle consider that about 97 percent of actively publishing climate scientists support consensus that man’s burning of fossil fuels is driving climate change based on 11,944 peer reviewed papers (Cook, et al., 2016).  Fossil fuel combustion isn’t the only contributor by man to climate change. Deforestation, land use changes, agriculture, and industrial processes are also contributors. However, the United Nations says man’s use of fossil fuels including coal, oil and gas account for 75% of global greenhouse gas emissions and nearly 90% of all carbon dioxide emissions (United Nations, 2024). 










[bookmark: _Toc420995896][bookmark: _Toc422997483][bookmark: _Toc427156466][bookmark: _Toc182642916]
Literature Review	
	
[bookmark: _Toc420995900][bookmark: _Toc422997487]There are three primary solutions to neutrino detection. Neutrinos can be detected through light, heat, or charge (Figure 2.1). Bolometric detectors rely on changes in heat. The downside is the additional cryogenic equipment required. High-purity germanium detectors rely on charge. Inverse Beta decay relies on scintillation. The Reines-Cowan detector and the Coherent Elastic Neutrino Nucleus Scattering (CEvNS) detector at ORNL’s Spallation Neutron Source rely on scintillation (Newby, 2020) (Miranda, et al., 2020.
[bookmark: _Toc420995897][bookmark: _Toc422997484][bookmark: _Toc427156467][bookmark: _Toc177931288][bookmark: _Toc182642917]Light, Inverse Beta Decay
Inverse Beta decay can be used to identify antineutrino flux and spectrum. This information can be analyzed to determine nuclear fuel quantity and composition (Figure 2.2). The problem is solved except for one major drawback. Most antineutrino detectors have something in common. They’re huge, measured in tons of active mass (Figure 2.3). Note the detector material is listed in tons. Thompson (2024) describes the Super-Kamiokande neutrino detector containing 50,000 tons of water. The hope and the dream is to develop an antineutrino detector on the order of a cubic meter.
[bookmark: _Toc177931289][bookmark: _Toc182642918]Candidates for Compact Antineutrino Detectors
Phil Barbeau from Duke University presented a lecture on the COHERENT CEvNS Experiment (2021, Barbeau). He discussed the broad scope of COHERENT and its 
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[bookmark: _Ref169633530][bookmark: _Toc177931326][bookmark: _Toc182156232]Figure 2.1. Three ways to detect neutrinos, heat, charge, and light (Formaggio, 2019).
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[bookmark: _Ref170567114][bookmark: _Toc177931327][bookmark: _Toc182156233]Figure 2.2. Principle of reactor operation verification with antineutrino monitors. The process for verifying reactor inventory integrity with antineutrinos bears similarities to biometric scans such as retinal identity verification. In retinal scans, an infrared beam traverses a person’s retina (a) and the blood vessels, distinguishable by their higher light absorption (b) relative to other tissue, are mapped. The mapping is extracted and compared to a copy stored in a database (c), and if the two match, the person’s identity is verified. Similarly, a nuclear reactor (g) continuously emits antineutrinos which vary in flux and spectrum with the particular fuel isotopes undergoing fission (d). Some interact in a nearby detector (h) via inverse beta decay (e). The measured signal is compared to a reference copy stored in a database for the relevant reactor, initial fuel, and burnup (f); a sufficiently matching signal indicates that the core inventory has not been covertly altered. If the antineutrino flux of a perturbed reactor is sufficiently different from expected, a diversion can be concluded to have taken place (i) (Stewart, et al., 2019)
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[bookmark: _Ref169635893][bookmark: _Toc177931328][bookmark: _Toc182156234]Figure 2.3. Examples of neutrino detectors, including KamLAND containing a 1000 ton mixture of mineral oil, benzene, and fluorescent chemicals. All these detectors are huge, measuring on the order of 20 m3.











implications. In email exchanges, Dr. Barbeau identified probable best candidate neutrino
detectors for meter cubed size. He specifically mentioned two detectors: CEvNS, Charge Coupled Device (CCD), and bolometric (Figure 2.4). 

The High Flux Isotope Reactor (HFIR), located at Oak Ridge National Laboratory, operated at 85 megawatts (MW), provides the highest reactor-based neutron source for research in the United States (HFIR, 2024). By extension, this reactor also provides a rich source of antineutrinos. HFIR has a relatively short 24-day refueling cycle. This cycle offers a comparatively consistent omnidirectional stream of energetic antineutrinos.

[bookmark: _Hlk182490077]The relatively small signal source of antineutrinos compared to other radiation encourages eliminating as many variables as possible. Since HFIR uses only highly enriched uranium-235, it provides a relatively unambiguous spectral signature.

[bookmark: _Hlk182490123]The Compact HFIR Antineutrino Monitoring Platform (CHAMP) based in HFIR could provide a unique test chamber for advanced antineutrino detectors on the order of a meter cubed.

[bookmark: _Toc182642919]Bolometric, Neutrino Detection

Bolometric detectors measure energy changes as temperature variations. They are

extremely sensitive and can detect small amounts of energy, making them suitable for

[bookmark: _Toc181215310][image: ]

[bookmark: _Ref171171819][bookmark: _Toc177931329][bookmark: _Toc182156235]Figure 2.4. Antineutrino reactor inverse beta decay detectors have been used for decades. However, CCD and bolometric CEvNS detectors are more likely candidates for size reduction on the order of a meter cubed. CHAMP could provide a test chamber for these detectors at the ORNL HIFR facility.











observing the small energy depositions resulting from CEvNS events. These detectors require added bulky cryogenic equipment and are outside the scope of this research.
[bookmark: _Toc177931290][bookmark: _Toc182642920]Charge, Coherent Elastic Neutrino-nucleus Scattering

Kate Scholberg, Department of Physics, Duke University, discusses the coherent elastic neutrino-nucleus scattering acronym (Scholberg, 2015). With several abbreviations in the literature ( e.g., CNS, CNNS, CENNS), she favors CEvNS.  Replacing the first “N” with 
a “v” for “neutrino” makes sense. “NN” means “nucleon-nucleon” to many in the nuclear physics community. CENNS is the name of an experimental collaboration. The Roman letter “v” is readily available on ubiquitous English QWERTY Keyboards. The Greek letter “ν” is commonly used for neutrino, but is not a typical keyboard character.

Dr. Scholberg noted the Spallation Neutron Source (SNS) in Oak Ridge, TN, as an excellent neutrino source (Bolozdynys et al., 2012) for detection experiments. The SNS uses a proton beam energy of about 1 gigavolt [GeV] incident on a liquid mercury target for total power up to 1.4 megawatts [MW] and yields about 8 × 1014 neutrinos per flavor per second produced at the source. The COHERENT collaboration experiment in Neutrino Alley at the SNS made the first-light measurement of CEvNS on cesium iodide [CsI] in 2017 (COHERENT Collaboration, 2017) and the first measurement on argon in 2020 (COHERENT Collaboration, 2021). While detection physics, instrumentation, and experimental apparatus are complex, the basic CEvNS concept is simple (Figure 2.5) and it is a couple of orders of magnitude higher cross section than inverse beta decay (Figure 2.6).
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[bookmark: _Ref171116069][bookmark: _Toc177931330][bookmark: _Toc182156236]Figure 2.5. A sketch of the CEvNS interaction (COHERENT Collaboration, 2022).
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[bookmark: _Ref172050900][bookmark: _Toc177931331][bookmark: _Toc182156237]Figure 2.6. CEvNS provides a couple of orders of magnitude higher cross section than inverse beta decay (Barbeau, 2021).







The neutrino scattering coherently off the whole nucleus results in sensitivity to the square of the total weak charge of the nucleus. This could enhance the coherent scattering cross-section by a factor of 10 to 100 when compared to neutrino-nucleon scattering (Fernandez-Moroni, 2022). Neutrinos interact with the entire nucleus in coherent scattering rather than individual nucleons (Munteanu, 2021). Elastic scattering refers to neutrinos bouncing off the nucleus without losing energy.

Oak Ridge National Laboratory (ORNL) describes the CEvNS low energy nuclear recoil signature as it is slightly moved by the neutrino impact as an elephant recoiling after being “bumped by a mosquito (ORNL, 2024).” The formidable technical challenges described by ORNL include low detector thresholds with large target masses, incredibly low backgrounds, and an intense neutrino source.

ORNL’s Spallation Neutron Source (SNS) includes neutrino alley, an experimental high-energy source producing all three currently known neutrino flavors: electron, muon, and tau. It has an energy of 1.4 megawatts [MW] and produces about 8 × 1014 neutrinos per flavor per second (Scholberg, 2015). While this experimental apparatus is quite large, it provides a first step in the development process to enable CEvNS reactor detectors on the order of a meter cubed.

[bookmark: _Toc177931291][bookmark: _Toc182642921]Shrinking Neutrino Detectors: Charged Coupled Device Technology		

Phil Barbeau, an antineutrino researcher at Duke University, had this to say about neutrino detectors: Charge-coupled device (CCD) or bolometric technology is the most promising for providing detectors in a meter cubed profile. Because of the additional cryogenic cooling equipment, bolometric detectors might be larger (Barbeau, 2021).

Leaving cryogenic equipment and bolometric devices for future discussion, CCDs can achieve readout noises at the lowest fraction of electrons. To reduce dark current thermal fluctuations, the sensor is operated at a low temperature, about 140° Kelvin.
Skipper-CCD, developed at Lawrence Berkeley National Laboratory, is a p-channel CCD fabricated on high resistivity n-type silicon fully depleted at a substrate voltage of 40 V. The sensor is up to 675 micrometers thick and composed of 15 um x 15 um square pixels (Fernandez, et al., 2024).

[bookmark: _Toc182642922]Skipper Charge Coupled Device Physics
Skipper CCDs detect the translation from nuclear recoil energy to ionization energy encoded by the quenching factor. The quenching factor refers to the process of converting energy from a nuclear recoil event into a detectable signal. It accounts for the fact that not all the energy transferred to the nucleus ends up as ionization; some of it can be lost in other forms of energy or affect the interaction in ways that reduce the amount of ionization produced (Fernandez et al., 2024).

Neutrinos interact with silicon nuclei in the Skipper CCD, producing a measurable charge. Skipper CCDs are particularly advantageous because they can accumulate and 
measure charge with extremely high precision, allowing them to detect even the faint signals produced by low-energy neutrino interactions.

As the recoiling nucleus moves through the material, it can ionize atoms. This means that it can knock electrons out of their orbits, creating electron-ion pairs. The total amount of ionization energy generated is related to the nucleus's recoil energy (Fields, 2014).

Guaranteed single-carrier accounting capability time spent reading the charge for each pixel is on the order of 10 milliseconds [ms]. This corresponds to about 0.2 electron charge [e-] of readout noise. Because of this slow readout, active shielding cannot be used to mitigate cosmic ray background interference (Fernandez-Moroni et al., 2022).
[bookmark: _Toc182642923]Skipper Charge Coupled Device Electronics
Physicists Willard Boyle and George Smith were attempting to find a more affordable way of storing bits of data in computers than using magnetic bubble memory at Bell Laboratories in the mid-1960s. However, their successful charge-coupled device design in 1969 did not impact the computer industry (Smith, 2010). Instead, it revolutionized camera imaging, eventually leading to innovative solid-state particle physics detector applications. 

In his Nobel Lecture, Smith made a remarkable revelation. Together, he and Boyle developed the basic idea for CCD camera technology in a one-hour brainstorming session. A week later, they built the first crude metal oxide semiconductor (MOS) prototype using photolithography techniques. Metal oxide semiconductors (MOS) provided a primary enabling technology for CCD’s. This technology was also developed at Bell Laboratories by Mohamed Atalla and Dawon Kahng in 1959.

Figure 2.7 depicts the initial design. This discussion focuses primarily on biasing to develop a depletion region. A positive gate voltage (Vg), referred to as reverse bias, drives majority characters, holes in the P silicon material, away from the silicon dioxide layer, forming a depletion region if the gate voltage is not too high.

The gate voltage [Vg] bends energy levels within the CCD by an amount [qVg] as shown in Figure 2.8, where q is the electron charge 1.602 ∙ 10-19 coulombs. This energy band bending represents potential energy changes experienced by electrons in the semiconductor due to the gate voltage. Unfortunately, this design had one major drawback. When charges were transferred to the next gate, some minority carriers were trapped in the bend of the conduction band. Trapped minority carriers flowed into the next gate later, but that caused the CCD image to smear. The CCD prototype consisted of multiple metal dates over a silicon substrate separated by an insulating silicon dioxide
layer. Gate voltages (Vg) vary on these multiple gates to store, transfer, and read charge packets, as shown in Figure 2.9. Cycling gate voltages move charges from left to right.
[image: ]

[bookmark: _Ref173596759][bookmark: _Toc177931332][bookmark: _Toc182156238]Figure 2.7. A bandgap diagram representing the reverse biased metal oxide semiconductor (MOS) gate in depletion mode. Modified from (2024, Dholahiya).

[image: ]

[bookmark: _Ref173435919][bookmark: _Toc182156239][bookmark: _Toc177931333]Figure 2.8. The initial design of a reverse biased charge-coupled device pixel,
modified from (Smith, 2010).
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[bookmark: _Ref173760796][bookmark: _Toc177931334][bookmark: _Toc182156240]Figure 2.9. The basic CCD design concept. As the gate voltages change charges are transported from left to right (Smith, 2010). Depletion regions have sometimes been referred to as a bucket brigade similar to water buckets (depletion reqions) passing water (charge) from left to right.






To overcome the trapped minority carrier problem Boyle and Smith designed the buried channel CCD represented in Figure 2.10. Compare bandgap diagrams in Figure 2.8 for the initial CCD design and Figure 2.11. For the buried channel CCD design, note how the latter drives the depletion region below the silicon dioxide layer. This prevents trapping beneath the silicon dioxide layer.

[bookmark: _Toc182642924]Detector Cavity Shielding at the High Flux Isotope Reactor
Lead is arguably the most common radiation shielding material for gamma rays. It has a high atomic number of 82, is relatively abundant, and is relatively inexpensive. However, density is the true determinant of the best shielding material. Lead has a density of 11.35 grams per centimeter cubed[g/cm³]. Other elements with higher densities, therefore, provide better gamma ray shielding. These will be discussed later.

Hydrogenous materials provide shielding against neutrons because they moderate neutrons (slow them down). This process is a direct result of elastic scattering. The internal states of the particles remain unchanged (Zwiebach, 2018). The focus of neutron shielding is primarily to prevent background noise in the detector.

Compact prototype antineutrino detectors should be tested as close to the reactor core as possible. This allows maximum neutrino flux through the detector volume. The HFIR configuration allows for a 7 to 12 meter radial distance. This high flux comes at a cost.  
[image: ]

[bookmark: _Ref173922863][bookmark: _Toc177931335][bookmark: _Toc182156241]Figure 2.10. Buried channel CCD developed to mitigate trapping (semantecscholar.org, 2024).
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[bookmark: _Ref174040372][bookmark: _Toc177931336][bookmark: _Toc182156242]Figure 2.11. Energy band structure for a buried-channel CCD. A potential well forms below the semiconductor-oxide interface in the n-type silicon preventing minority carrier trapping (Rottinger, 1999).



[bookmark: _Hlk182490099] Reactor proximity translates into high radiation background rates. Gamma backgrounds can mimic prompt antineutrino signals. Fortunately, there is no significant high-energy neutron background at HFIR.




[bookmark: _Toc427156470][bookmark: _Toc182642925]
Materials and Methods

[bookmark: _Toc177931293][bookmark: _Toc182642926]Compact HFIR Antineutrino Monitoring (CHAMP)
The CHAMP team (including the author) completed a contract to place the background radiation collection station (Figure 3.3) in the HFIR facility in a short timeframe, one month. Three-dimensional data collection is complete at HFIR location 1.  Two additional data acquisition locations are planned. The goal of CHAMP was to collect baseline radiation data. This radiation would need to be shielded to some undetermined degree for neutrino detection. Identifying background radiation levels is the first step. 

CHAMP uses 24 sodium iodide thallium-doped [Na(Tl)] scintillators. Comparing the effective atomic number (Zeff) for [NaI(Tl)] has revealed contention in radiation attenuation analysis. Some researchers have abandoned the traditional concept of Zeff altogether, favoring other parameters. The effective atomic number will be discussed further in the Results and Discussion chapter.

Since the sodium iodide thallium photomultiplier tube bases were custom-designed, emphasis will be placed on those detectors. Also, twenty-four detectors represent the larger detector volume. It is worth mentioning why CHAMP has three different types of detectors. [NaI(Tl)] has a high density and provides good scintillation properties for detecting gamma rays. These detectors offer good energy resolution for gamma spectra. Helium (HE-3) detectors are sensitive to thermal neutrons. 
The liquid scintillator (EJ-309) can detect both gamma rays and neutrons providing timing resolution in good energy response. With the flashpoint of 144° C, the EJ-309 is much less likely to be a fire hazard compared with other liquid scintillators with lower flashpoints on the order of 26 degrees Celsius [°C] (2024, Eljen). 

[bookmark: _Toc177931294][bookmark: _Toc182642927]CHAMP Design
Figure 3.1 represents a SolidWorks design including 24 sodium iodide thallium doped [NaI(Tl)] detectors and the HFIR experiment in Figure 3.2. Each of these Saint-Gobains detector crystals measures 2 by 4 by 16 inches. The deposition of energy in these detectors is a stochastic process. With a mono-energetic input to the crystal, the response spectrum is referred to as a response function (Matta,2021). Experimental determination of the response function is difficult because of background radiation and the fact that most gamma-ray sources are not mono-energetic. The response function can be simulated using Monte Carlo techniques (Matta, 2021). The detector response function is important because it provides a means of energy calibration, resolution, detector efficiency, background and interference, and detector performance characterization.

Figure 3.3 represents the crystal’s Geant4 simulated response to a mono-energetic 15.0 megaelectronvolts [Mev] gamma ray. Pair Production dominates above approximately 2.5 MeV (Short, 2016). Note the peak at 511 keV representing two gamma rays resulting from positron-electron annihilation. When the 15.0 MeV gamma ray impacts the steel cladding, pair production produces an electron and a positron. 


[image: ]
[bookmark: _Ref176119570][bookmark: _Toc177931337][bookmark: _Toc182156243]Figure 3.1. SOLIDWORKS design placement for 24 Saint-Gobains Model ZX4H16/2SS, 2 X 4 X 16” NaI(Tl) dectectors and lead separator plates (courtesy of Brandon Longmire).
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[bookmark: _Ref176182108][bookmark: _Toc177931338][bookmark: _Toc182156244]Figure 3.2. The CHAMP experimental radiation background collection station located at HFIR.

[image: ]
[bookmark: _Ref174969917][bookmark: _Toc177931339][bookmark: _Toc182156245]Figure 3.3. Given the Geant 4 mono-energetic gamma ray input spectrum shown in red, the blue response function results for a Saint-Gobains model ZX4H16/2SS 2x4x16” NaI(Tl) crystal (modified from Matta, 2021).
 .



The small peak around 1000 keV results from complex positron-electron interactions within the material. This could include the possible formation and annihilation of positronium. The 1000 keV peak can also represent scattering in energy redistribution effects in the material.

Positron annihilation photon escape peaks in the 13 to 14.5 MeV range include a combination of high energy photon interactions, secondary emissions, and pair production. The x-ray escape peak at approximately 14.5 MeV results from energy loss with some photons detected. The full power x-ray escape peak is likely a stainless steel cladding interaction.

Multiple Compton scattering and Compton edge effects can be interpreted as follows: The edge at about 15 MeV represents maximum energy transfer. However, the edge just below 14.5 MeV also represents high-energy photon interactions with the detector or cladding.

Figure 3.4 depicts the sodium iodide thallium detector and its Geant4 simulation of a mono-energetic 15.0MeV gamma ray and it’s subsequent reaction with the crystal (Matta, 2021). The simulation included the crystal surrounded on five sides by a 0.125-inch thick stainless steel cladding. Omitting the flare and photomultiplier tube simplify the simulation but did not significantly affect the simulated response. This lack of mass will, however, cause a somewhat smaller 511keV response from pair production and Compton scattering in the stainless-steel cladding.


[image: ]
[bookmark: _Ref177928850][bookmark: _Toc177931340][bookmark: _Toc182156246]Figure 3.4. The Saint-Gobains (now Luxium Solutions) model ZX4H16/2SS 2x4x16” NaI(Tl) detector on the left with it’s Geant4 graphic representation on the right. Note the orange circle denoting entry of a mono-energetic 15.0MeV gamma ray and it’s subsequent reaction with the crystal shown in green. The translucent Geant4 crystal envelope represents the detector’s steel cladding (modified from Matta, 2021).








































[bookmark: _Toc177931295].
[bookmark: _Toc182642928]Scintillation

Curiosity and awareness can lead to new discoveries. In 1895, Wilhelm Roentgen noticed a glow in a nearby platino-barium cyanide crystal while firing a beam of electrons at a target inside an evacuated glass tube. This glow disappeared when Roentgen switched his electron source off. 

This phenomenon, later described as scintillation, is the emission of light in some materials, usually crystalline or plastic, when they absorb high-energy radiation. The radiation transmits some of its energy and elevates electrons temporarily to higher energy states. When these electrons return to their ground states, they dissipate excess energy in the form of light (Tsoulfanidis, Landsberger, 2015).

The Latin scintillate means to sparkle and is the origin of the word scintillation, commonly used in radiation detection terminology today. William Crookes is credited as the first to observe scintillations on a ZnS screen using alpha particles (Tsoulfanidis, Landsberger, 2015). The work of T. Sidot, F. Giesel, J. Elster, and H. Geitel laid the groundwork for Crookes’ breakthrough (Kolar, Hollander, 2004). Their work and studies laid the groundwork for Crookes’ observation.
[bookmark: _Toc182642929]Photomultiplier Electronics
Scintillation light can be captured in a photomultiplier tube as shown in Figure 3.5. When light hits the photocathode, the photoelectric effect generates electrons (Wright, 2017). 
[image: ]

[bookmark: _Ref178190252][bookmark: _Ref181465849][bookmark: _Toc182156247]Figure 3.5. A basic photomultiplier diagram. Light impinging on the photo cathode produces electrons. These are in turn multiplied by voltage attracted dynodes. Electrons are collected at the anode representing the original radiation detected within the scintillator (Molecular Expressions, 2019).










[bookmark: _Ref178253341]
Each dynode from left to right has an increasingly higher positive voltage. Therefore, each dynode attracts electrons from the previous stage dynode. When these electrons hit each successive dynode, additional electrons are dislodged, multiplying exponentially along the chain of dynodes. Finally, the electrons are collected at the end of the process, representing what could be a very weak light signal.

Now consider the custom photomultiplier electronic design for the Compact HFIR Antineutrino Monitoring Platform (CHAMP) in Figure 3.6. The same general comments above apply to the CHAMP design. 

Figure 3.7 depicts the printed circuit board implementing the schematic. The custom mechanical assembly for the photomultiplier tube bases is shown in Figure 3.8CHAMP uses twenty-four of these bases. It was more cost-effective to design and build these identical bases than to purchase commercial off-the-shelf products.
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[bookmark: _Ref181470283][bookmark: _Toc177931341][bookmark: _Toc182156248]Figure 3.6. This double-sided printed circuit board (front and back) designed with KiCad contains the basic design in the schematic of Figure 3.7 (Fabris, 2021). 
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[bookmark: _Ref177066436][bookmark: _Toc177931342][bookmark: _Toc182156249]Figure 3.7. Photomultiplier tube schematic used for CHAMP NaI(Tl) detectors (Fabris, 2021). 





[image: ]

[bookmark: _Ref178272195][bookmark: _Toc182156250]Figure 3.8. Mechanical connections for the 24 CHAMP custom photomultiplier tube bases (SolidWorks housing design provided courtesy of Paul Nogradi).

















[bookmark: _Toc420995908][bookmark: _Toc422997495][bookmark: _Toc427156478][bookmark: _Toc182642930]

Results and Discussion

[bookmark: _Toc420995910][bookmark: _Toc422997497]Radiation detector performance is a function of several parameters, including scintillation efficiency, attenuation coefficient, energy resolution, density, and volume. Since the attenuation coefficient is a function of atomic number, consideration was given to determining the effective atomic number for detector compounds. This turned out to be an interesting academic exercise, but it is not well-established in the literature. Monte Carlo techniques would likely be more accurate since they have been carefully vetted.

Originally, Geant4 was intended for shielding simulation. However, the primary focus became the design and implementation of CHAMP, its experimental application, and data collection at the high-flux isotope reactor at Oak Ridge National Laboratory.

[bookmark: _Toc177931304][bookmark: _Toc182642931]Effective Atomic Number (Z)

Figure 4.1 shows the computer analysis of four different programs designed to compute effective atomic number (Z), the effective number of protons for substances. Recall, material properties are determined by the number of protons in an atom. In other words the number of protons determines the elemental atom. Effective atomic numbers might be used to estimate the attenuation coefficient of compounds.

Consider a sodium iodide crystal doped with thallium represented as [NaI(Tl)]. Sodium iodide has a crystalline structure composed of about 17% sodium and 83% iodine. Iodine 

[image: ]
[bookmark: _Ref175684435][bookmark: _Toc177931344][bookmark: _Toc182156251]Figure 4.1. Zeff-toolkit: Mann, et al., (2016) [average of three calculations – Taylor, et al. (2012); Manohara, et al. (2008); Singh et al. (2012)]
Auto-Zeff: Taylor, et al., (2012) [based on summed fractional weighting of mass attenuation coefficient to weighted atomic number of constituent elements]
ZeCalc: Garcia, et al., (2016)  Note: results contested by (Bouchard, 2016), an ungentlemanly mess
Direct-Zeff: Un and Caner (2014) 














with an atomic number of 53, is far denser than sodium, with an atomic number of 11. Although thallium has the highest atomic number, 81, it doesn’t contribute significantly to a change in the effective atomic number because its percentage in the compound is only about 0.14 percent.

Of the four programs, Zeff-toolkit (Mann et al., 2016) and Direct-Zeff (Un and Caner, 2014) appear to have similar curves. Auto-Zeff (Taylor et al., 2012) and ZeCalc (Garcia et al., 2016) have spike artifacts in their curves. Auto-Zeff was based on summed fractional weighting of mass attenuation coefficient to weight atomic number of constituent elements. ZeCalc results were contested in literature and there was no resolution.

Photoelectric absorption dominates from the work function energy up to about 245 keV (Short, 2016). Compton Scattering dominates from several hundred keV up to five MeV (Knoll, 2010). Pair Production dominates above approximately 2.5 MeV (Short, 2016). Rayleigh scattering occurs at low energy, but since this is an elastic phenomenon, all the incident and subsequent energy after collision is retained by the gamma-ray.  No energy is deposited in the crystal detector.

[bookmark: _Toc182642932]Effective Atomic Number (Z) Calculation
Before leaving this topic, consider the direct calculation of effective atomic number. An
Alpha Spectra sodium iodide detector enclosure will serve as an example. The Alpha Spectra [NaI (Tl)] detector is contained within a Teflon reflector wrapped in aluminum foil protected by an aluminum housing (Figure 4.2).  Although aluminum photon count (Z) is readily available, along with other single elements, Teflon proton count requires some discussion.

Researchers have proposed various equations to estimate atomic number for compounds and mixtures.  The earliest recorded mathematical model dates to 1946 and is used for medical X-ray technology, as shown in Equation 4-1 (Spiers, 1946).
Equation 4‑1
Equation 4.1
Equation 4.1
     


Where,
Zeff ≡ effective atomic number
ai ≡ relative electron fraction contributed by the ith constituent atom
Zi ≡ atomic number of the ith constituent atom
p ≡ empirically determined constant 

Spires’ equation provided a relatively simple means for medical practitioners to determine effective Z estimating x-ray effects on humans. The variable ‘p’ was somewhat 
arbitrary, assigned through experience and practical application.  Subsequent research,
[image: ]

[bookmark: _Ref179825770][bookmark: _Toc182156252]Figure 4.2. Alpha Spectra detector for this calculation is wrapped in Teflon with a protective aluminum foil cover inside an aluminum container.  The figure was drawn using IronCAD.






















arbitrary, assigned through experience and practical application.  Subsequent research, equipped with computational tools not available in 1946, found this equation to be imprecise.

In 2008 Manohara, et al. described effective Z for compounds and mixtures shown in
Equation 4‑2.[bookmark: _Ref179828223]Equation 4‑2
     




Where,
Zeff ≡ effective atomic number
fi ≡ relative molar fraction contributed by the ith constituent atom
Ai ≡ atomic mass of the ith constituent atom
 ≡ attenuation coefficient of the ith ith constituent atom
fj ≡ relative molar fraction contributed by the jth constituent atomic electrons
Aj ≡ atomic mass of the jth constituent atom
Zj ≡ atomic number of the jth constituent atom
 ≡ attenuation coefficient of the ith jth constituent atom

For comparison to Teflon Ze = 8.41 provided by (Smith, 2011), energy at 100keV was chosen to provide  for carbon and fluorine from NIST, Win XCOM in table 4.1.  
[bookmark: _Toc181126073]Table 4.1. NIST, Win XCOM attenuation values for carbon and fluorine.
[image: ]

























Smith, Martz, and Kallman optimized over a range, 30-160 keV for x-ray examination in the electronic baggage scanning program. Substituting Table 4.2 values into Equation 4.2
gives the result in Equation 4-3.

[image: ]Equation 4-3


Note the percentage difference error between Ze  8.41 and Zeff  8.305.  If 8.41 is taken as the correct value, the percentage difference error is 1.25%.  Zeff as determined by Manohara, et al. for higher energy gamma rays are inferred to be a reasonable value.

Find Zeff  for Teflon (CF2) at 600 keV:

Given (carbon) ≈ 0.08058 cm2/g and (fluorine) ≈ 0.07649 cm2/g and noting the fully specified NIST, Win XCOM parameter curves for Teflon in Figure 4.3 for reference, Zeff is calculated in Equation 4-4.
Equation 4‑4


[image: ]

Resulting in,

Equation 4‑5


[image: ]



Software like Gamma and Dose Rate Assessment Software (GADRAS) used for nuclear incidents or radiological assessments requires an estimate of the atomic number (Z).
[bookmark: _Toc181126074]Table 4.2. Substitution values for Equation 4.2.
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[bookmark: _Ref179832888][bookmark: _Toc182156253]Figure 4.3. NIST, Win XCOM graphs for fully specified Teflon parameters as listed.






Z, or the number of protons for input, has been referred to as the effective Z, which coincidentally is also the number of electrons in an unexcited atom (Manohara, 2008).  

Assume contributions to [Zeff] of [Al] and Teflon based on the relative thicknesses of each.  Calculations are based on gamma-ray energy of approximately 600 keV.
[bookmark: OLE_LINK3]Assume contributions to Zeff of Al and Teflon based on the relative thicknesses of each.  Calculations are based on gamma-ray energy of approximately 600 keV. 
Equation 4‑6



Where,
TAl = 0.025” or 0.064 cm
TAl(foil) = 0.005” or 0.013 cm
TTeflon = 0.040” or 0.102 cm
and,Equation 4‑7

  
  


Equation 4‑8



Equation 4‑9



[bookmark: _Toc182642933]Geant4 Requires Specialized Software Skills
[bookmark: OLE_LINK4]Geometry ANd Tracking, Version 4 (Geant4) is a Monte Carlo toolkit developed at the Conseil Européen pour la Recherche Nucléaire (CERN) and translated into English by the European Organization for Nuclear Research. The software allows users to define limited geometry for shielding and detectors. It simulates particle tracks through matter including scattering. Physics interactions are accounted for including electromagnetic, hadronic, and decay processes (CERN, 2023). Geant4 is a complex toolkit with dependencies requiring working knowledge across multiple software tools, C++, Git, GitHub, CMake, and Ubuntu, to name a few. 

Geant4 provides a core library with central functions for particle tracking and interaction simulations. The main libraries of Geant4 include geometry, materials, tracking, physics, event and run management, visualization, user interface, and output and data handling. Within Geant4, geometry specifications proved to be the most challenging aspect. Several prototype software tools have been developed to input computer-aided design geometry into Geant4. However, a significant number of other software tools must be included to run Geant4. Each of these tools requires significant computer science knowledge.

A simplified Geant4 configuration approach proved to be unsuccessful. After multiple attempts to incorporate this configuration, the platform was still unstable. The host computer operated behind a firewall at Oak Ridge National Laboratory (Figure 4.4). The instability was likely due to multiple factors. Upload and download connections affecting online components and Geant4 updates were limited by network restrictions. Geant4 requires access to external libraries limited by the firewall. Strict user permissions limit the installation or execution of Geant4 components. Resource allocation was likely also an issue.

A dedicated personal computer connected directly to the Internet proved successful using a Ubuntu Linux-based operating system, Figure 4.5. Ubuntu is a Linux kernel (core system resource and communication management) Debian derived operating system. Geant4 demonstration programs ran successfully using this configuration. New users in Geant4 are encouraged to modify existing demonstrations for customized applications like the detector response shown in Figure 3.4. 


Even basic radiation transport analysis in the Geant4 toolkit requires knowledge and application of multiple tools and programming capabilities. Since Geant4 libraries are primarily programmed in C++, simulations require C++ compiling as shown in Figure 4.6.

CMake is an open-source, platform-independent scripting language used to manage and build software projects, Figure 4.7 (Loggini, 2020). Before compiling, CMake is configured using a CMakeLists.txt file to specify source files, libraries, and compilation
[image: ]

[bookmark: _Ref179890217][bookmark: _Toc182156254]Figure 4.4. This configuration provided limited success. Geant4 demonstration programs including some modifications proved successful. However, complex geometries using three-dimensional CAD programs like SolidWorks repeatedly failed. Instigating make or an integrated development environment (IDE) provides final preparation for compiling.Qt or “cute” displays a two-dimensional image of the three-dimensional Geant4 simulation output. Although written in C++, Qt can be bound to other languages like Python. Geant4 has its own visualization options, but Qt allows for more user-friendly, customized visual representations of simulation data. Qt also allows users to develop graphical user interfaces like simulation control panels to start, stop, and configure simulations. Data visualization using plots and graphs to represent data along with user input management with forms or dialogs is another possibility with Qt.


[image: ]

[bookmark: _Ref179888172][bookmark: _Toc182156255]Figure 4.5. A simplified approach to incorporate Geant4 using Windows 10 behind the ORNL firewall failed to provide a stable programming platform.


[image: ]

[bookmark: _Ref179970246][bookmark: _Toc182156256]Figure 4.6. Programs are often created using compiled languages making use of dynamic linked libraries (Windows) or shared libraries (Linux, Unix) to run (Modified from Anton, 2017 and Hawaii.edu, 2019).
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[bookmark: _Ref179973905][bookmark: _Toc182156257]Figure 4.7 CMake is a cross platform build system generator (Loggini, 2020).





options. Running CMake then generates build files for the appropriate environment. Along with the somewhat daunting Geant4 toolkit libraries users also have to learn the Git version control system (Figure 4.8) its GitHub cloud server and related programs, such as Visual Studio Code (VSCode), an open-source Microsoft code editor.

Without version control like Git software teams have no way of knowing which changes have been approved for release. Worse, team members may create incompatible changes in two or more unrelated pieces of software resulting in execution errors (Shapiro, 2019).  Git is distributed so the entire project and history is on each programmer’s machine and, as a result, is faster than centralized version control where the project resides on a single server. Programmers working alone can benefit from the changes logged in history and structure for version control.

More complicated geometrical configurations developed in three-dimensional computer-aided design (3D CAD) programs like SolidWorks require special software skill sets.
Attempted geometry input from SolidWorks into Geant4 repeatedly failed using pyg4ometry (Walker, et al., 2021). With additional funding, this simulation capability could be further investigated or contracted for future project work.

[bookmark: _Toc182642934]MCNP6 and Attila
Monte Carlo N-Particle Transport Code, Version 6 (MCNP6) was developed in the 1970s at Los Alamos National Laboratory (LANL). The first release was in 1983. MCNP6
[image: ]

[bookmark: _Ref179985800][bookmark: _Toc182156258]Figure 4.8. Git version control is widely used along with the GitHub service used to host Git repositories. GEANT4 libraries are all available on GitHub (modified from Nemerever, 2019).








simulates neutron, photon, and electron transport. The program allows for complex
geometries, but input is laborious and error-prone. One attempted solution to the complex geometry problem is the Attila deterministic software program (Figure 4.9).

While the Geant4 toolkit requires a host of downloads and computer science expertise across multiple tools, MCNP6 is a self-contained software program. The complex geometry input and display problem can be streamlined by coupling another self-contained Attila program to MCNP6. The Attila program contains Parasolid and tecplot both transparent to the user. Parasolid enhances complex geometry modeling for Attila. While tecplot provides data visualization, postprocessing, customizable graphs, data export, and reporting.

During a three-day Attila seminar the author produced the visualization output displayed in Figure 4.9. The cesium 137 source (Cs-137) emits beta and gamma radiation. Color 
coded gamma radiation flux is displayed around two 2x2 and four 2x4 Alpha Spectra sodium iodide thallium detectors.
[bookmark: _Toc182642935]GADRAS Compared to MCNP6
It’s worth noting the correlation using Gamma Analysis for Dose and Risk Assessment Software (GADRAS) with experimental data collected using this configuration in Figure 4.10. Among other uses GADRAS provides simulated responses of gamma detectors. 
GADRAS has shown good agreement with MCNP6 with the exception of hydrogenous or large quantity moderating shielding (Klasky, et al., 2016).

[image: ]

[bookmark: _Ref180002964][bookmark: _Toc182156259]Figure 4.9. Geometry input using SpaceClaim and display with tecplot in Attila coupled with MCNP6 do not require large external library downloads or expertise in multiple other software programs and tools as opposed to Geant4.
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[bookmark: _Ref180006849][bookmark: _Toc182156260]Figure 4.10. Responses in a 2 x 4” sodium iodide detector from a cesium 137 source (a) in a GADRAS simulation and (b) experimentally displayed using EasyPeak.











1. [bookmark: _Toc427156482][bookmark: _Toc182642936]
Conclusions and Recommendations

[bookmark: _Toc182642937]CHAMP Disposition and Reactor Security
CHAMP was successfully designed and implemented as the main focus of this dissertation. Background data has been collected from the High Flux Isotope Reactor (HFIR) at ORNL. Characterization of background data and optimization of shielding remain to be implemented. This chapter will focus primarily on recommendations for future work.

The $180K CHAMP project has in a sense been “scooped” by the $5.3M Very Short Baseline Reactor Antineutrino Experiment (vIOLETA) collaboration (vIOLETA, 2024). Although vIOLETA isn’t technically intended to be a user facility for antineutrino detection and experimentation like the future vision of CHAMP, it does provide a complete experimental package including a customized lower energy threshold skipper CCD. 

Twelve countries, including the United States, comprise the collaboration with over two hundred researchers. The detection apparatus will be placed eight and twelve meters away from the center of the Atucha 2 Nuclear Power Plant reactor core in Argentina. vIOLETA kicked off in 2022 and has planned collaborative projects indefinitely beyond 2025. 

The Atucha 2 Nuclear Power Plant is a pressurized heavy water reactor (PHWR) with thermal power of approximately 2160 megawatts thermal [MWt] and electrical power of 745 megawatts [MW] (Corzo, et al., 2016). The reactor uses natural uranium fuel and began commercial operation in 2014. Heavy water deuterium oxide [D2O] serves as both a coolant and a moderator. This is how the reactor sustains a nuclear chain reaction using natural uranium.

Compare these specifications to HFIR at ORNL. HFIR is a forced air-cooled research reactor running on low-enriched uranium (LEU), enriched to about 20 percent U-235. The reactor uses water as a moderator and produces about 85 megawatts of power.

Verifying fuel rod inventory requires labor and materials totaling about $156 million per year. The process requires sampling and dismantling rods, weighing individual fuel pellets, and using gamma spectroscopy or neutron radiography to verify fuel condition and quality. 

Antineutrino detection offers the promise of a lower cost alternative. Changes in antineutrino flux may one day indicate changes in fuel composition or theft of fuel rods. Antineutrino science promises the possibility of new nondestructive testing capability for nonintrusive verification. Characterization of nuclear fuel by monitoring antineutrino emissions can one day determine the amount and type of nuclear fuel in use. Existing physical and procedural safeguards may be augmented by antineutrino detectors to enhance security.
[bookmark: _Toc182642938]Future Shielding for CHAMP
The characterization of buildup factor is well-known (Basu,2019). Buildup is an empirical value included to allow for scattered background energy which might have otherwise missed the detector. The goal is to mitigate buildup factor. Figure 5.1 includes a graphic representation of buildup. It also provides an equation for gamma-ray intensity, including a factor for buildup (Gilmore, 2008). A Python program for Multi-Layered Buildup (Py-MLBUF) should be available soon to allow on-line buildup calculations (2021, Mann).

There are a number of physical properties of gamma-ray shielding to explore (Figure 5.2). Here are a few: additive manufactured composition and geometry, mitigation of build-up factor, low to high Z layering, and sensitivity analysis of volumetric coefficients aiming to increase density.

Metal powder additive manufacturing could be used to produce novel shielding materials. Although cobalt 59 and depleted uranium would provide superior shielding both pose health risks. 
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[bookmark: _Ref180865732][bookmark: _Toc182156261]Figure 5.1. (a) Collimated sources reduce buildup. (b) Collimation could be incorporated in antineutrino detectors (the height and width of the detector) to reduce background radiation buildup from the reactor and detector shielding. However, some buildup would still be a factor (adapted from Gilmore, 2008).
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[bookmark: _Ref180867964][bookmark: _Toc182156262]Figure 5.2. Shielding innovations to explore in future CHAMP development. An example of Py-MLBUF is included in the upper right corner.





















A rhenium-tungsten alloy would be a good choice with a density between 19.3 and 21.0 grams per centimeter squared [g/cm2]. The two metals together have improved mechanical properties, good thermal stability, and resistance to thermal shock. Along with high density, this combination allows for thinner material application without compromising structural integrity due to its improved mechanical properties. References are provided in Figure 5.2 four other properties with the exception of geometry. The notion of deflecting gamma radiation in the way light is reflected by a mirror is unlikely. Shielding typically works by absorption and scattering, but scattering angles are typically statistical in changing the path. This makes controlled reproducible deflection difficult if not impossible.
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In comparing simulation software MCMP6 coupled with Attila provided the most successful results. Two obvious drawbacks are MCMP6’s proprietary software and the high cost of Attila, about $30,000. 

The Geant4 toolkit offers a more customized approach since is open source. With the customization also comes a higher level of computer science knowledge and skill required to successfully implement the toolkit. Geant4 input geometry format is Geometry Description Markup Language (GDML) (CERN, 2020). Complex geometry input using prototype pyg4ometry software failed but Irakli Garishvili at ORNL reports previous success with Computer-Aided Design Mesh (CADMesh) (Poole, 2012). Other possible prototype geometry input tools include SolidWorks to GDML (SW2GDML) (Vuosato, 2017), and Graphical User Interface Mesh (GUIMesh) (Pinto, 2019), 

[bookmark: _Toc182642940]Energy Consumption Analysis

The composition of global energy consumption affects the world’s environment. A study by Cook et al. reported 97 percent of actively publishing climate scientists support the consensus that man’s burning of fossil fuels is driving climate change based on 11,944 peer-reviewed papers (Cook, et al., 2016). 

The United Nations prioritizes energy consumption because it affects climate change and the world’s environment. Population is a parameter included in energy consumption calculations. United Nations simulations predict a peak in the world’s population from the current 8 billion to about 10 billion in 2080 and a decline afterward (United Nations, 2024). Considering population growth, worldwide energy consumption in 2023 of about 427 exajoules (EJ) or 427 * 1018 (Enerdata, 2024) has been estimated to increase about 48 percent to 631 EJ by 2050 (Vanek, et al., 2012).

Legacy nuclear power will continue to provide global energy while protecting the environment. One issue with large nuclear power plants producing on the order of 1200 megawatts (MW) of electrical power is the waste during off-peak hours. Six small Modular Reactors (SMRs) on the order of 200 MW can mitigate this problem. Operating in parallel, the SMR design allows load following to respond to grid demand. 

One interesting possibility is retrofitting existing coal-fired plants with small modular reactors. An analysis from Poland recommended replacing a 460 MW supercritical coal-fired unit with a 320 MW SMR designed by Kairos Power (Bartela, et al., 2021).

The promise of fusion reactors remains elusive. In December 2022, researchers successfully produced a 1.54 (Q = 1.54) energy surplus fusion reaction at the National Ignition Facility (NIF), Lawrence Livermore National Laboratory (LLNL), California (Ahu-Shawareb, et al., 2024). Q refers to the fusion energy output divided by the laser energy input required to produce the fusion reaction. It is essential to recognize laser energy input is not the total electrical grid input energy needed for a fusion reactor. A higher grid energy would be required. 

Oak Ridge National Laboratory has teamed up with the Tennessee Valley Authority and the Type One company to convert a closed coal-fired power plant, the Bull Run steam plant, into a fusion-powered prototype plant when one of the first fusion reactors becomes available. The project is in the early stages of plant acquisition and is still in the proposal stage. A Q value 5.00 has been calculated as a necessary and sufficient energy surplus to make electrical production viable (Dow, 2024).
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