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Abstract

Fast neutrons are closely linked to nuclear fission, making them important in many

nonproliferation applications, both as a measurable signal and as a source of probing

radiation. This work examines a number of novel applications of fast neutrons in both

the signal and source domains.

Fast neutrons are particularly attractive as an active interrogation probe due to their

high penetrability and high cross-section for induced fission in special nuclear material

(SNM). Because of this propensity to induce fission, radiographic imaging techniques

based on fast neutron transmission can be used to combine geometric verification with

detection of fissionable material. A simple experimental method is demonstrated for

realizing crude imaging of the geometric configuration of special nuclear material and

confirming its fissionable content based on spectroscopic fast neutron transmission mea-

surements, which may be attractive in treaty verification scenarios where more complex

or high-precision measurements are undesirable.

In addition to source transmission and the prompt fission signal, delayed neutron

emission is a significant aspect of the overall fast neutron signature induced by neutron

active interrogation of SNM. Delayed neutrons have unique isotope-specific spectral and

temporal characteristics, which can provide the basis for isotope identification. Previous

work has shown that measurement of the buildup and decay time profiles of long-lived

delayed neutron groups can be used to perform isotopic discrimination in uranium and

infer enrichment. However, in bulk materials with an appreciable fissile content (e.g.,

xiv



235U), delayed neutrons have a high probability of inducing additional fission events,

leading to the emission of prompt fission radiation during the delayed neutron time win-

dow. Two methods are presented for exploiting the composite nature of this signal to

perform isotopic discrimination in uranium based on measurement of the delayed neutron

energy spectrum and detection of coincident radiation from delayed-neutron-induced fis-

sion. Furthermore, because the long-lived delayed neutron precursors exhibit decay times

on the order of tens of seconds, their time profiles are insensitive to the delay associated

with scattering or diffusion in shielding, which occur on much shorter time scales. A study

of the effects of neutron-moderating shielding on measurements of the delayed neutron

time-emission profile is presented.

Fast neutron sources are also useful for inducing activation or transmutation reactions

that cannot be produced with lower-energy neutrons or other source particles. One

application of this transmutation capability is in the production of certain radionuclides

that may be useful for the calibration of nuclear instrumentation. In particular, 16N

and 17N are radionuclides that can be produced via (n,p) reactions in oxygen-containing

targets, and are of interest for the calibration of large water-based Cherenkov detectors

used for antineutrino detection. A demonstration of the production of 16N and 17N using a

DT generator neutron source is presented, as well as the design, construction, and testing

of a specialized beta-tagging detector. Beta-correlated measurements are performed to

examine the feasibility of 17N as a time-tagged neutron source for antineutrino detector

calibration.

xv



Chapter 1

Fast Neutrons and Their Applications

1.1 Nuclear Security and Nonproliferation

Throughout the course of history, the pace of scientific advancement has at times been

staggering. The field of aerospace engineering provides one of the most astonishing ex-

amples: Neil Armstrong’s “One Giant Leap For Mankind” came only 66 years after the

Wright brothers’ first flight at Kitty Hawk - less than a single lifetime. More recently,

internet technology took less than two decades to completely revolutionize the way infor-

mation is shared. Yet rapid innovation is seldom an unqualified good. New technologies

may have powerful benefits, but they also raise new threats, which may take time to

understand and even longer to combat effectively.

The field of nuclear physics has borne witness to the rapid development of transfor-

mative technology and the coincident emergence of potentially devastating threats. After

James Chadwick’s first theorization and demonstration of the existence of the neutron in

1932 [1, 2], it was only a few short years until the discovery and identification of nuclear

fission in early 1939 by Hahn, Strassmann, Meitner, and Frisch [3, 4]. The discovery of a

new nuclear reaction generated an intense amount of excitement and activity in physics

research, and it did not take long for physicists to recognize the awesome potential of
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nuclear fission, both as a source of energy and as a weapon. Less than six months later,

Leo Szilard, along with fellow Hungarian physicists Edward Teller and Eugene Wigner,

drafted a letter to President Roosevelt. The letter, which was signed by Albert Einstein,

warned that the recent advances in nuclear technology could lead to the development of

“extremely powerful bombs of a new type”, that Nazi Germany was possibly working

toward such a weapon, and that the U.S. would be wise to expand its uranium supply

and accelerate its own research program [5]. This motivated the U.S. government to take

action, which eventually progressed to full-scale development of nuclear weapons with the

authorization of the Manhattan Project in January of 1942. From there, it was only a

few short years until the first successful nuclear explosion at the Trinity test site in June,

1945. Less than two months later, the first atomic bombs were deployed at Hiroshima

and Nagasaki, to devastating effect. Nuclear weapons may have brought World War II

to a close, and in doing so ended a horrific chapter in world history, but their terrible

destructive power presented an unprecedented danger. The sudden emergence of this new

threat and the subsequent struggle to contain it would come to define the field of nuclear

security and nonproliferation for decades to come.

If American leaders had hoped to contain the threat of nuclear weapons by maintaining

the U.S. monopoly on the technology, they soon received a sobering dose of reality in

August 1949, when the Soviet Union conducted their first successful test of a fission

bomb. The rapid advance of the Soviet effort, aided by espionage, came as a shock to

the Truman administration, which had built its policy approach around the assumption

that America would maintain the “atomic secret” well into the future [6]. The sudden

evaporation of American nuclear hegemony sparked a reevaluation of national security

policy and motivated the Truman administration’s decision to pursue the development of

new thermonuclear weapon technology [7]. Through the 1950s and into the early 1960s,

the United States and the Soviet Union competed to build ever-larger arsenals of ever-

2



more-powerful nuclear bombs, resulting in a record 175 combined nuclear tests in 1962 [8].

In this tense climate, growing public concern over the fallout from nuclear weapons tests,

as well as the near-disaster of the Cuban Missile Crisis, led the U.S. and the Soviet Union

to sign the Limited Test Ban Treaty (LTBT), which prohibited atmospheric, underwater,

and space-based nuclear testing [9]. Though it only served to slow the pace of the arms

race, as underground testing was still permitted, the treaty represented the first major

effort to reach a multilateral agreement aimed at curbing nuclear weapons development.

For the rest of the 20th century and into the 21st century, the U.S. and Soviet Union (later

Russia) continued to engage in bilateral agreements (e.g. SALT, START, New START) to

regulate the size of their nuclear arsenals, primarily by limiting the number of warheads

and delivery vehicles [10].

While U.S.-Soviet competition remained the focus, the issue of nuclear weapons con-

tinued to expand, as other nations sought the power and prestige associated with a nuclear

arsenal. By the mid-1960s, the UK, France, and China had all obtained nuclear weapons,

and they were later joined by Israel, India, Pakistan, and North Korea, bringing the total

number of nuclear weapons states to nine [11]. To arrest the spread of nuclear weapons,

broader, multilateral agreements have been negotiated. Two prominent examples include

the Nonproliferation Treaty (NPT), in which non-nuclear-weapon states agree not to

pursue nuclear weapons development in exchange for the right to use nuclear technology

for peaceful purposes, and the Comprehensive Nuclear-Test-Ban Treaty (CTBT), which

seeks to ban all nuclear explosion tests, though it has not entered into force [12].

The goals of these agreements are indeed noble, but their effectiveness depends directly

on the inclusion of a dependable framework for verifying the compliance of all parties.

This concept is embodied by the Russian proverb, doveryai, no proveryai, whose trans-

lation, “trust, but verify”, became a favorite catchphrase of President Ronald Reagan

in the context of U.S.-Soviet relations [13]. In the early days of U.S.-Soviet agreements,
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test-ban treaties such as the LTBT could be verified by nuclear explosion monitoring us-

ing acoustic, radiochemical, and seismic detection systems [14–16]. Advances in satellite

technology during the 60s and 70s improved the sensitivity and reach of nuclear explo-

sion monitoring while also providing new photographic reconnaissance capabilities, which

became the chief means for verifying weapons limitation agreements, such as those stem-

ming from SALT I and SALT II [17–19]. Generally, verification based on such unilateral

intelligence gathering methods avoids the thorny issue of inspections. While this may be

an asset when the negotiation of inspection protocols would otherwise present a major

roadblock, unilateral monitoring methods are not infallible. For example, Iraq carried

out clandestine nuclear weapons development despite being a signatory of the NPT, and

many governments and international agencies, such as the IAEA, remained ignorant of

their activities and intentions until inspectors uncovered evidence of a weapons program

following the Gulf War [20]. This failure prompted significant changes in nonproliferation

monitoring, as the IAEA moved to place more emphasis on inspections and equip inspec-

tors with more robust detection tools, including highly sensitive environmental sampling

technology [21].

As the example of Iraq illustrates, one of the key challenges of verification is to dis-

cover potential nuclear weapons development before the explosion test stage. While ver-

ification techniques for arms control agreements remain a critical component of nuclear

security, continued innovation is needed to address today’s evolving threat landscape.

The rise of global terrorist networks in the wake of the September 11th attacks has raised

concerns that such groups may try to utilize crude nuclear bombs or radiological disper-

sal devices for future attacks. Continuing to develop and improve detection technology

in support of nuclear safeguards, such as material accountancy and smuggling preven-

tion, is vital to ensure that special nuclear materials1 do not fall into the wrong hands.

1Plutonium, or uranium enriched in the isotopes 233U or 235U, as defined by the 1954 Atomic Energy
Act.
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In the case of nations that may attempt to follow North Korea’s example by clandes-

tinely reprocessing partially-spent nuclear fuel from reactors to produce plutonium for

weapons development[22], long-distance measurement techniques, such as antineutrino

detection, may provide the means for monitoring nuclear reactors, which could in turn

detect operational conditions associated with potential material diversion or plutonium

production [23, 24].

Because of their close association with nuclear fission, neutrons are a key component

of nonproliferation technology, both as a measurable signal and as a source of probing

radiation. On the signal side, neutron sensors and measurement techniques are an integral

part of a wide variety of nuclear security and safeguards applications, including material

accountancy, emergency response, and treaty verification [25]. As an interrogation source,

neutrons easily induce fission and augment characteristic radiation signatures in special

nuclear material, facilitating material identification for treaty verification or smuggling

prevention, and neutron-induced transmutation reactions can be used to produce a variety

of useful radioisotopes for instrumentation characterization and calibration [26, 27]. Just

as Chadwick’s discovery of the neutron was central to the development nuclear weapons,

neutron-based signals and sources have a central role to play in maintaining the present

and future security of a nuclear-armed world.

1.2 Sources of Fast Neutrons

Neutrons are generally classified based on their energy. At the low end of the spec-

trum are thermal neutrons, which have an energy of approximately 0.025 eV. While it

is possible to generate neutrons with lower energy (“cold neutrons”), complex processes

are typically needed to reduce the neutron energy, which involve specialized moderator

configurations and cryogenic materials [28–30]. Thermal neutrons are defined as such be-
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cause they are in thermal equilibrium with the surrounding medium, and 0.025 eV is the

most probable energy for a free neutron at 300 K according to the Maxwell-Boltzmann

distribution [31]. At thermal energies, the cross-sections of certain types of neutron-

based nuclear reactions for a particular nuclide may differ dramatically from their values

at higher neutron energies. For instance, 3He, 6Li, and 10B all have high cross-sections

for thermal neutron capture, but the capture cross-section decreases markedly with in-

creasing neutron energy. Due to their high sensitivity to thermal neutrons, such isotopes

are often used in capture-based neutron detectors or incorporated as neutron-absorbers

in shielding materials. Thermal neutrons are also closely associated with nuclear reac-

tors, as most operating nuclear reactors rely on maintaining a high population of thermal

neutrons to drive the fission chain reaction.

The range from about 1 eV up to a few hundreds of keV encompasses slow- and

intermediate-energy neutrons. In this energy region, many atomic nuclei exhibit narrowly-

spaced resonances in their neutron interaction cross-sections, which arise from the energy

levels of the compound nucleus formed during a neutron-nucleus interaction [32]. Because

these energy levels are characteristic of the isotope undergoing the interaction, they can

be leveraged to obtain information about material composition. When a material is

bombarded with slow- or intermediate-energy neutrons, the neutrons will be captured,

scattered, or transmitted preferentially according to the corresponding cross-sections of

the material’s constituent elements. By observing the subsequent gamma-ray emissions

(following neutron capture) or recording the energy of the transmitted neutrons, the reso-

nances can be identified. These techniques are called neutron resonance capture analysis

(NRCA) and neutron resonance transmission analysis (NRTA) and are used to deter-

mine material composition in a wide variety of applications, from nuclear safeguards to

archaeology [33, 34].

Neutrons with energy between approximately 1 MeV and 20 MeV are classified as fast
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neutrons. The primary sources of neutrons in this energy range are nuclear processes such

as fission, fusion, and delayed neutron emission. Because of their close association with

fission and fusion, fast neutron signals are intrinsically linked with nuclear energy and

weapons technology, making them the principal energy classification of interest for nuclear

security and nonproliferation applications. Fast neutrons also provide many advantages

as a source of probing radiation for active interrogation, as they are highly penetrating

and can readily induce nuclear reactions that become much less probable at energies below

a few MeV. For example, nuclides such as 238U, 237Np, and 232Th cannot be induced to

fission by thermal neutrons, but are fissionable by fast neutrons. Apart from fission,

many transmutation reactions become possible at fast neutron energies, facilitating the

production of radioisotopes for detector calibration and medical applications.

At energies above about 20 MeV, neutrons are referred to as ultrafast. Whereas fast

neutrons are associated with nuclear processes, ultrafast neutrons are primarily produced

in particle cascades induced by cosmic-ray interactions. As a result, ultrafast neutrons

are mainly of interest for space-based applications or as a component of the neutron

background in certain measurements.

The focus of this dissertation is on fast neutrons, particularly in the context of nu-

clear security and nonproliferation applications. As such, some additional discussion of

fast neutron sources is warranted. The fission process is one of the principal sources of

fast neutrons, especially in relation to neutron emission by SNM. In general, the fission

neutron signal is divided into two temporal components, prompt and delayed. Prompt

neutrons are emitted instantaneously when the nucleus undergoing fission breaks apart.

The average number and energy spectrum of the prompt neutrons emitted depends on

the fissioning isotope, as well as the type and energy of the particle that induced the

fission. For example, in the well-known case of thermal fission of 235U, the energy spec-

trum peaks near 1 MeV with a high-energy tail extending up to approximately 17 MeV,
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resulting in an average prompt neutron energy of approximately 2 MeV [35]. While the

prompt neutron energy spectrum does change for different incident neutron energies, the

effect on the average energy is generally small [36]. In contrast, the average number of

prompt neutrons emitted by fission events can vary substantially for different isotopes

and incident neutron energies [37].

The second component of the fission neutron signal comes from the emission of delayed

neutrons by fission fragments, which is a well-known phenomenon [38–40]. The products

of fission reactions include a variety of unstable nuclei, which are typically neutron-rich

and undergo beta decay. A fraction of the decaying nuclei also release their energy through

neutron emission. The delay between the initial fission event and these secondary emitted

neutrons depends on the chain decay kinetics, which are characteristic of the fission

fragments, and ranges from a few hundreds of nanoseconds to tens of seconds. The beta-

delayed neutrons are commonly divided into a set of groups based primarily on similarities

in their precursor half-lives [41]. The specific parameters for the groups depend on the

isotope undergoing fission, as well as the type and energy of the fission-inducing particle.

Each delayed neutron group also possesses a characteristic energy spectrum. While most

delayed neutrons are categorized as fast neutrons, they have somewhat lower average

energy than prompt fission neutrons, typically on the order of a few hundreds of keV.

Fusion reactions involving hydrogen isotopes are another well-established means of

producing fast neutrons [42]. The most commonly employed reactions are deuterium-

deuterium (DD) fusion and deuterium-tritium (DT) fusion. The DD reaction,

D + D→ 3He + n, (1.1)

has one branch with a Q-value of 3.3 MeV and emits a neutron with an energy of

8



2.45 MeV, while the DT reaction,

D + T→ 4He + n, (1.2)

has a Q-value of 17.6 MeV and emits a 14.1-MeV neutron. Using these reactions as

the core neutron production mechanism, neutron generators have been developed which

can produce high neutron fluxes, as continuous or pulsed beams [43, 44]. The high flux

of high-energy fast neutrons produced by these generators is useful for a wide variety

of applications, including activation analysis, radiography, oil-well logging, and medical

therapy [45]. Fusion-based fast neutron generators are convenient for inducing fission

in SNM and thus play an important role in many active interrogation applications for

nuclear security and nonproliferation, which are detailed in Section 1.4.

Outside of fission and fusion processes, a wide variety of alternative methods exist for

inducing fast neutron emission. High-energy photon sources can be used to induce fission

in SNM, thereby producing a fast neutron signature that can be used to characterize the

material [46]. While the cross-sections for photofission are lower than those of neutron-

induced fission, very high photon fluxes can be achieved, and photon sources produce

much lower active neutron background rates, which can be advantageous for measuring

prompt neutron signatures. Intense photon sources, such as linear accelerators, can also

be used to produce fast neutrons via (γ,n) reactions in target materials such as deuterium,

9Be, or uranium [47]. Particle accelerators can also be used to generate fast neutrons

through a process called spallation. Spallation sources produce fast neutrons by breaking

apart nuclei in a heavy target material using a beam of high-energy charged particles,

such as protons, with the added advantage that the resulting neutron flux can be easily

controlled via the driving beam [48]. Additionally, recent advances in laser technology

have led to the development of laser-driven methods for neutron generation [49].

Finally, neutrons in the fast to ultrafast energy range can be produced naturally by
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cosmic-ray interactions in the environment. Ultrafast neutrons typically originate from

cosmic-ray spallation interactions in the upper atmosphere, but lower-energy neutrons

can be produced when neutrons or muons from the initial interaction cause secondary

spallation in materials near the Earth’s surface. Because the cosmic rays cannot be

easily shielded, these spallation neutrons are an ever-present contributor to background

radiation. For small detectors in a laboratory setting, the flux of these background

neutrons is usually low enough so as not to significantly impede most measurements.

However, for large-scale rare-event detectors, cosmogenic fast neutrons can be a very

important source of background that must be precisely characterized to accurately model

and assess detector performance [50].

1.3 Measurement of Fast Neutron Signatures

1.3.1 Fundamentals of Neutron Interactions

Discussion of the equipment and techniques used to measure fast neutron signatures first

requires an understanding of the fundamentals of neutron interactions with matter. As

neutral particles, neutrons are not subject to the Coulomb force that dominates charged-

particle interactions. Instead, neutrons passing through a given medium interact directly

with the atomic nuclei, primarily through elastic scattering collisions. In an elastic colli-

sion, the incident neutron transfers some of its energy to an atomic nucleus according to

the expression

ER =
4A

(1 + A)2

(
cos2θ

)
En, (1.3)

where ER is the energy transferred to the recoil nucleus, A is the number of nucleons in

the recoil nucleus, θ is the angle of recoil in the laboratory reference frame, and En is the

energy of the incident neutron. The remaining energy is carried away by the scattered
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neutron. The maximum energy transfer occurs in backscatter collisions, where cos(θ) is

unity, and is given by

ERmax =
4A

(1 + A)2En. (1.4)

As Eqs. (1.3) and (1.4) show, a neutron can only transfer all of its energy in a single

elastic collision if the recoil nucleus is a single proton (hydrogen). For all other nuclides,

the incident neutron will retain some of its initial energy after scattering.

While neutrons of all energies undergo elastic scattering, fast neutrons possess enough

energy to undergo inelastic collisions as well. In an inelastic collision, part of the energy

transferred from the neutron elevates the recoil nucleus to one of its excited states. The

excited nucleus then promptly de-excites via gamma-ray emission. Because these gamma

rays are associated with specific elements and excited states, they can be used to gain

insight into atomic structure and the composition of target materials [51, 52].

Apart from scattering, neutrons can also interact via a wide range of nuclear reac-

tions. Many of these reactions involve the absorption, or capture, of the incident neutron

accompanied by the release of secondary radiation. The secondary radiation may take

the form of gamma rays, charged particles (such as protons or alpha particles), or other

neutrons. In the case of fission, all three radiation types are emitted. At low energies, the

incident neutron adds very little energy to the system, so only reactions with a positive

Q-value can take place. As described in Section 1.2, this means that slow and thermal

neutrons are more readily captured by certain nuclides than others. Due to their higher

energy, fast neutrons are able to trigger the same nuclear reactions in a wider variety of

target materials, which may require a net input of energy (negative Q-value).

1.3.2 Neutron Detector Types and Operating Principles

The operating principles of neutron detectors depend on the energy range of the neutrons

they are designed to detect. Slow neutrons possess little kinetic energy, which makes them
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very difficult to detect via scattering. Instead, most slow neutron detector designs utilize

the secondary radiation emitted by nuclear reactions to provide the detection signal.

While radiative capture, or (n,γ), reactions are the most probable capture reaction type

in most materials, they have a drawback in their detection mechanism due to the inherent

difficulties involved with gamma-ray detection [53]. Reactions that emit charged-particle

products, such as such as (n,p) or (n,α), are much more straightforward to detect and

thus provide the basis for most slow neutron detectors. Table 1.1 provides a summary of

target nuclei, reaction products, cross-sections, and Q-values for commonly used neutron-

capture reactions.

Table 1.1: Summary of neutron capture reactions. Two Q-values are listed for neutron
capture by 10B, where the resulting 7Li nucleus may be left in the ground state (2.79 MeV)
or excited state (2.31 MeV). Cross-sections listed are for thermal capture.

Reaction Cross-section (b) Q-value (MeV)

3He(n,p)3H 5330 0.764

6Li(n,α)3H 940 4.78

10B(n,α)7Li 3840 2.79 or 2.31

Detectors based on the 3He(n,p)3H reaction utilize pressurized 3He as the gaseous

medium in a proportional counter. When a neutron is captured, the resulting proton

and triton produce ionization in the gas, which is converted into an electronic pulse,

signaling a detected event. Proportional counters are also a popular design for detectors

based on the 10B(n,α)7Li reaction, with BF3 used as the fill gas. Similarly, conventional

proportional counters can also be made into neutron detectors by coating the inner walls

with a thin layer of solid boron-containing material. As with 3He detectors, ionization

from the heavy charged particles produced by the capture reaction (a 7Li nucleus and an

alpha particle, in this case) provides the detection signal. While 3He offers an advantage

in terms of its capture cross-section, boron-based detectors are much less expensive to
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produce, partly because of the much higher isotopic abundance of 10B relative to 3He.

Both detector designs share the advantages associated with gaseous proportional counters,

which include low sensitivity to gamma-ray background and a simple, robust design, at

the cost of lower neutron interaction rates, especially at higher energies. To increase

their efficiency, 3He and BF3 detectors are often surrounded with neutron moderators,

which increase the likelihood of capture in the detector by thermalizing incoming neutrons

before they reach the active volume. Following this principle, an array of multiple BF3

proportional counters embedded in a polyethylene moderator is used as the primary

detector for the neutron measurements presented in Chapter 5.

In contrast with 3He and 10B, lithium cannot be used as the fill gas in a proportional

counter [53]. Instead, it is usually incorporated into scintillating materials, such as glass

or organic liquids [54, 55]. In these detectors, the ionization caused by the 6Li(n,α)3H

reaction products is collected as scintillation light to form the detection signal. While

the cross-section for neutron capture by 6Li is somewhat lower than the corresponding

values for 3He and 10B, the Q-value is much higher, which can be a significant advan-

tage for discriminating neutron captures from lower-energy events, such as gamma-ray

interactions.

It should be noted that, when moderators are used to slow the incident neutrons,

capture-based detection provides no information about the incident neutron energy spec-

trum. For unmoderated 3He detectors, the energy of fast neutrons can be measured,

as the signal generated by the capture event will be proportional to the sum of reac-

tion Q-value and the incident neutron energy. However, this is not an efficient strategy

for performing fast neutron spectroscopy, as the capture cross-section for 3He decreases

rapidly with increasing neutron energy. Instead, most fast neutron detectors rely on elas-

tic scattering collisions as the means for detection, which provide a signal that is related

to the incident neutron energy. As Eq. (1.3) illustrates, light nuclei are the most suit-
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able for recoil-based neutron detection. In practice, this means that scintillators made

from hydrogenous organic crystals, plastics, and liquids are the most commonly employed

materials for fast neutron detection.

Unlike gaseous neutron detectors, organic scintillators are highly sensitive to both

neutrons and photons. Neutrons interact via elastic collisions with protons and carbon

that comprises the scintillator material; the ionization caused by the recoiling proton

produces the majority of scintillation light as the detection signal. For photons, recoiling

electrons, primarily from Compton scattering or pair-production interactions, produce

the scintillation response. The amount of scintillation light emitted is usually described

by Birks’ law,

dL

dx
= S

dE
dx

1 + kB dE
dx

, (1.5)

where dL/dx is the light yield per unit path length of the recoiling particle, S is the

absolute scintillation efficiency, dE/dx is the energy loss via ionization and excitation per

unit path length, k is a constant related to the light quenching of the material, and B is

a proportionality constant [56]. As Birks’ law shows, the effects of quenching mean that

the light output response varies for particles with different stopping powers (dE/dx).

For electrons, the light output response is fairly linear at energies above a few hundred

keV, which gives rise to the use of electron equivalent units [57, 58]. The electron equiv-

alent (ee) is defined as the amount of light that would be produced in a scintillator by

an electron of a given energy and provides an absolute standard for scaling the detector

response across different particle types. Due to their higher stopping power, recoiling pro-

tons from neutron interactions experience greater light quenching compared to electrons.

While this leads to nonlinearity in the light output response, complicating measurements

of the neutron energy, it also provides an important means for discriminating neutron and

gamma-ray events in the detector. Specifically, protons experience greater light quench-

ing because their higher stopping power allows them to excite the scintillating medium
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to a greater density of excited states. Electrons typically induce excitation of the first

singlet state of the scintillator, which results in the emission of prompt fluorescence light.

In contrast, the higher stopping power of protons allows them to excite higher singlet

states with greater density. The higher singlet states de-excite to the first singlet state

through radiationless (vibrational) transitions, which leads to greater dissipation of the

excitation energy as heat and an overall reduction in the quantity of prompt fluorescence

light produced relative to the energy deposited [59]. Additionally, proton recoils excite a

greater density of triplet states. The triplet states de-excite on slower time scales through

inter-system crossing to the first singlet state, leading to the emission of delayed fluores-

cence light [60]. The combination of suppressed prompt fluorescence and greater relative

contribution of delayed fluorescence means a greater proportion of the light produced by

proton recoils occurs at later times relative to electron recoils, leading to a difference in

the temporal shape of the pulse profile. The ability to perform pulse-shape discrimina-

tion (PSD) on this basis is a key capability for many organic scintillators, which allows

neutron signatures to be more easily distinguished from gamma-ray background.

In addition to recoil- and capture-based neutron detectors, composite designs exist

which seek to combine the strengths of both detector types. Through a judicious choice

of detector materials and geometry, the individual detector responses to capture and

recoil interactions can be isolated for the same incident neutron. This allows the high

distinguishability of the capture to be leveraged alongside the energy information recorded

by the recoil to provide a more refined representation of the incident neutron signature.

Composite detectors designed according to this principle, which utilize scintillating 6Li-

glass incorporated into a matrix of hydrogenous plastic scintillator, play a central role in

the experiments presented in Chapters 3 and 4.
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1.3.3 Components of the Neutron Signature

The neutron signature has several characteristics, each of which can be used to obtain

information about the location, amount, and type of source. The simplest quantity to

measure is the overall neutron detection rate. This type of measurement can provide a

straightforward indication of the presence of SNM with a high passive neutron emission

rate, such as plutonium, simply by observing a neutron detection rate that is elevated

above known background levels. While such passive measurements are not applicable to

all types of SNM, they are relevant in many nuclear security applications, such as portal

monitoring, where simple, robust, and easy-to-operate detection systems are needed.

Additionally, the multiplicity of a fission neutron source can be determined by surrounding

it with multiple detectors and measuring the rate of coincident neutron events. Neutron

multiplicity measurements are a common assay technique used in nuclear safeguards for

determining the effective plutonium mass contained in mixed samples of nuclear material,

such as spent fuel [61].

While it is not an inherent characteristic of the source itself, determining the spatial

position of a potential neutron source is an important aspect of many nuclear security and

safeguards applications, including material accountancy, border security, and emergency

response. By utilizing segmented detectors or detector arrays, the spatial distribution

of neutron events in the detector can be used to determine the position of the neutron

source. Single-volume neutron detectors with high directional sensitivity are also be-

ing developed [62]. Furthermore, high-resolution source localization can be performed

through the use of specialized shielding masks, such as coded apertures, which create a

unique detector response based on the location of the neutron source [63, 64].

The energy spectrum of a fast neutron source is often one of its most prominent iden-

tifying characteristics. As detailed previously in this chapter, energy spectroscopy for

fast neutrons is usually performed based on elastic collisions in recoil-based detectors.
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However, measurement of the true incident neutron energy spectrum is complicated by

the nonlinear light output response to proton recoils in organic scintillators, as well as

the variability of neutron energy deposition during elastic scattering. As a result, an-

alytical methods are often required to reconstruct the neutron energy spectrum. For

well-separated, discrete spectra, the spectrum stripping technique can be used, which

involves successively subtracting the detector response for each discrete energy in de-

scending order to identify each contribution to the spectrum [65]. More complex energy

spectra, such as those emitted by fission or (α,n) sources, typically require more ad-

vanced mathematical techniques to reconstruct the neutron spectrum in a process known

as spectrum unfolding [66]. For neutron sources that emit multiple correlated particles,

the energy spectrum can also be determined using time-of-flight (TOF) measurements.

Detection of the correlated particle (e.g. a gamma ray, for a neutron emitted by a fission

source) indicates the time the neutron is emitted, and the time delay is recorded between

the emission and subsequent arrival of the neutron in a detector located at a fixed standoff

distance. The energy of the neutron is thus given by

En =
mv2

2
, for v . 0.1c, (1.6)

or

En =
mc2√
1− v2

c2

, for v & 0.1c, (1.7)

where m is the neutron mass, c is the speed of light, and v is the velocity of the neutron

calculated based on the time taken to travel from the source to the detector.

Lastly, sources of fast neutrons often exhibit unique temporal characteristics that

can be used to gain insight into the quantity and composition of the neutron-emitting

material. For example, measurements of the Rossi-alpha distribution, which involve

counting the number of neutron events that occur over a set period of time following an
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initial event, can be used to determine the effective 240Pu mass of complex plutonium-

containing samples [37, 67]. Many other measurement techniques for examining the

time characteristics of the neutron signature use active interrogation to produce nuclear

reactions in a target material and observe the time evolution of the induced radiation

signal. The next section introduces a number of commonly employed active interrogation

techniques that utilize fast neutron sources and signals.

1.4 Active Interrogation

Whereas passive measurements record the signal emitted through spontaneous radioac-

tive decay, active interrogation relies on an external source of probing radiation to induce

emission from a target object. The signals induced via active interrogation are typically

much more intense than passive signals and carry a time signature of the interrogat-

ing source, which allows them to be more easily distinguished from natural background.

The benefits of active interrogation are particularly well-illustrated by the case of highly

enriched uranium (HEU). HEU is mostly composed of 235U, which has a very low spon-

taneous fission rate, resulting in minimal passive neutron emission. Additionally, the

characteristic gamma rays emitted by 235U are relatively low-energy and thus are easily

attenuated by surrounding materials or the uranium metal itself. As a result, HEU is

difficult to detect using passive methods alone. However, when 235U is induced to fission

by an external neutron or photon source, it emits many high-energy gamma rays and

neutrons, which are highly penetrating and much easier to detect.

Many different particle types and energies are used to perform active interrogation,

such as the fast neutron generators outlined in Section 1.2. An even greater variety of

measurement methods and applications exist to extract and record useful information

from the radiation signals induced by active interrogation. It is beyond the scope of this
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dissertation to discuss all of them here. In the following sections, a brief overview is given

for each of the active interrogation methods used in the research encompassed by this

dissertation.

1.4.1 Neutron Radiography

Radiography is the oldest form of active interrogation, which began with Wilhelm Röntgen’s

use of recently-discovered X-rays to record an image of his wife’s hand in 1895 [68]. Since

then, radiographic imaging has come into wide use, especially in the field of medicine.

Generally speaking, radiographic measurements are made by irradiating a target object

with photons or neutrons and recording an image based on the transmission of the source

particles through the target object. High-energy photons, such as X rays, are the source

particle of choice for most radiography applications, including medicine, dentistry, and

cargo and luggage screening. Photon-based radiography is well-suited for imaging dense

or high-Z materials, which readily attenuate photons due to the strong Z-dependence

of the interaction cross-section. In contrast, neutron interaction cross-sections do not

exhibit a definitive functional dependence on Z; still, neutrons are generally more easily

attenuated by low-Z materials due to favorable energy transfer in collisions. As a result,

neutron radiography can complement photon-based methods by facilitating the imaging

of lighter materials. Furthermore, because neutron sources offer a high cross-section for

induced fission, they can be used to simultaneously probe for fissionable materials while

performing radiographic imaging, which is of interest for border security and treaty ver-

ification applications. A more detailed discussion of the principles and applications of

neutron radiography is presented in the introduction to Chapter 2.
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1.4.2 Induced Fission Signatures

The ability to induce fission in SNM is one of the key aspects of fast-neutron active

interrogation sources. As discussed previously, the higher intensity of induced fission

signals allows for characteristic information, such as the energy spectrum or multiplicity,

to be more easily measured. The range of available information is greatly expanded

when the timing characteristics of the fission signature can be examined. Pulsed neutron

generators offer significant advantages in this respect, as they provide the ability to

observe the time evolution of the fission signal between generator pulses, as well as after

the source has been turned off. While the induced prompt fission signals disappear

quickly after the source is turned off, delayed signatures can persist for several seconds

or even minutes. Chapters 3 and 4 provide a detailed introduction to the measurement

techniques used to detect and characterize SNM based on signatures in the delayed time

domain, with an emphasis on signals that arise from beta-delayed neutron emission.

1.4.3 Transmutation

Transmutation is defined as the conversion of one element or isotope into another by

means of a nuclear reaction or radioactive decay. Most neutron-nuclear reactions result

in a product nuclide that is different from the initial nuclide, which is often an unstable

isotope that undergoes radioactive decay. This is the central concept at work in neutron

activation analysis, in which the radiation emitted by the products of neutron activation

is used to characterize the composition of the target material [69]. Fast neutrons are par-

ticularly useful in this regard, as their higher energy allows them to induce transmutation

reactions such as (n,p) and (n,α) in a broad range of target nuclides.

The radioisotopes produced by neutron-nuclear reactions are also useful for a wide

range of applications in medicine, agriculture, and scientific instrumentation. Due to the

extremely high neutron fluxes they produce, nuclear reactors are the primary suppliers of
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radioisotopes for industrial and medical applications, which are produced via activation

or as the products of fission reactions [70]. However, fast neutron generators can also be

used to produce useful radioisotopes, especially those with shorter half-lives that must

be produced on-site for their intended application [71]. Chapter 5 presents the applica-

tion of fast-neutron-induced transmutation in the production of radioisotope sources for

antineutrino detector calibration.

1.5 Dissertation Structure

The following chapters in this dissertation may be considered as a collection of standalone

manuscripts connected by a common thread of fast-neutron-based technology. While all

of the experiments utilize fast neutrons as both sources and measurable signatures, the

primary contribution of each chapter can be categorized as either source or signature

development. Chapters 2–4 are particularly closely related, as they present the results

of three successive experimental campaigns performed at the same facility. These experi-

ments utilize fast neutrons to detect and characterize SNM by inducing fission signatures

through active interrogation. While fast neutrons are used as the source of probing

radiation, the focus is on the development of measurement techniques for capturing in-

formation about the induced fission signature. Taken collectively, these measurement

methods provide complementary information which may prove beneficial when combined

with other established active interrogation techniques in nuclear security and verification

applications. In Chapter 5, the view is broadened from a focus on SNM detection to

encompass a wider range of physics applications, such as rare-event detection. Here, the

role of the fast neutrons is to produce radioisotopes through transmutation. A case study

is presented on the production of 16N and 17N, which are of interest for the calibration of

large antineutrino detectors.
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Chapter 2

Spectroscopic Fast Neutron Radiography

Fast neutrons offer a number of favorable characteristics for radiography, especially when

applied to measurements of SNM. In this chapter, a simple approach to fast neutron

radiography in a treaty verification setting is presented. The goal is to utilize readily

available and inexpensive detection equipment to realize crude imaging of the geomet-

ric configuration of SNM, confirm its fissionable content, and obtain information on its

approximate fissile mass. Measurements were performed at the Device Assembly Facil-

ity (DAF), located at the Nevada National Security Site (NNSS), in the first of several

experimental campaigns encompassed in this dissertation. In this experiment, monoen-

ergetic neutrons from D(d,n)3He and T(d,n)4He reactions and a linear array of liquid

scintillation detectors are used to perform spectroscopic neutron imaging of up to 13.7 kg

of highly enriched uranium in a spherical geometry. Detection of material diversion is

demonstrated in a simple test case, and the presence of fissionable material is confirmed

based on the measurement of high-energy prompt fission neutrons, including estimating

the quantity of material from the comparison of measured and predicted fission neutron

emission rates. This chapter includes edited portions of the 2018 publication in AIP Ad-

vances, entitled “Spectroscopic fast neutron transmission imaging in a treaty verification

setting”[72].
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2.1 Introduction

The effectiveness of international treaties aimed at preventing nuclear weapons prolifer-

ation and promoting disarmament relies on the technological capability to monitor and

confirm the compliance of all participants. With the recently-signed Joint Comprehensive

Plan of Action on the Iranian nuclear program, as well as the new START treaty with

Russia, there is a clear need for a robust framework of verification technology. For exam-

ple, the multi-stage dismantlement process includes warhead authentication, separation

of the nuclear material from non-nuclear components (such as the delivery vehicle and

high explosives), and storage of the SNM cores in an appropriate container, all of which

require evidence of adherence to treaty protocols. Measurement of the characteristics

of SNM cores such as geometry, composition, and fissile mass can provide the necessary

information to ensure compliance with such treaty regulations and general safeguards

standards[26, 73, 74].

However, the design of a verification system is complicated by the fact that such

measurements necessarily involve the collection of highly classified data. As such, the

protection of state secrets represents a significant hurdle that must be cleared for a

verification technique to be considered viable. While this problem has traditionally been

addressed through engineered information barriers, which prevent the inspector from

directly observing the classified information being measured, this approach involves a

high degree of complexity and susceptibility to tampering through the use of information

trapdoors to falsify results or leak sensitive information[73, 75]. Current information

barrier systems can also be expensive to implement and reduce confidence in verification

measurement results[76]. The political reality associated with such mechanisms thus

presents a significant barrier to their adoption and implementation. As a result, there is

considerable interest the application of zero-knowledge protocols, in which measurements

do not record any sensitive information directly, but instead may form part of a differential
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comparison against a declared standard or template[75]. Such templates usually consist

of a complex radiation signatures that are used to “fingerprint” SNM components[73, 77].

For example, with the aid of a 252Cf active-interrogation source, analysis of an array of

induced neutron signals in the time and frequency domains has been used to successfully

distinguish and identify nuclear weapons components based on reference signatures[78,

79]. In addition to more complex signature-matching techniques, template-matching

methods have been proposed that involve detector arrays which are pre-loaded with

geometric or other characteristic data in such a way that only the differential information

between the test object and the template is ever recorded by the measurement system[75].

This paper focuses on characterizing the performance of a measurement technique that

has a potential for future incorporation into such future template-matching systems.

There are a number of potential methods by which a host may attempt to deceive

inspectors, including replacement, diversion, or dilution of nuclear material. By mea-

suring the type of material, as well as its composition, fissile mass, and geometry, a

verification system can detect potential anomalies such as spoofs (false geometries or ma-

terials designed to mimic the true SNM core) or diversion of material[73]. One measure-

ment technique which is particularly well-suited to the detection of geometric anomalies

is transmission radiography. Radiographic measurements are typically performed with

high-energy photons or fast neutrons, though other types of particles, such as muons,

are sometimes used[26]. Photon radiography leverages the Z-dependence of the mass

attenuation coefficient to localize regions of high-Z or dense material in the transmis-

sion image. Sources that span a multitude of photon energies can be used to deter-

mine the effective Z (Zeff) of the material by exploiting differences between either the

photoelectric and Compton-scatter cross-sections (at lower energies) or Compton-scatter

and pair-production cross-sections (at higher energies)[80, 81]. Elemental identification

through photon radiography is limited by the fact that a thick mass of low-Z material
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may attenuate source photons similarly to a thinner mass of high-Z material. Although

accuracies to within 5–10% when determining Zeff have been achieved[82], difficulties are

still present in distinguishing SNM from similarly dense, high-Z materials such as lead

or tungsten.

Neutron transmission radiography using fast neutrons has also been used to construct

high-resolution geometric images of complex configurations of mixed materials[83]. In a

process analogous to the one employed for photon radiography, the composition of the

material can be reconstructed based on the neutron interaction cross-section, which varies

greatly with energy for lighter elements[81]. Simple transmission radiography using fast

neutrons has been used to image SNM components, and the performance of such a system

in restricted-dose or high-background situations can be further improved through use of

the associated-particle technique[84]. In addition to transmission radiography, many es-

tablished techniques exist for neutron imaging based on passive or induced emissions[85–

87]. Fast-neutron imaging using coded-aperture measurements can precisely locate neu-

tron sources, and may be useful for verification applications such as warhead counting[85].

High-fidelity imaging of SNM samples such as plutonium mixed oxide (MOX) fuel has also

been achieved through the use of emitted-neutron computed tomography in a collimated

slit imaging system[86]. While the sensitivity of such high-resolution neutron imaging

poses problems for information barrier development, algorithms which prevent the stor-

age of image data may increase the viability of such systems in a verification setting[88].

Alternatively, a low-resolution fast-neutron radiograph may be attractive because sig-

nificant diversions could be detected without collecting detailed geometric information.

Such a radiographic image could play a part in a geometric template-based verification

method, which has shown promise for application to a zero-knowledge protocol[75].

It is also desirable for verification measurements to confirm whether SNM is present

and in what quantity. While SNM may be difficult to distinguish from other dense, high-
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Z materials using simple transmission radiography alone, it can be readily identified from

the presence of fission neutrons induced by a well-chosen interrogation source. By isolat-

ing the induced-fission neutron signal from source/background interference, the relative

quantity of fissile material may also be deduced. More accurate determinations of fissile

mass have been achieved by interrogating SNM with continuous or pulsed neutron beams

and measuring neutron multiplicity moments[89, 90]. Imaging based on induced-fission

neutrons has also been demonstrated using a pulsed DT interrogation source and time-

of-flight measurements to discriminate active background[87]. While much of this prior

work has demonstrated excellent radiographic and neutron-source imaging capabilities,

the increase in performance often comes with added system complexity, specialization,

and cost. This work presents a simplified spectroscopic neutron radiography system that

is cost-effective, easily implemented, and constructed from readily-available components.

Such a basic design can be used to perform crude geometric imaging, confirm the pres-

ence of fissile material, and estimate its quantity. The detection of material diversion

is also demonstrated using both transmission images and the abundance of the detected

neutrons attributed to nuclear fission.

2.2 Experimental Setup and Simulation

2.2.1 Experiment

Experimental data were collected in a series of measurements over a four-day period at

the Device Assembly Facility (DAF), Nevada National Security Site. All measurements

were made using a horizontally oriented linear detector array of eight 2×2 inch EJ309

organic liquid scintillators coupled to Hamamatsu R7724 photomultiplier tubes, located

at a height of 89.5 cm from the floor, and evenly spaced over an array length of 106.5 cm.

The detectors were powered by two CAEN DT-5533 high-voltage power supplies, and the
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signals digitized using a CAEN DT-5730 14-bit 500 MS/s desktop waveform digitizer.

The target used for transmission radiography measurements was a spherical configu-

ration of the Rocky Flats highly enriched uranium (HEU) shells. The shells have a bulk

density of 18.664 g/cm3 and an isotopic content listed in Table 2.1[91].

Table 2.1: Isotopic Content of Rocky Flats HEU

Uranium Isotope Weight Percentage (1971)
233U Not Recorded
234U 1.02
235U 93.16
236U 0.47
238U 5.35

Each individually numbered shell is hemispherical in shape, and each consecutive pair

of shells (1–2, 3–4, etc.) represents two nearly identical hemispheres that form one spher-

ical shell. Two different configurations of the Rocky Flats shells were used in this exper-

iment: a “full” configuration including shells 01–24, and a “half” configuration including

only shells 13–24 (inner shells 01–12 were removed, leaving an empty core). Figure 2.1

shows a schematic representation of the shell geometry, and the exact dimensions for each

shell can be found in Reference [91].

Two monoenergetic neutron sources of 2.45 MeV and 14.1 MeV neutrons produced

from D(d,n)3He (DD) and T(d,n)4He (DT) fusion reactions were used, respectively. A

Thermo Scientific model MP 320 neutron generator with interchangeable DT and DD

tubes was employed with an approximate isotropic neutron yield of 106 and 108 neutrons/s

for the DD and DT reactions, respectively. The operating parameters for the neutron

generator using the DD tube were 95 kV and 60 µA, while in the DT tube case the

operating parameters were 70 kV and 45 µA.

The detectors were tested and calibrated using a 252Cf source and a 137Cs source.

Neutron transmission measurements were subsequently made using the DD source with

the target in the “full” configuration. The laboratory setup can be seen in Figures 2.2–2.3.
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Figure 2.1: Geometric configurations of the Rocky Flats HEU shells: (a) full configura-
tion; (b) half configuration.

The DD source and HEU target were placed on a table at a height of 77 cm, such

that the height of the source and target centers aligned with the axes of the detectors to

within 1 cm. The source-target distance was 30 cm from center to center, and the source-

detector distance was 155.5 cm from center to center. Four transmission measurements

were taken for a cumulative measurement time of approximately 3 hours, for an average

measurement time of about 45 minutes. The HEU target was then replaced with a hollow

tungsten sphere with an inner radius of 6.4 cm and an outer radius of 8.9 cm, and a 35–

minute measurement was made to obtain transmission data for a non-fissile material.

Measurements of the raw DD source (beam on, no target) and background (beam off, no
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Figure 2.2: Laboratory schematic for DD transmission measurements. DT measurements
used a geometrically identical setup.

target) were also recorded for about 17 minutes each.

The following measurements were made on the HEU target in the “half” configuration

using both the DD and DT sources. Five DD transmission measurements of the HEU

target were taken over a total measurement time of 3 hours and 20 minutes, for an

average measurement time of 40 minutes. Three DT transmission measurements were

then taken over a total of 21 minutes, at an average measurement time of about 7 minutes.

Much shorter measurement times were used for the DT generator because the greater

source strength allowed for much quicker accumulation of statistics. The dimensions of

the experimental setup remained unchanged from the prior measurement in the “full”

configuration.

The final set of DT transmission measurements was conducted on the “full” HEU

target, as well as two shielded configurations. The first shielded configuration used a

hollow polyethylene sphere with a thickness of 3.81 cm placed around the target with a

gap of 2 cm between the HEU and polyethylene shield. The second shielded configuration
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Figure 2.3: View of the laboratory setup

used a hollow tungsten shield with a thickness of 2.54 cm and a 0.7 cm gap between the

shield and HEU sphere. Total measurement times were 85 minutes for the bare target,

60 minutes for the poly shield, and 15 minutes for the tungsten shield.

2.2.2 Simulation

Simulations of the laboratory measurements were made in the Geant4 framework[92]

with an accurate description of the experimental geometry. The HEU target was simu-

lated using the isotopic contents listed in Table 2.1 and the spatial dimensions for each

shell[91]. For the EJ309 organic liquid scintillators, a density of 0.959 g/cm3 and an

atomic composition of 9.85% H and 90.15% C by weight were assumed[93]. Conversion

of neutron interactions into light output pulses for the 2-inch detectors utilized the expo-

nential model described in Reference [94], which was then tailored to produce light output

spectra that matched experimental results. The DD and DT generators were modeled

as 2.45 MeV and 14.1 MeV monoenergetic neutron sources, respectively, and projected
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into a cone encompassing the full detector array. All Geant4 simulations utilized the

QGSP BERT HP physics library, and each simulation generated a total of 100 million

events.

2.3 Results

2.3.1 Calibration and PSD Performance

Detector light output was calibrated using the Compton edge for 137Cs characteristic

gamma rays at 478 keVee. The location of the edge was determined through comparison of

simulated light output spectra with and without light output resolution broadening, with

a resulting crossing point at 90% of the Compton maximum. The light output resolution

function was defined using a previously described parameterization method[95].

CAEN’s Digital-Pulse-Processing Pulse-Shape Discrimination (DPP PSD) Control

Software was used to collect and save two preset integral regions, Qlong and Qshort, for

each event. Based on differences in the light output pulse profile for neutron and photon

detection events, comparison of the areas of these two integral regions provides the basis

for discrimination between both particle types. The waveform integration bounds were

set to [ts, ts+28 ns] and [ts, ts+160 ns] for Qlong and Qshort, respectively, where ts is

the start time of the waveform (trigger position–gate offset). The pulse-shape parameter

(PSP) was calculated as

PSP = (Qlong −Qshort) /Qlong. (2.1)

Figure 2.4 shows an example PSP distribution for a single detector during a DD neutron

transmission measurement with the full HEU target in place. A threshold of 200 keVee

was applied, and neutron pulses were selected by fitting a Gaussian model over the recoil
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region (PSP range of 0.27–0.45). The Gaussian fits for the neutron and photon regions

are also shown in Fig. 2.4, with a figure of merit of 1.50 for the two curves. The neutron

region was then defined by a one-sigma cut around the centroid of the Gaussian fit for

each detector channel. At high light outputs, curvature in the photon region caused it to

overlap with the neutron-pulse PSP range, so an upper light output cut of 4 MeVee was

also applied.
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Figure 2.4: Left: Example DD measurement PSP distribution for a single detector
channel. Red lines indicate the neutron cut region. Right: Gaussian model fits for
neutron and photon PSP regions.

For the DT neutron measurements, significant pile-up effects in the lower light output

range caused a curvature in the PSP distribution. To eliminate this skewing effect and

provide a more robust definition of the neutron PSP range, a light output threshold

of 4 MeVee was applied. The PSP range for each detector channel corresponding to

neutron pulses was then defined using the same process used for the DD data, though

the PSP range where the Gaussian fit was applied was much smaller (0.16–0.22). The

resulting figure of merit was 1.60. Figure 2.5 shows the PSP distribution for the DT

measurements for a single detector both before and after the application of the 4 MeVee

light output threshold. Gaussian model fits for the neutron and photon regions are shown

in Fig. 2.6.
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Figure 2.5: Example DT measurement PSP distribution for a single detector channel.
At right is the distribution with a 4 MeVee threshold applied. Red lines indicate the
neutron cut region.

2.3.2 DD Transmission

Neutron transmission data were used to construct one-dimensional image profiles for

each tested target configuration. This technique could be relatively easily incorporated

into a template-matching system to protect sensitive information, as a comparison of the

measured transmission profile to a pre-loaded template for a particular target would allow

a differential determination to be made without revealing the geometric characteristics

of the target. Figure 2.7 shows the DD neutron transmission images for the full and half

target configurations, representing a hypothetical differential measurement. Each channel

corresponds to a single detector in the array, forming an eight-pixel one-dimensional

transmission profile of the target object based on the total neutron count rate seen by each

detector. Even for such crude resolution, the two scenarios are clearly distinguishable,

and the diversion of material is apparent.

Validation of the experimental results and further explorations of potential measure-

ment system capabilities were conducted by Geant4 simulation. To begin, reconstruction

of the laboratory conditions in simulation was beset by a number of uncertainties, includ-

ing an unknown neutron flux from the DD source and the magnitude and spectrum of
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Figure 2.6: Gaussian model fits for neutron and photon PSP
regions using the DT source and a 4 MeVee light output
threshold.

the room-return neutrons. Based on experimental measurements of the raw DD source

and initial simulations of absolute detector efficiency at each channel position, the source

neutron flux was estimated to approximately 106 neutrons/s. However, using this flux as

the basis for simulation, the simulated and experimental data still exhibit a significant

disagreement.

Since the room geometry is complex and the information is lacking to model it accu-

rately, an alternative method is needed to account for the effect of room return neutrons

on the measurements. It is hypothesized that raising the light output threshold would

have a disproportionate effect in discriminating lower-energy scattered neutrons, and thus

greatly suppress the room-return contribution to the measured spectra. Figure 2.8 shows

a comparison of experimental and simulated results for increasing light output thresh-

old increments of 100 keVee from the initial threshold of 200 keVee up to 600 keVee,

which was the upper bound for the light output cut before measurement and simulation
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Figure 2.7: Experimental DD neutron transmission images for full and half HEU target
configurations. Statistical error bars are included in the plot, but are too small to be
easily visible.

statistics start to significantly deteriorate.

The increased light output cuts demonstrate effective suppression of the room return,

but not all of the room return is rejected by this method. A significant amount of high-Z

material is present in the experimental environment, and even for abundant lower- and

mid-Z concrete constituents such as silicon or oxygen, elastically scattered neutrons can

still retain a large fraction of their initial energy. Furthermore, there is some spread in

the energy of the neutrons emitted by the generator. For neutrons emitted at an angle

of π/2 from the direction of the generator ion beam, which was the configuration used

for this experiment, the energy spread is small and the neutron energy is near 2.45 MeV,

but neutrons emitted in the same direction as the ion beam can vary in energy from

about 2.7 MeV to as much as 3.1 MeV[96]. As a result, the energy range of room-return

neutrons extends above the full energy of the primary transmission DD neutrons, making

it impossible to discriminate room return entirely using light output cuts alone.
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Figure 2.8: DD transmission images, experiment (black) vs simulation (red). Light out-
put cuts: (a) 200 keVee; (b) 300 keVee; (c) 400 keVee; (d) 500 keVee; (e) 600 keVee.
Progressively increasing light output cuts show an increased suppression of room-return
contribution.

In addition to their effects on the detector array, scattered neutrons from the DD

source can also return to the HEU object to cause additional fission events. This would

lead to a higher fission rate than predicted from fast fission alone, and may account for
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a large part of the initial discrepancy between simulated and experimental data. To

validate this idea, the effect of a uniform, randomly-directed scattered neutron flux over

the HEU sphere was simulated in Geant4, which resulted in a nearly uniform increase in

the observed neutron count rate across the detector array.

It is also apparent from the comparison of simulated and experimental data that an

additive correction for room return and an increased fission rate does not fully account

for the discrepancy, as the two data sets are not separated by a near-constant offset.

Therefore, the original estimation of DD source neutron flux, which has a scaling effect

on the count rate, also needs to be adjusted. Notably, the discrepancy between simu-

lation and experiment at higher light output thresholds was not fully accounted for by

a constant scaling factor either, meaning that the differences were most likely due to

some combination of the uncertainty in the knowledge of the DD generator flux and the

magnitude of additive effects from room return and fission from scattered neutrons. To

account for these effects, the simulated neutron transmission rate, Ntrans, was adjusted

according to two correction parameters. The first is a source strength scaling factor, S,

which is intended to provide a more accurate estimate of the overall DD generator flux,

and an additive factor, R, which accounts for the effects of room return and fission from

the scattered neutron flux. The model for the detected neutron count rate is thus given

by:

Ntotal = S (Ntrans +R) . (2.2)

The correction in Eq. (2.2) shows a linear relationship between the total additive

effects and the intensity of the source. This is expected since the contributions of neutron

multiplication within the target and scattering in the room should scale linearly with

the source intensity. The cosmic neutron background was measured to be negligible,

so it is ignored by the model. Notably, in the presence of a significant cosmic neutron
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background, the model would need to be adjusted to account for an additional background

that would not exhibit a linear relationship to source intensity.

Once determined, the model was then optimized for the combination of S and R that

led to the best least-squares fit to the experimental data. From the optimized neutron flux

scaling factor, the DD generator flux was estimated to be 1.5×106 neutrons/s. A separate

validation measurement was later performed at the University of Michigan, in which the

neutron count rate was recorded using the same model of DD generator and the same size

and type of detector used in the DAF experiment. The EJ309 detector efficiencies were

calculated based on Geant4 models, resulting in an intrinsic neutron detection efficiency

of about 30% for neutrons in the energy range produced by the generator. Based on

this detection efficiency, the total neutron flux produced by the DD generator during

the validation measurement was estimated to be 1.6× 106 n/s, which is in keeping with

estimates from the DAF laboratory setting. For the estimated DD generator flux, the

additive factor was determined to be about 2.4 neutron counts per second. Based on

Geant4 simulation, the scattered neutron flux entering the HEU object would need to be

about 2–3 orders of magnitude lower than the DD generator flux in order to achieve this

count rate from fission events induced by scattered neutrons. Further simulations were

carried out to determine whether this magnitude of scattered flux was consistent with

the DAF laboratory setting. Using the approximate geometry for significant laboratory

objects such as the aluminum table and concrete floor, the total scattered neutron flux

through the HEU sphere was determined to be approximately 0.3% of the total DD

source flux. Therefore, the predicted flux from scattered neutrons is sufficient to cause

an appreciable effect on the overall count rate, providing further physical justification for

the additive factor in the mathematical adjustment model.

Figures 2.9–2.11 show the comparison of simulated and experimental data at a 600 keVee

light output threshold after application of the corrected neutron flux estimate and additive
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factors. After correction, the simulations are in good agreement with the experimental

results, with Pearson correlation coefficients (PCC) of 0.963 and 0.956 for the “full” and

“half” configurations, respectively. There is still a significant disagreement between the

simulated and experimental results in the outer detector channels, which is likely due to

uneven room-return contributions from large objects at either side of the array, which

cannot be well approximated by a constant additive term. For example, there was a large

coded aperture sheet of high-density polyethylene located to one side of the experimental

setup, which may be partly responsible for the higher count rates in channels 1 and 2.

However, as Figure 2.3 shows, there are other objects (e.g., metal tables) that may also

contribute significantly to scattering. When considering a region of interest that excludes

the outermost channels in the detector array to focus on the area where the target ob-

ject’s shape is defined, the PCC improves to 0.997 for the “full” configuration, and 0.991

for “half”.
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Figure 2.9: Experimental and simulated DD neutron transmission images for the HEU
target in “full” configuration.
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Figure 2.10: Experimental and simulated DD neutron transmission images for half HEU
target.
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Figure 2.11: Experimental and simulated DD neutron transmission images for the DD
source only (no object in place).
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Having established that the transmission imaging system can detect a relatively large

diversion of material, it is of interest to determine what spatial resolution may be achieved.

To this end, neutron transmission was simulated for each incremental shell configuration

between the full and half configurations. Figure 2.12 shows the simulated transmission

results for each two-shell increment (corresponding to one spherical layer) for a measure-

ment time of approximately 70 minutes.
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Figure 2.12: Calculated DD neutron transmission images for incremental shell configu-
rations. The legend indicates the shell numbers that have been removed from the full
configuration of shells (1–24).

Each incremental configuration, corresponding to an average inner-radius difference of

0.3–0.4 cm, is individually distinguishable within statistical error bounds. Finer resolu-

tion is likely achievable with longer measurement times, with the limiting factor being the

total time allotted for measurement in a particular verification scenario. Another limit on

resolution comes from the geometry of the target. For smaller amounts of diverted mate-

rial, the size of the empty inner cavity is small relative to the spacing of detectors in the

array. Since the two central detectors are not placed exactly along the central axis of the
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target, the change in interceding material for small-cavity configurations (e.g., between

the 1–2 and 1–4 configurations in Figure 2.12) is less pronounced than it would be for a

more centrally located detector. While it is obvious that a detector array with more pixels

would provide a more detailed transmission image, this suggests that a greater number of

centrally located pixels would also provide better discrimination of shell configurations,

especially when the amount of removed material is small.

2.3.3 DT Transmission

Figure 2.13 shows the corresponding DT neutron transmission images for the full and

half shell configurations with a light output threshold of 4.0 MeVee. The two scenarios

are clearly distinguishable, with an even greater separation compared to the DD source

measurements.
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Figure 2.13: Experimental DT neutron transmission images for full and half HEU target
configurations.

Experimental results were once again validated with simulation in Geant4. Simulated

results for the DT neutron measurements were scaled using the same modeling and op-
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timization techniques applied to the DD data. For the Thermo Scientific MP-320 DT

generator used in this experiment, the expected neutron yield for operational settings of

70 kV and 50 µA is approximately 5–7 ×107 neutrons/s[97]. This agrees well with the

source neutron flux of 5.0 × 107 neutrons/s estimated by the simulation scaling model.

Figures 2.14–2.15 show the comparison of simulated and experimental data for the “full”

and “half” shell configurations, respectively. Once again, the simulated transmission im-

ages agree well with the experimental measurements, with PCC values of 0.999 and 0.997

for the “full” and “half” configurations.
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Figure 2.14: Experimental vs simulated DT neutron transmission images for full HEU
target.

As with the DD source, the spatial resolution capabilities of the DT-based system were

explored in simulation. Figure 2.16 shows the resulting neutron transmission images for

each incremental shell configuration.

The transmission images appear to show even greater stratification compared to the

DD data, and the 0.3–0.4 cm shell increments are once again well-resolved from each
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Figure 2.15: Experimental vs simulated DT neutron transmission images for half HEU
target.
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Figure 2.16: Comparison of DT neutron transmission images for incremental shell con-
figurations. The legend indicates the shell numbers that have been removed from the full
configuration (shells 1–24).
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other. Due to the greater intensity of the DT source, this level of discrimination is

achievable in about 80 seconds of measurement time.

The capabilities of the DT transmission imaging system were also tested under two

shielding scenarios. Figure 2.17 shows the transmission image for the full HEU shell con-

figuration with the 3.81 cm polyethylene shield in place. As a consequence of the high

light output cut of 4.0 MeV, the transmission image is derived primarily from neutrons

that do not lose energy by interacting in the shield. The neutron detection rate is dra-

matically reduced from the unshielded scenario, but any complications due to neutron

moderation are eliminated by the use of a higher light output threshold. Though the

difference in detected neutron rate between the detectors that are obscured by the target

and those that are not is less pronounced in the overall image profile, the geometric shape

of the target is still readily distinguishable, which suggests that detection of geometric

anomalies would not be significantly inhibited by such a shield.
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Figure 2.17: DT neutron transmission image for the full HEU sphere behind a 3.81 cm
polyethylene shield.
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Figure 2.18 shows the transmission image for the full HEU shell configuration sur-

rounded by a 1-inch spherical layer of tungsten shielding. The profile is widened due to

the greater radius of the target object, but there is no clear distinction between the cen-

tral HEU core and the tungsten shielding. For 14.1 MeV neutrons, the total interaction

cross-section of tungsten differs from that of 235U by only about 6%[98]. Therefore, it is

reasonable to assume that a sphere of pure HEU would generate a similar profile, which

may not be distinguishable from the case where some of the HEU is replaced with a tung-

sten shield. Under such circumstances, additional measurements such as fission-neutron

counting may be needed to differentiate the two scenarios.
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Figure 2.18: DT neutron transmission image for the full HEU sphere with a 2.54 cm
tungsten outer shielding layer.

2.3.4 Fission Neutrons

While geometric transmission imaging can detect material diversion that causes a change

in the core geometry, differential determination becomes much more difficult if some
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or all of the SNM is replaced with a similarly dense, high-Z material. As shown in

Figure 2.18, replacement of some or all of an HEU core with tungsten may still present

a very similar neutron transmission profile. To guard against such cases, it is desirable

that a verification system not only confirm the presence of SNM, but also provide an

estimate of the quantity of fissile material. The energy spectrum for prompt neutrons

from fast fission of 235U is well known, and prompt neutrons with energies as high as

8–10 MeV can be observed for incident neutron energies in the range of 0–7 MeV[99].

Therefore, by imposing a lower detection threshold that is above the maximum light

output for 2.45 MeV DD neutrons, only the signal from fission neutrons is measured, and

the presence of SNM can be confirmed and quantified.

For the experimental data, fission-neutron thresholds were defined for each individual

detector based on the measurements of the raw DD source with no target in place. The

threshold was placed just above the endpoint light output for DD neutrons, providing a

very conservative limit, and thus relatively high confidence that any measured neutrons

originate only from fission. The measured fission-neutron rate for the “full” shell con-

figuration (13.74 kg of HEU) was 0.733 ± 0.0082 neutrons/s, while the measured rate

for the “half” configuration (10.04 kg of HEU) was 0.513 ± 0.0065 neutrons/s. A back-

ground rate of 0.18 ± 0.0135 neutrons/s above the fission-neutron threshold was also

observed for the source-only data. Measurement of the tungsten sphere did not produce

any appreciable fission-neutron signal above the background rate.

Figure 2.19 shows a comparison of experimental fission-neutron measurements with

simulated results for each incremental shell configuration. The background rate from

the source-only data has been added to all simulated results to better represent the

laboratory setting. Since the count rate for high-energy fission neutrons is very low, and

the probability is high that any of these neutrons would retain nearly all of their energy

when scattering off the materials in the room, this measurement is very sensitive to room
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return. To mitigate this sensitivity, a concrete floor was included in the simulation,

using the composition for ordinary concrete (NIST) as defined in the PNNL materials

compendium[100]. However, simulated transmission remained somewhat lower than the

experimental data even after adjusting for background. As previously discussed, the

increased rates in the experimental data are likely caused by the flux of scattered neutrons

through the HEU object, which causes additional fission events beyond those caused by

fast neutrons from the DD source.
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Figure 2.19: Simulated and experimental fission-neutron count rates for various HEU
shell configurations.

The full and half HEU configurations both exhibit an elevated fission-neutron count

rate compared to the background and tungsten measurements, confirming the presence

of fissile material. The two shell configurations are also well-resolved from each other,

showing that the fission-neutron rate can be used to determine the approximate fissile

material quantity. The experimental results represent cumulative data collected over a

total live time greater than three hours, whereas the simulated results correspond to a
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measurement time of just over one hour. The trend of the simulated results in Figure 2.19

is encouraging, as the fission-neutron rate increases with HEU mass and suggests that

differences of less than 1 kg are resolvable.

Though the system demonstrates the ability to discriminate two simple test cases

based on fission neutron rate, it is important to note the limits of its applicability. In the

presence of a significant amount of hydrogenous shielding material, high-energy fission

neutrons would be moderated and thus could not be used to confirm the presence of SNM.

Therefore, the current system requires some a priori knowledge that the test object is bare

or minimally shielded. Furthermore, the single-view radiographic approach used in this

experiment is limited to 2D measurements, and reconstruction of the full 3D geometry

would require tomography. As a result, there could be some geometric ambiguities that

may not be resolved by a 2D measurement, which could lead to inconsistencies between

the inferred geometry based on radiographic measurements and the detected rate of high-

energy fission neutrons.

2.4 Summary

The goal of this study has been to demonstrate the capabilities of a simple spectroscopic

neutron transmission measurement system to realize crude geometric imaging of an SNM

target, as well as confirm the presence of fissionable material and approximate its quantity.

Using monoenergetic neutrons from DD and DT reactions, low-resolution transmission

profiles were successfully constructed, from which one could readily detect the removal

of the central core (3.7 kg) of a 13.7 kg HEU sphere. Simulated results suggest that even

greater spatial resolution could be achieved with this system, allowing for the removal

of as little as 0.5–1 kg of material to be confidently detected. Spatial resolution could

likely be improved further by increasing the number of image pixels (detectors), which
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would facilitate much greater distinction of relatively small diversions near the core of

the target.

By applying high light-output discrimination to the transmitted neutron spectrum,

the emission rate of prompt fission neutrons was successfully measured, thereby con-

firming the presence of SNM and giving an estimate of its relative quantity. Removal

of 3.7 kg of HEU from the original 13.7 kg target was readily detected on the basis of

fission-neutron rate alone, and simulated results suggest that diversions of less than 1 kg

could be resolved by the system. However, the measurements of fission neutrons were

inhibited by the size of the array and its distance from the HEU target, which covered a

very small fraction of the emission solid angle. A custom-designed fission-neutron sensing

array placed much closer to the HEU target would likely be able to provide much greater

resolution in the determination of fissile mass for much shorter measurement times.

Both geometric transmission imaging and estimation of fissile mass based on prompt

fission neutrons may be useful in a treaty verification setting, such as a template-matching

measurement. The transmission measurement approach demonstrated here could form

the basis of differential measurements of the geometric profile and prompt fission-neutron

emission rate of a purported SNM sample. Further refinements of this simple approach

could lead to a robust inspection tool for preventing the clandestine diversion of material

during warhead dismantlement or for confirming compliance with certain nonproliferation

treaty benchmarks.
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Chapter 3

Prompt Neutron Signatures Induced by

Delayed Neutrons

Fast neutrons are highly effective at inducing fission in SNM, making them a common

choice for active interrogation applications. Fast neutrons are also emitted by the induced

fission events in both the prompt and delayed time regimes, providing a signature that

can be used to characterize the material. When dealing with bulk samples of SNM,

secondary interactions within the material itself can lead to changes in the overall emitted

signature. In materials that contain an appreciable fissile (e.g., 235U or 233U) fraction,

such as highly-enriched uranium (HEU), delayed neutrons have a high probability of

inducing additional fissions. As a result, the overall delayed neutron signature consists

of two distinct components: the “primary” delayed neutrons (emitted directly by fission

fragments), and the “secondary prompt” fission neutrons produced in fission induced by

primary delayed neutrons.

This chapter focuses on the experiments conducted in the third DAF measurement

campaign, which builds upon the delayed neutron time profile measurement methods

developed in the second DAF campaign detailed in the 2018 publication in Physical

Review Applied, entitled “Discriminating Uranium Isotopes Using the Time-Emission
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Profiles of Long-Lived Delayed Neutrons”[101]. In this chapter, two experimental ap-

proaches are demonstrated for discriminating between 235U and 238U isotopes based on

the measurement of delayed neutron-induced fission products. First, HEU and depleted

uranium objects are differentiated through the detection of high-energy prompt neutrons

from delayed fission using both recoil-based organic liquid scintillators and thermaliza-

tion spectra from a custom-built capture-gated composite detector. Secondly, coincident

radiation measurements are used as the basis for discrimination by comparing the over-

all rates and time evolution of fission events when delayed neutrons are present. This

chapter includes edited portions of the 2020 publication in Physical Review Applied, enti-

tled “Discriminating Uranium Isotopes Based on Fission Signatures Induced by Delayed

Neutrons”[102].

3.1 Introduction

Measurement methods that can provide detailed information on the composition of SNM

are integral to many nuclear security and nonproliferation applications. In particular,

determination of the relative isotopic abundance of 235U and 238U plays a central role in

international safeguards inspections, the production and accounting of nuclear fuel, and

verification of proper storage and dismantlement of weapons components under disarma-

ment treaties [37, 103, 104]. Active interrogation sources use external radiation to induce

nuclear reactions in a target material, and are commonly employed to characterize the

content of SNM by inducing fission to augment both the prompt and delayed neutron

and gamma-ray signatures emitted by the material [26].

When SNM is interrogated using a pulsed neutron source, the induced fission signature

persists even after the source is turned off. Source neutrons become thermalized in the

surrounding material, and their population decays with a characteristic time on the order
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of a few microseconds [105]. When SNM is present, these thermalized neutrons can

induce additional fission events, providing a secondary source of neutrons, which causes

the overall population of thermalized neutrons to decay more slowly. Measurements of

the neutron dieaway can thus provide an indication of the presence of fissile material, and

are a well-established means for detecting and characterizing SNM [106, 107]. Unlike the

common dieaway technique, this work focuses on another persistent signal: the emission

and subsequent interaction of delayed neutrons in the interrogated material. By recording

the sample response over a much longer timescale (tens of seconds), it is also possible

to deduce additional signatures from 235U and 238U and gain insight into the isotopic

content of the sample.

The measurement of delayed neutron signatures has long been established as an effec-

tive method for detecting fissionable materials [108]. As outlined in Chapter 1, delayed

neutrons are organized into groups based on the shared characteristics of their fission-

fragment precursors. The parameters that define each group differ based on the isotope

undergoing fission and the incident particle that induced the fission. Because the delayed

neutron groups for a particular fissionable isotope have a unique set of individual decay

constants, each isotope possesses a characteristic aggregate temporal profile for delayed

neutron emission, which can be used as the basis for identification. Despite the fact that

delayed neutrons account for only a small fraction of the overall fission neutron yield, de-

tection systems that utilize active interrogation to intensify the emitted delayed neutron

signal have been successfully used to detect and identify fissionable materials [27, 109–

113].

Previous studies have applied this principle to differentiate SNM samples by measuring

the decay of the delayed neutron rate for short-lived [114] and long-lived groups [115–

117]. In prior work by the University of Michigan Applied Nuclear Science Group, both

the buildup and decay time profiles of long-lived delayed neutron groups were utilized to

53



perform isotopic discrimination and infer the enrichment level of uranium [101]. While the

energy and timing characteristics of delayed neutrons have been determined by dedicated

precision measurements, the observed delayed neutron signature for bulk materials can

be complicated by additional interactions before the delayed neutrons escape the object.

In the case of fissile materials such as 235U and 239Pu, delayed neutrons with an average

energy of 250–450 keV can readily induce numerous additional fission events. This delayed

neutron-induced fission is a basic concept in nuclear reactor kinetics, where it represents

an important consideration in maintaining the desired state of criticality in a reactor. In

the context of neutron energy spectrum, however, it leads to an overall delayed signal that

is a superposition of two components: “primary” delayed neutrons, which are emitted

directly from the decay of fission fragments, and the prompt fission neutrons, where the

fission is induced by delayed neutrons. In fact, in order to measure the delayed neutron

energy spectra with a high degree of accuracy, sample sizes have been restricted to small

amounts (<10 g) of material with the express purpose of limiting distortions caused by

fission multiplication [41, 118, 119].

Because the prompt fission products of the delayed neutron-induced fission events are

emitted nearly instantaneously, they mimic the time distribution of the delayed neutrons,

and do not significantly alter the measured neutron temporal profile (notwithstanding

the potential differences in detector efficiency when measuring the time-evolving neutron

spectrum). In contrast, the overall delayed energy spectrum is significantly changed by

the introduction of prompt fission neutrons, which typically have much higher energies

than delayed neutrons. Furthermore, the prompt neutrons from delayed fission are ac-

companied by additional coincident neutrons and gamma rays. The determining factor

in the relative abundance of prompt fission products in the delayed signal is the average

fission cross-section of a particular material in the delayed neutron energy range. Be-

cause this cross-section may differ significantly between isotopes, as is the case for 235U
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and 238U, the detection of high-energy prompt neutrons and coincident radiation from

fission in the delayed signature of SNM may provide the basis for isotopic identification.

In previous work it has been demonstrated that proton beams are an effective means

for inducing delayed neutron signatures in SNM targets and can discriminate fissionable

materials at lower dose rates than photon- or neutron-based sources [120]. The report

also proposes that measurement of delayed neutrons above a certain energy threshold

would indicate the presence of delayed neutron-induced fission and provide a method for

discriminating uranium isotopes.

Here, two experimental methods are presented for disambiguating the genesis of de-

layed neutrons as a means for discriminating 235U and 238U. In the first approach, which

leverages the method proposed in Ref. [120], recoil-based organic liquid scintillators and

a custom-built capture-gated composite detector are used to perform spectroscopic mea-

surements of delayed neutrons, and highly-enriched uranium (HEU) is successfully dif-

ferentiated from depleted uranium (DU) based on the presence of high-energy prompt

neutrons in its delayed signature. While the measurement of high-energy prompt neu-

trons from delayed neutron-induced fission has previously been proposed as a method

for discriminating uranium isotopes, a review of the relevant literature suggest that this

work represents the first time that such energy information has been specifically targeted

and extracted from the overall delayed signature as a means for isotopic identification.

The second approach demonstrates the first use of coincidence counting to observe the

contribution of delayed neutron-induced fission to the overall fission rate and successfully

differentiate HEU from DU on this basis.
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3.2 Materials & Methods

Experimental measurements were performed at the DAF, NNSS, using HEU and DU

test objects. The HEU object was constructed from the Rocky Flats shells, which are

described in detail in in Chapter 2 and Ref. [91]. Shells 01–24 were assembled into a

spherical object with an approximate mass of 13.8 kg. The depleted uranium object also

consisted of a set of hemispherical shells arranged to form a sphere. The mass of the

DU object was 12.8 kg, which was the closest approximation to the HEU object mass

that could be achieved with the available shell configurations. Each uranium object was

interrogated with 14.1-MeV neutrons produced by a Thermo Scientific P211 DT neutron

generator, with an approximate isotropic yield of 108 n/s. The objects were placed at a

distance of 13 cm from the generator, as measured from the center of the object to the

center of the target plane in the generator tube. The DT generator was operated at a

pulse rate of 100 Hz with a pulse width of approximately 10 µs, which was consistent

across all measurements.

In each measurement, the uranium object was surrounded by an array of detectors,

which included one 5.1-cm diameter NaI(Tl) detector, two 7.6-cm diameter Eljen EJ309

organic liquid scintillators [93], and one custom-built heterogeneous composite scintilla-

tor. The composite detector is a larger version of the prototype described in Ref. [121],

and consists of an array of 1×1×76 mm3 GS20 lithium glass square rods embedded in

a cylindrical matrix of scintillating polyvinyl toluene (PVT) with a height and diameter

of 12.7 cm. The GS20 glass is 6.6% lithium by weight, and is enriched to approximately

95% 6Li. A diagram of the composite detector design is shown in Fig. 3.1.

The principal detection mechanism for the composite detector is neutron capture

by 6Li, which has a reaction Q-value of 4.8 MeV and releases a triton and an alpha

particle. The short range of the heavy charged particle products means that they generally

deposit most of their energy in the lithium-doped glass, which possesses very different
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(a) (b)

Figure 3.1: Geant4 rendering of the composite detector geometry: (a) top and (b) side
view

scintillation properties from the PVT plastic. As a result, neutron capture events are

easily distinguishable by both a characteristic pulse shape and the characteristic Q-value

of the reaction. The PVT matrix surrounding the lithium glass rods serves a dual purpose.

Not only does it increase the capture efficiency of the detector by moderating the incident

neutrons, but the scintillation response of the PVT to proton recoils in the neutron

thermalization process provides a signal whose magnitude is correlated to the incident

neutron energy [122]. The recoil pulses from neutron thermalization are also correlated in

time with the subsequent capture pulses. Though there can be significant variation in the

time separation between pulses due to thermal neutron diffusion in the PVT, the average

time to capture ranges from a few µs to about 10 µs, depending on the detector design

and size. By exploiting this time coincidence between a capture pulse and the preceding

proton recoil pulse, spectroscopic neutron energy analysis can be performed [123].

For each measurement, the composite detector was placed vertically at a distance of

21 cm from the central axis of the PVT cylinder to the center of the uranium object.

The NaI(Tl) and EJ309 scintillators were placed at different locations around the object,

each at a distance of 11 cm from the center of the object to the front face of the detector.

Fig. 3.2 shows the experimental setup used for measurement of both uranium objects.
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Figure 3.2: Experimental setup during measurement of the HEU object.

The detector electronics included Hamamatsu model R6527 and R6231 photomulti-

plier tubes (PMT), which were coupled to the composite detector (biased at 1750 V) and

one of the EJ309 detectors (biased at 900 V), respectively. The other EJ309 detector

was coupled to a 7.6-cm diameter Bicron PMT (biased at 1200 V), and the NaI(Tl) was

a Gamma Spectacular GS-2020 integrated detector and PMT unit (biased at 750 V).

Each detector was powered using a CAEN DT5533 high-voltage power supply, and the

output was digitized using a CAEN DT5730 14-bit, 500-MHz desktop waveform digi-

tizer with DPP PSD firmware. Data acquisition and storage was performed using CAEN

Multi-Parameter Spectroscopy Software (CoMPASS) [124]. For each waveform, short-

gate (Qshort) and long-gate (Qlong) charge integrals were recorded to provide the basis for

pulse shape discrimination. The integration boundary parameters were defined relative

to tstart, the start of the waveform determined by the leading edge trigger time in the

digitizer. Qshort was integrated from tstart− toffset to tstart + tshort, and Qlong was integrated

from tstart − toffset to tstart + tlong, where toffset is the offset time prior to the start of the
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waveform, and tshort and tlong are the endpoints for the short-gate and long-gate integra-

tion windows, respectively. The integration parameters were optimized for each detector

prior to the experiment, and are presented in Table 3.1.

Table 3.1: Waveform integration parameters.

Detector toffset (ns) tshort (ns) tlong (ns)
Composite 24 36 376
EJ309 - 1 24 36 376
EJ309 - 2 50 50 350
NaI(Tl) 24 176 776

The neutron generator was operated in a series of on/off cycles, during which the

induced delayed neutron signatures of the HEU and DU objects were recorded. In each

cycle, the generator was turned on for one minute, then off for one minute. Each ob-

ject was interrogated over a period of approximately 2.5 hours (approximately 70 on/off

cycles), and the data collected during the generator off time was aggregated to form

the overall delayed signal. Passive measurements of the HEU and DU objects were also

recorded, for 3 minutes and 10 minutes, respectively. The detectors were calibrated using

137Cs and AmBe sources.

3.3 Simulation

To estimate the expected contrast in the delayed neutron emission spectra from bulk

samples of HEU and DU, Monte Carlo simulations were conducted. Using MCNPX-

Polimi [125], spherical HEU and DU objects of the approximate size and mass of the

experimentally measured assemblies were interrogated with 14.1-MeV neutrons, and the

time of generation and initial energy of emitted neutrons were recorded upon their arrival

in a liquid scintillation detector. The prompt and delayed neutron spectra were separated

using a simple time threshold, where neutrons arriving at the detector within 10 µs of the
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generation of the source particle were vetoed. The time threshold was chosen based on

the simulated time distribution of prompt neutrons. A cutoff of 10 µs excludes 99.99% of

the prompt neutrons, while the vast majority of delayed neutrons arrive much later than

10 µs after their parent fission event. Within the delayed neutron data, primary delayed

neutrons and prompt neutrons from delayed fission were differentiated by tracking their

individual histories in the MCNPX-PoliMi collision file output. Based on the particle

and generation numbers of each delayed neutron, the corresponding parent fission event

was located within the fission chain in the uranium object. If the time delay between the

parent fission and detection of the delayed neutron was greater than 10 µs, the event was

categorized as a primary delayed neutron. Otherwise, it was considered to be a prompt

neutron from delayed fission. This analysis method allowed for estimation of the relative

contribution of each type of delayed neutron to the overall delayed spectrum emitted by

each object. For HEU, prompt neutrons from delayed fission account for about 65% of

the delayed neutron signature, with the remaining 35% contributed by primary delayed

neutrons. In contrast, primary delayed neutrons made up over 98% of the emitted signal

for DU.

In addition to the experimental object materials, simulations of the expected relative

proportion of primary delayed neutrons and prompt neutrons from delayed fission were

performed for a variety of uranium enrichments to explore the potential for finer deter-

mination of the enrichment level based on the induced neutron spectrum. Fig. 3.3 shows

the proportion of the overall delayed neutron signal that is expected to be contributed

by secondary prompt neutrons as a function of enrichment. Table 3.2 shows a summary

of the simulated neutron spectrum breakdown for selected enrichment levels.

While higher-energy prompt neutrons make up only a small fraction of the delayed

neutron spectrum for DU, their proportion increases rapidly as enrichment increases from

0.2% to 20%, and they already form a significant part of the delayed signal for 5%-enriched
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Figure 3.3: Simulated contribution of secondary prompt neutrons to the overall delayed
neutron signature as a function of uranium enrichment. The red line is provided only as
a guide to the eye.

Table 3.2: Simulated contribution to overall delayed neutron spectrum from primary
delayed neutrons and prompt neutrons from delayed fission for selected uranium enrich-
ments.

Material (Enrichment) Primary Delayed Prompt
DU (0.02%) 98.5% 1.5%
LEU (5%) 86% 14%
LEU (20%) 72% 28%
HEU (93%) 35% 65%

LEU. As a result, it may be possible to distinguish LEU from natural uranium based on

the presence of higher-energy neutrons in the delayed neutron signature. Furthermore,

the relative contribution from prompt neutrons doubles as enrichment increases from 5%

to 20%, and more than doubles again for weapons-grade enrichment levels (>90%). Such

separation suggests that the proportion of higher-energy delayed neutrons may serve as

an observable for estimating the enrichment level of uranium-containing materials.

For each material, the fractional contributions of primary delayed neutrons and prompt

neutrons from delayed fission were used to approximate the delayed neutron energy spec-
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tra, which were then used to simulate the expected response in the composite detector

using the Geant4 framework [92]. While MCNPX is better suited for simulating the

production of delayed neutrons, Geant4 does not have the same geometrical limitations,

making it the more convenient choice for modeling the complex structure of the composite

detector. To simulate the light output response to proton recoils during thermalization

in the PVT, the detector was bombarded with neutrons with energies sampled from the

delayed [41] and prompt [126] energy spectra in accordance with their relative proportion

for each isotope. The light output produced by neutron elastic scatters on protons in the

detector was modeled using a similar method to the one described in Ref. [94], with a

polynomial function of the form

L = aE − b [1− exp(−cE)] , (3.1)

where L is the light output, E is the energy deposited on the proton, and a, b, and

c are fitting parameters. The light output contribution from scatters on carbon nuclei

was assumed to be approximately 2% of the energy deposited. A Gaussian broadening

function was parameterized and applied to the calculated light output according to the

method outlined in Ref. [127]. Fig. 3.4 shows the simulated delayed neutron energy

spectra for bulk HEU and DU, as well as the expected light output response of the

composite detector. The light output units are MeVee (MeV electron equivalent), where

1 MeVee represents the light output generated by 1 MeV of electron energy deposition.

The simulated delayed energy spectra and corresponding detector response show very

significant differences for each material based on the presence of delayed fission events,

especially at higher neutron energies. This suggests that 235U and 238U should be readily

distinguishable based on the presence of high-energy neutrons in the measured delayed

signal.
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(a)

(b)

Figure 3.4: (a) Simulated delayed neutron energy spectra for bulk HEU and DU, based
on proportional contribution of prompt products of delayed fission, and (b) simulated
response of the composite detector to overall HEU and DU delayed energy spectra. In
both cases, counting results are based on simulation of 250,000 source particles.
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3.4 Experimental Results & Discussion

A significant advantage of the composite detector is that it provides strong discrimination

of neutron-capture events on 6Li, which can then be used to identify potential preceding

thermalization events in the detector and extract spectroscopic energy information from

the incident neutrons. Fig. 3.5 shows the pulse-shape parameter (PSP ) and light output

distribution for the AmBe calibration measurement in the composite detector, where the

PSP is defined by Eq. (2.1). The parameter space located around PSP = 0.55 and

light output of about 0.32 MeVee corresponds to neutron capture events. A 3-σ cut was

established in two dimensions around this region, and any events falling within the cut

were classified as neutron captures in the subsequent measurements.

Figure 3.5: Calibration PSP and light output distribution in the composite detector
when exposed to an AmBe source. Neutron captures were identified using a 3-σ cut
around the island feature centered at PSP = 0.55 and light output of 0.32 MeVee.
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3.4.1 Delayed Neutron Energy Analysis

The delayed neutron energy spectra for HEU and DU were compared by analyzing the

capture-gated light output response in the composite detector. For each neutron capture

event, the previously recorded pulse was examined to determine if it could have been

caused by thermalization of the fast neutron in the PVT prior to capture. Because the

type of PVT used in the composite detector is not PSD-capable, there is only one recoil

region corresponding to both neutron and gamma-ray interactions. A Gaussian fit to this

region established a mean PSP value of 0.0865, and pulses exhibiting deviation from the

mean greater than 3-σ were rejected. Geant4 simulations were also used to determine the

time scale of neutron thermalization in the composite detector. Both prompt and delayed

incident neutron energy spectra were modeled; the results indicate that 99% of captures

occur within 76 µs of the initial scattering interaction in the detector, and that incident

neutron energy has little effect on the shape of the time distribution of capture-gated

recoil pulses. As such, only recoil pulses that occur within 76 µs before the subsequent

capture event were included in the capture-gated light output distribution. Fig. 3.6 shows

the resulting capture-gated light output distributions for HEU and DU.

While some increase in the delayed neutron counting rate is expected for HEU relative

to DU due to the greater mass of the HEU object and increased fission cross section for

14.1-MeV neutrons, the higher overall rate is also consistent with increased multiplication

caused by delayed neutrons. However, the marked increase in high-light-output events

for HEU indicates a significant difference in the overall energy spectrum, which can

be explained by the presence of higher-energy prompt neutrons from delayed fission.

Such differences in the shape of the neutron energy spectrum may provide the basis for

discrimination between isotopes and inference of the enrichment level.

The capture-gated event rates above 400 keVee are 58.95 s−1 for HEU and 18.76 s−1

for DU. HEU and DU could be distinguished based on rate comparison, but such a
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Figure 3.6: Comparison of experimentally measured capture-gated light output distribu-
tions in the composite detector for HEU and DU. Recoil events with PSP = 0.0865± 3σ
and a recoil-capture coincidence time < 76 µs were accepted. The count rate for DU
above 400 keVee is consistent with the measured rate of gamma-ray accidentals within
the recoil-capture acceptance window.

method relies on the knowledge of sample mass. A more robust isotope discrimination

method would be based on differences in the shapes of the neutron energy spectra. One

possibility is to use a simple ratio of two different regions of the energy spectrum, which

would provide a characteristic number associated with the proportion of prompt neutrons

from delayed fission in the spectrum (and thus an indicator of enrichment). Fig. 3.7 shows

a diagram of the proposed metric, which is the ratio of the integral of the high-energy

tail of the neutron spectrum to the integral of the entire spectrum. This ratio is defined

as R, and its standard deviation is σ. A figure of merit (FOM) for discrimination could

be determined using the expression

FOM =
RHEU −RDU

σRHEU
+ σRDU

, (3.2)

similarly to a standard method used for evaluating pulse-shape-discrimination perfor-
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mance of scintillators.

Figure 3.7: Diagram of the proposed integration regions for determining the characteristic
spectral shape ratio. The example spectrum shown is for HEU.

The ratio R is determined by the choice of parameter Lo, which is the light-output

threshold separating the high-energy tail from the rest of the spectrum. The threshold

Lo = 515 keVee shown in Fig. 3.7 is the result of optimizing for the maximum separation

between the ratios for HEU and DU along with the minimum statistical error. The

maximum ratio separation occurs at 515 keVee, where the HEU ratio, RHEU, is 0.302 and

the DU ratio, RDU, is 0.178. While the minimum statistical error of 1.1% occurs a higher

Lo value of about 700 keVee, the error at 515 keVee is only very slightly higher at 1.24%.

As such, the marginal loss in ratio separation by moving the Lo value closer to 700 keVee

would be greater than the marginal improvement in statistical error.

The shape-based discrimination method appears promising when applied to the ex-

perimental data. Using the Lo value of 515 keVee, the tail-spectrum count rates were

45.8 s−1 and 12.2 s−1 for HEU and DU respectively, while the total-spectrum count rates

were 151.7 s−1 and 68.8 s−1. These experimental count rates allow for 3-σ discrimination

of the HEU and DU characteristic ratios within 2 seconds of measurement time after the
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neutron generator has been turned off. Total measurement time would be just over one

minute, as the one minute interrogation time is necessary to build up the delayed neutron

populations.

Examination of the time distribution of coincident recoil-capture pulses can provide

additional insight into the observed light output spectra. While the simulated light out-

put response for delayed neutrons from 238U is largely restricted to below 400 keVee, the

experimentally measured distribution extends to higher light outputs. Since the delayed

neutrons do not have enough energy to produce higher light output pulses in the detector

(and a large fraction cannot even produce a pulse above a 100 keVee detection thresh-

old), this suggests either that there is a higher rate of delayed fission than predicted by

tabulated nuclear data, or that the capture-gated light output distribution is dominated

by gamma-ray accidentals from background or passive emission by the DU object. If

accidentals dominate, then the distribution I(t) of time differences between two adjacent

pulses is governed by the general expression

I(t) = r exp(−rt), (3.3)

where t is the time between two pulses, and r is the rate of accidentals. In the scenario

where there are very few true thermalization events, Eq. (3.3) predicts that the time

distribution should exhibit a simple exponential decay shape. Fig. 3.8 shows the experi-

mental recoil-capture coincidence time distributions for HEU and DU, which have been

fitted with an exponential function representing the expected contribution of background

accidentals.

In both cases, the exponential function was fitted to the time window beyond 90 µs,

where the contribution of true neutron thermalization events is negligible (less than 1%

of the total distribution). The model is then extended back over the range of possible

neutron thermalization times. In the case of DU, the exponential function is consistent
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(a)

(b)

Figure 3.8: Experimental recoil-capture coincidence time distributions in the composite
detector for (a) HEU and (b) DU. Each curve is fitted with an exponential function
representing the expected contribution of background accidentals. For HEU, the χ2 value
applies only to the range of times beyond 90 µs. For DU, the χ2 value applies to the full
range.

with the entire distribution, suggesting that few, if any, of the pulses preceding neutron

capture events are caused by thermalization of delayed neutrons. In contrast, the time

distribution for HEU departs significantly from a simple exponential shape in the neutron
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thermalization window, and the point where this deviation becomes noticeable is near

the maximum thermalization time of 76 µs predicted by simulation. After subtracting

the background exponential fit, 98.5% of capture-gated recoil pulses occur within the

76 µs time window, in close agreement with the simulated result of 99%. The significant

difference in the time-to-capture curves for HEU and DU suggest that this signal may

provide yet another means for performing isotopic discrimination. Furthermore, the decay

constant of the exponential fit is very similar for each data set, which suggests a common

cause of accidentals, such as gamma-ray background.

The overall rate of recoil pulses recorded by the composite detector between generator

runs for DU is consistent with the assertion that the events in the DU capture-gated

spectrum above 400 keVee are caused by gamma-ray accidentals in the thermalization

window. When the generator is turned off following interrogation, the observed rate

of recoil pulses is approximately 2.1×104 s−1. At this rate, the average time between

events is 48 µs, and the probability of observing a random recoil pulse within the 76 µs

time window preceding a capture pulse is 79.5%. In the experimental results, 74.0% of

recorded capture events are accompanied by a preceding pulse within 76 µs.

The observed rate of events within the thermalization window is close to the prediction

if all thermalization candidate pulses were truly from gamma-ray accidentals, but it is still

somewhat too low. This may be explained by the effects of delayed neutron contributions

to the recoil PSP region and pileup pulses in the neutron capture region. Specifically,

if the recoil rate contains significant contributions from delayed neutrons, the rate of

events in the thermalization window will be higher than expected for random gamma-ray

accidentals because neutron recoils are much more likely to be followed by a subsequent

capture event. Furthermore, misclassified pileup pulses in the capture PSP region are

less likely to be preceded by a neutron recoil event. This results in a situation where the

random gamma-ray rate, and thus the probability of an event within the thermalization
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time window, is slightly overestimated.

To correct for the effects of delayed neutron recoils on the estimation of the gamma-

ray accidental rate, a 400 keVee light output threshold was applied, effectively removing

neutron contributions from the spectrum. The threshold was determined based on the

simulated light output response of the composite detector to delayed neutrons, as shown in

Fig. 3.4. The overall rate of recoil events above the threshold was 5.6×103 s−1, resulting

in an average time between events of 177 µs and a 34.9% probability of observing a

random event within the 76 µs thermalization window. In the experimental data, 33.9%

of capture events were accompanied by a preceding recoil event within 76 µs, which

strongly suggests that gamma-ray accidentals contribute significantly to the the rate

of recoil-capture coincidence events in the DU light output spectrum (Fig. 3.6) above

400 keVee. Table 3.3 provides a summary of the recoil rates, probability of gamma-ray

accidentals in the thermalization window, and comparison to experimental data, both

with and without application of the 400 keVee light output threshold.

Table 3.3: Summary of overall recoil rates in the composite detector and probability of
gamma-ray accidentals within the 76 µs thermalization window. Predicted probabilities
based on the overall rate are compared to experimental results.

All Events
Events

>400 keVee

Recoil Rate (s−1) 2.1×104 5.6×103

Average Time
48 177

Between Events (µs)

Probability of Event
79.5 34.9

Within 76 µs (%)

% of Captures with Preceding
74.0 33.9

Event Within 76 µs

Recoil-based organic liquid scintillators are poorly suited to detecting lower-energy
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primary delayed neutrons because those neutrons are unlikely to produce a response

above a detection threshold of about 100 keVee. However, higher-energy prompt neutrons

from delayed fission can be easily detected, as they are far more likely to produce a pulse

above the threshold. Fig. 3.9 shows the PSP and light output distributions measured

by the EJ309 detector for HEU and DU, respectively. In the HEU data, a fast neutron

recoil region around PSP=0.28 is readily apparent. However, this feature is entirely

absent from the DU distribution. This stark contrast provides convincing evidence that

the presence or absence of high-energy fission neutrons in the delayed neutrons spectrum

can be used to perform isotopic discrimination.

3.4.2 Delayed Neutron Coincidence Analysis

Coincidence measurements were also used to detect the presence of delayed neutron-

induced fission events. Coincidence time distributions were recorded for HEU and DU

using two different detector pairings: composite-EJ309 and composite-NaI(Tl). In each

case, the coincidence event rate recorded during the neutron generator off cycles was

compared with the rate observed during passive measurement for each uranium object.

Example coincidence time distributions measured during the delayed neutron window

are shown in Fig. 3.10 for the composite-EJ309 and composite-NaI(Tl) detector pairings,

respectively. The prominent coincidence peaks provide a clear indication that fission

events continue to take place during the delayed neutron window. A summary of the

measured coincidence rates for each detector pairing and scenario is presented in Table 3.4.

Because both samples contain 238U, which undergoes spontaneous fission, the compar-

ison between HEU and DU is not as simple as noting the presence or absence of coincident

radiation from fission. While the relative change in the total coincidence rate after inter-

rogation (when delayed neutrons are present) is much greater for HEU, suggesting that

much of the change is due to delayed neutron-induced fission events, this interpretation
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(a) HEU

(b) DU

Figure 3.9: PSP and light output distributions measured in EJ309 for (a) HEU and
(b) DU.

must be weighted against a number of complicating factors.

The measured passive coincidence rates for each material are too high to be attributed

to spontaneous fission alone. 238U has a specific activity of 12.44 MBq/kg, and a sponta-

neous fission probability of 5.4×10−7 per decay. Thus, based on the material composition
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(a)

(b)

Figure 3.10: Coincidence time distributions for HEU measured during the delayed neutron
time window based on (a) composite-EJ309 and (b) composite-NaI(Tl) detector pairings.

and total mass, the expected spontaneous fission rate for the DU and HEU objects would

be 87 fission/s and 5 fissions/s, respectively. MCNPX simulations of the experimental

configuration show that the probability of a fission event producing observable coincident

pulses in the composite and EJ309 detectors is 0.3% for HEU and 0.053% for DU. For
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Table 3.4: Measured coincidence rates for HEU and DU for composite-EJ309 and
composite-NaI(Tl) detector pairings. For each material, the coincidence rate observed
during delayed signal measurements was compared to the coincidence rate for passive
measurements.

HEU DU
Composite-EJ309
Passive Rate (s−1) 55.87 ± 0.70 50.30 ± 0.34
Active Rate (s−1) 89.17 ± 0.25 58.90 ± 0.16

% Change 60% 17%
Composite-NaI(Tl)

Passive Rate (s−1) 1.70 ± 0.25 2.62 ± 0.14
Active Rate (s−1) 3.78 ± 0.10 2.91 ± 0.07

% Change 122% 11%

coincidence pulses in the composite and NaI(Tl) detectors, the probabilities are 0.08%

and 0.0006% for HEU and DU, respectively. Table 3.5 shows the expected spontaneous

fission (SF) tagging rates for each object based on the calculated spontaneous fission rates

and simulated tagging probabilities.

Table 3.5: Simulated spontaneous fission (SF) rates, tagging probability, and expected
tagged event rates for HEU and DU using each detector pairing.

HEU DU
Composite-EJ309

SF Rate (s−1) 5 87
Tagging Probability 0.30% 0.053%

Tagged Event Rate (s−1) 0.015 0.046
Composite-NaI(Tl)

SF Rate (s−1) 5 87
Tagging Probability 0.08% 0.006%

Tagged Event Rate (s−1) 0.004 0.0052

In both the case of HEU and DU, the expected tagging rates are several orders of mag-

nitude lower than the experimentally observed coincidence rates. Further investigation of

the coincidence pulses showed that they were consistent with true recoil events and not

caused by spurious sources such as electronic noise. The measurement environment at De-

vice Assembly Facility is complex, with many other objects near the experimental setup
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being subjected to bombardment by 14.1-MeV neutrons, so the high coincidence rates

may be partially explained by gamma-ray radiation from neutron activation products. In

addition to any fission byproducts within the test objects, the entire experimental array

was placed on a carbon steel table, so coincident gamma rays from 60Co (produced by

neutron irradiation of Fe) may be a contributing factor. While MCNPX simulations show

the likelihood for crosstalk to be low (<2% for the composite-EJ309 pairing, negligible

for composite-NaI(Tl)), a high background gamma-ray flux due to activation following

the neutron generator operation could lead to an appreciable coincidence signal in the

composite-EJ309 detector pairing due to crosstalk.

With respect to thermal neutron background, MCNPX simulations show that thermal

neutrons incident on the HEU object are about 70% as likely to produce coincident pulses

as spontaneous fission events within the object when averaged over all directions, and

much more likely to produce coincident pulses when incident near the EJ309 and com-

posite detectors. As such, even a small thermal neutron flux could cause an appreciable

change to the measured coincidence rate for HEU. Given that neutron-emitting calibra-

tion sources were present in the room during the experiment, it is possible that thermal

neutron induced fission played a part in elevating the measured passive coincidence rates.

With the goal of eliminating events that were not caused by fission, the coincidence

rates were reexamined while only accepting neutron recoil pulses from the EJ309 detector.

Fig. 3.11 shows the coincidence time distributions for HEU and DU after interrogation

with the neutron generator when only neutron recoil pulses are accepted from the EJ309

detector, with simulation results overlaid. Notably, the neutron-based coincidence time

distribution for HEU is much broader than the corresponding distribution for DU and

distributions where all event types were accepted. This is due to differences in the time

of flight for different neutron energies, and perhaps to some extent by the fact that coin-

cident pulses may be produced by radiation from different generations in the fission chain
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reaction. The broadening of the HEU coincidence distribution is also accurately reflected

in the MCNPX model, which has a full-width at half maximum (FWHM) of 15.7 ns, com-

pared to 16.1 ns for the experimental data. The DU distribution also agrees well with

simulation, including the asymmetry of the coincidence peak, which is caused by neutron

events in the EJ309 detector. For this simulation, the best agreement with experimental

data is achieved when only gamma-ray recoils are considered in the composite detector.

This provides further support for the conjecture that low-energy neutrons often do not

register a recoil pulse in the composite detector.

Table 3.6 presents a summary of the experimentally measured coincidence rates when

the neutron recoil criterion is applied. When coincidence events are required to contain

at least one neutron interaction, the differences between the HEU and DU coincidence

rates become much more pronounced. In the case of DU, the coincidence rate more

Table 3.6: Experimental fission tagging rates for HEU and DU using the composite-EJ309
detector pairing, with only neutron events accepted for the EJ309 detector.

HEU DU
Passive Rate (s−1) 0.442 ± 0.054 0.035 ± 0.007
Active Rate (s−1) 9.14 ± 0.07 0.079 ± 0.005

% Change 1968% 126%

than doubles, even though delayed neutrons are not expected to cause an increase in

coincidences due to fission. However, this is most likely due to an increased number of

pileup events in the neutron recoil region for EJ309, as Fig. 3.9(b) suggests. While the

passive coincidence rate for HEU is still quite high relative to expectation, it is much

lower than when all events are considered. Given the presence of other neutron sources

in the experimental space, it is also reasonable to assume that some of the discrepancy

is accounted for by additional fissions caused by thermal neutrons. Most notably, the

overall coincidence rate for HEU after interrogation is more than 100 times higher than

the rate for DU, and the change in the HEU coincidence rate between the passive and
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(a)

(b)

Figure 3.11: Coincidence time distributions using the composite-EJ309 detector pairing
for (a) HEU and (b) DU, where only neutron recoil events are accepted in the EJ309
detector. Simulated distributions are overlaid in red.

active measurements is very significant, increasing by more than a factor of 20. This is

consistent with the expectation that delayed neutrons will induce additional fission at a

much greater rate in HEU than DU, providing the basis for discrimination.
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Furthermore, the time evolution of the rate of coincidence events from fission can

provide valuable information on the 235U content of the test material. Because the delayed

neutron groups for each uranium isotope constitute a unique set of decay time constants,

the overall delayed neutron time emission profile can be used to discriminate between

isotopes and infer enrichment. Delayed neutron-induced fission events occur on the same

timescale as their delayed neutron precursors, so coincidence-based measurements of the

rate of delayed fission events should exhibit the same temporal shape predicted for delayed

neutron emission. Fig. 3.12 shows the time distribution of coincidence events for HEU in

the period after the neutron generator has been turned off.

Figure 3.12: Time distribution of delayed coincidence events in HEU, measured using
the composite-EJ309 detector pairing. Only neutron recoil pulses were accepted from the
EJ309 detector. The fit is based on tabular nuclear data and parameterized with only a
scaling factor (C) and constant background term (B).

The composite-EJ309 detector pairing was used again, but while accepting only neu-

tron recoil events from the EJ309 detector. The experimental data are fitted with a

parameterized model based on a six-group superposition of delayed neutrons, whose de-

cay constants are obtained from tabular nuclear data; the procedure is described in
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depth in Ref. [101]. The experimental results show close agreement with the model

(χ2 = 200.2/198), which confirms that the coincidence events are caused by delayed

neutron-induced fission and suggests that discrimination based on the delayed neutron

time emission profile can also be performed using fast neutron measurements, provided

that the material is fissionable by lower-energy delayed neutrons. The coincidence-based

approach presented here could supplement the methods described in Ref. [101], providing

an additional point of distinction between isotopes.

In conclusion, two measurement methods have been demonstrated for differentiating

the components of delayed neutron signals in bulk samples of SNM based on their origin.

Fission radiation coincidence counting and spectroscopic neutron energy measurements

have been shown to provide a significant refinement in the ability to capture information

on delayed neutron-induced fission as a means for performing isotopic identification. For

fission rate measurements, high background gamma-ray rates hindered the usefulness of

NaI(Tl) detectors, and detectors with the ability to discriminate fast neutron recoils were

necessary to isolate the fission signature. For fissionable materials with large differences in

fission cross-section at typical delayed neutron energies, such as 235U and 238U these types

of measurements are sufficient to successfully perform isotopic discrimination. Further

refinement of the capture-gated neutron spectroscopy technique to detect small changes

in the delayed neutron energy signature would provide even greater precision in differ-

entiating materials. The measurement approaches presented here have the potential to

complement existing delayed neutron analysis techniques, and when employed in concert

with methods that focus on time-dependent signatures, they may lead to even greater

accuracy in SNM characterization.
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Chapter 4

The Effects of Shielding on Delayed

Neutron Temporal Signatures

As high-energy neutral particles, fast neutrons are able to easily penetrate most materials,

which is particularly advantageous in measurement scenarios where shielding is present.

In this chapter, the experiments from the fourth and final measurement campaign at

the DAF are presented, which extends the study of delayed neutron time profiles from

the second and third campaigns to shielded scenarios. Because the long-lived delayed

neutron precursors exhibit decay times on the order of tens of seconds, their time profiles

are insensitive to the delays associated with scattering or diffusion in shielding materials,

which occur on much shorter time scales. The use of capture-based neutron detectors

can also mitigate the effects of shielding, because unlike recoil-based detectors, they do

not have a low-energy detection threshold, so that neutrons that lose their energy in the

shielding are still detectable.

To investigate the effects of neutron-moderating shielding on the delayed neutron

buildup and decay time profiles, polyethylene-shielded HEU and depleted uranium objects

are measured using two different capture-gated detector designs. Simulations are used

to explore the potential effects on isotopic discrimination and enrichment estimation at
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intermediate enrichment levels and differing shield thicknesses beyond what could be

tested during the experimental measurement. This chapter includes edited portions of

the 2021 publication in Nuclear Instruments and Methods in Physics Research, Section

A, entitled “The effects of low-Z shielding on uranium isotope discrimination using the

time-emission profiles of long-lived delayed neutrons” [128].

4.1 Introduction

The detection and identification of SNM is a critical element of national security, nuclear

material safeguards, and nonproliferation efforts. Across a wide variety of detection

scenarios, there is a high probability that the SNM will be concealed by some degree of

shielding, whether intentional or incidental [129, 130]. HEU presents an especially difficult

case, as its passive signal of weak neutron emission and lower-energy gamma rays can be

easily obscured by a relatively small amount of shielding [131]. Active interrogation can

overcome shielding by probing the target material with penetrating radiation to induce

nuclear reactions, such as fission, that emit a strong signal that may be much easier to

detect than passive emissions [26].

Neutron-based active interrogation methods are suitable for shielded-SNM scenarios

because neutrons have much longer attenuation lengths in materials that readily shield

gamma rays, and much lower neutron signal rates are needed to establish the presence of

SNM [104]. Differential neutron die-away measurements are a well-established technique

for SNM detection [106, 107], which have been successfully employed to identify plutonium

and HEU objects surrounded by significant shielding [132]. Delayed neutron signatures

represent another long-established means for characterizing SNM [108, 109], and a wide

variety of techniques have been developed for detecting fissionable materials by measuring

the delayed neutron signals induced through active interrogation [27, 110, 111, 113].
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In addition to detection, isotopic discrimination is an integral feature of many tech-

niques for uranium assay, where the capability to distinguish between HEU and DU is

desired [26]. Neutron die-away measurements can be used to estimate the isotopic com-

position of uranium, but they are often restricted to reporting an effective fissile mass,

which must be compared against calibration standards or other a priori knowledge in or-

der to determine 235U content, and thus enrichment [133]. Delayed neutron time-emission

profiles are also unique to the fissioning isotope, and previous studies have demonstrated

that the decay time profile of short-lived and long-lived delayed neutron groups can be

used to discriminate different types of SNM [114–117].

In prior work, it has been demonstrated that the buildup and decay time profiles of

long-lived delayed neutron groups can provide the means to discriminate between 235U

and 238U and infer the enrichment of uranium [101]. The isotopic determination is made

by comparing the measured temporal profile against the expected shape derived from

tabular nuclear data, eliminating the need for a calibration standard. Another powerful

feature of using long-lived delayed neutrons as the basis for discrimination is that the

shape of the time-emission profile is not sensitive to the presence of shielding. This is

because the characteristic decay times for the six delayed neutron groups in 235U and 238U

range from a few tenths of a second to tens of seconds [41], while neutron scattering and

thermalization in shielding materials occurs on a much shorter time scale (nanoseconds

to microseconds), so the temporal signature of the delayed neutrons is not significantly

distorted by interactions with the shielding. In contrast, the neutron energy spectrum

is altered by energy losses through interactions with the shielding material. As a result,

recoil-based detectors may be less effective, as energy losses in the shielding reduce the

number of neutrons that can produce recoils with energy above the detection threshold.

Capture-based detectors offer an advantage in this situation, as they do not have a low-

energy detection threshold, and the downward shift of the neutron energy spectrum can
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improve the capture efficiency.

Delayed neutron measurements still face some potential limitations depending on the

type and amount of shielding present. Specifically, different delayed neutron groups have

different energy spectra, which may be attenuated at different rates by the shielding

material. For the same reason, detector efficiencies may also vary depending on the

delayed neutron energy spectrum. Notably, for bulk samples of HEU, most of the neutron

signal observed during the delayed neutron time window can consist of prompt neutrons

from fission induced by the delayed neutrons in the bulk material [102]. As a result,

the effects of any preferential shielding based on neutron energy are mitigated in the

case of HEU, since the secondary prompt neutrons exhibit a time-independent, Watt

energy spectrum. Furthermore, because delayed neutrons from 235U and 238U have very

similar mean energies, they induce secondary fission events in 235U at similar rates. This

means that, even at intermediate enrichments, the time profile of higher-energy secondary

prompt neutrons will reflect the same relative isotopic proportions as the emitted delayed

neutrons. This response to shielding differs somewhat from the differential die-away

method, where shielding can increase multiplication through neutron reflection [134, 135],

which may lead to an overestimate of fissile mass. In such scenarios, measurement of the

delayed neutron time-emission profile can yield helpful complementary information that

may help resolve potential ambiguities in the estimated isotopic content. The delayed

neutron time profile can also be used to positively identify 238U, which can be difficult to

distinguish from background in a shielded configuration using die-away only [132].

In this chapter, delayed neutron time-emission profiles are measured for uranium ob-

jects surrounded by a neutron-moderating shield. Whereas the experiments described in

Chapter 3 focused on measurements of bare uranium [101, 102], this study examines the

effects of low-Z shielding on the measurement technique. HEU and depleted uranium

objects are interrogated using a portable fast neutron generator, and the buildup and
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decay time profiles of the long-lived delayed neutron groups are recorded using two differ-

ent capture-based composite scintillator detector designs. The measured delayed neutron

time profiles show good agreement with the expected shapes predicted from tabular nu-

clear data, demonstrating that uranium isotopes can be successfully differentiated on this

basis even when neutron-moderating shielding is present.

4.2 Materials & Methods

The experimental measurements were performed at the DAF. As with the previous ex-

periment presented in Chapter 3, a 13.8 kg HEU test object was constructed using the

Rocky Flats shells, along with a DU object with a mass of 12.8 kg, which was the closest

approximation of the HEU object mass achievable with the available materials. Further

details on the uranium test objects can be found in Chapters 2 and 3, as well as Ref. [91].

Both uranium test objects were surrounded by a 1-inch thick spherical polyethylene

shield. The thickness of the shield was chosen such that neutrons emitted by the test

objects had a high probability of interacting with the shield, yet the attenuation was not

so great as to severely inhibit the measurement statistics given the limited experimental

time available at the DAF. For delayed neutrons with energy of 250–500 keV, the prob-

ability of interacting in a 1-inch layer of polyethylene is 80–90%, which was estimated

from transmission calculations based on tabular cross-section data in the ENDF/B-VII.1

library [136]. For prompt neutrons from delayed-neutron-induced fission, which have a

mean energy of approximately 2 MeV, the interaction probability is still greater than

50%.

The test objects were surrounded by an array of detectors including NaI(Tl), Eljen

EJ309 organic liquid scintillators [93], and custom-built capture-based composite detec-

tors. The composite detectors all consist of 6Li-enriched glass suspended in a cylindrical
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matrix of scintillating polyvinyl toluene (PVT), though they differ in their geometrical

design. The first design, which is described in detail in Chapter 3, features square rods

of lithium glass embedded in a cylinder of PVT with height and diameter of 12.7 cm. In

the second design, described in detail in Ref. [137], the lithium glass is ground into small

shards and distributed throughout the PVT matrix, providing similar neutron capture

discrimination at a much lower construction cost. Two different shards-type detectors

were used in the experiment, with lithium glass loading of 7% and 3% by weight, respec-

tively. The principle of operation for the composite detectors is presented in Chapter 3.

Neutron capture events were identified in the composite detectors both by their pulse

shape and the characteristic Q-value of the 6Li(n,t)4He capture reaction. As in previous

measurements, a pulse shape parameter (PSP ) value was defined for each waveform

using Eq. (2.1). Fig. 4.1 shows the PSP and light output distribution for the rods- and

shards-type composite detectors when exposed to an AmBe source for calibration. For

both detectors, a clear capture region is distinguishable, which is located in the parameter

space between PSP values of about 0.45 and 0.65, and between light outputs of 0.5 and

0.7 MeVee. Gaussian fits were used to define a 3-σ cut in both the PSP and light output

dimensions around each capture region, and any pulses falling within the cut region were

classified as neutron captures.

Figure 4.2 shows the experimental setup used for both uranium object measurements.

The shards-type composite detectors were placed at a distance of about 22 cm from the

center of the test object, while the rods-type composite, NaI(Tl), and EJ309 detectors

were placed at a distance of about 28 cm. The output of each detector was digitized

using a CAEN DT5730 14-bit, 500-MHz desktop waveform digitizer with digital-pulse-

processing pulse-shape-discrimination (DPP-PSD) firmware. Light output pulse data

were collected in list mode, with short-gate (Qshort) and long-gate (Qlong) charge integrals

recorded for each waveform to provide the basis for pulse shape discrimination. The
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(a)

(b)

Figure 4.1: PSP and light output distribution for the (a) rods- and (b) shards-type
composite detectors when exposed to an AmBe source. Neutron captures were identified
using a 3-σ cut around the island feature centered at PSP = 0.55 and light output of
approximately 0.6 MeVee.

leading edge threshold-crossing trigger time in the digitizer, tstart, was used as the pulse

time stamp. The fine time stamp step resolution is 2 ps, and the trigger time stamp

resolution is 2 ns [138]. The boundary parameters for the charge integration regions were
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Figure 4.2: Experimental setup during measurement of the HEU object.

defined relative to tstart, with Qshort integrated from tstart − toffset to tstart + tshort, and

Qlong integrated from tstart − toffset to tstart + tlong, where toffset is the offset time prior to

the start of the waveform, and tshort and tlong are the endpoints for the short-gate and

long-gate integration windows, respectively. A summary of the integration parameters

for each detector is presented in Table 4.1.

Table 4.1: Waveform integration parameters.

Detector toffset (ns) tshort (ns) tlong (ns)
Rods Composite 24 36 376

7% Shards Composite 24 36 376
3% Shards Composite 24 36 376

EJ309 24 36 376
NaI(Tl) 24 200 776

The uranium objects were interrogated with 14.1-MeV neutrons produced by a Thermo

Scientific P211 DT neutron generator, with an approximate isotropic yield of 108 n/s.

Each object was placed 20 cm from the generator, as measured from the center of the
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object to the source location within the DT generator. Across all measurements, the DT

generator was operated at a pulse rate of 100 Hz, with a pulse width of approximately

10 µs. To record the delayed neutron time profiles, the neutron generator was operated

in a series of on/off cycles over measurement time of about 2.5 hours for each object.

During each cycle, the generator was turned on for one minute, then off for one minute.

Delayed neutron decay data were recorded when the generator was off, while the buildup

data were acquired between generator pulses while it was on. Passive measurements were

also recorded for the HEU and DU assemblies over a period of 10 minutes each, and the

detectors were calibrated using 137Cs, 60Co, and AmBe sources.

4.3 Results

The temporal profile of delayed neutron emission in uranium is parameterizable based on

the enrichment of the sample and tabular nuclear data for the associated delayed neutron

groups. Using the six-group delayed neutron framework, the buildup of delayed neutron

emission for a mixed sample of 235U and 238U can be expressed as

Rb(t) = B + C
2∑
i=1

6∑
j=1

fiPiYi,jεi,j [1− exp(−t/τi,j)] , (4.1)

where Rb(t) is the detected rate of delayed neutron buildup at time t, B is the constant

neutron background rate, C is a scaling constant, index i denotes the uranium isotope,

index j denotes the delayed neutron group number, fi is the probability of 14.1-MeV

neutron induced fission for isotope i, Pi is the fraction of isotope i in the sample, Yi,j is

the delayed neutron yield per fission for group j of isotope i, εi,j is the detection efficiency

for group j of isotope i, and τi,j is the decay time constant for group j of isotope i. The

corresponding expression for the decay of delayed neutron emission, Rd(t), is described

89



by

Rd(t) = B + C
2∑
i=1

6∑
j=1

fiPiYi,jεi,j [exp(tb/τi,j)− 1] exp(−t/τi,j), (4.2)

where the additional parameter tb represents the time period over which the constant-

intensity active interrogation source is turned on [113].

The buildup profile of the delayed neutron population was measured by recording

neutron capture events in the detectors between generator pulses while the generator

was on. To eliminate interference with the delayed neutron signal caused by die-away

from the neutron generator, a veto window was applied after the end of each generator

pulse. A veto window length of 3 ms was chosen, after which the vast majority of prompt

neutrons have died away [101]. The delayed neutron buildup signal was then recorded in

the time following the veto window and before the start of the next generator pulse. The

delayed neutron buildup profiles for HEU and DU measured by the rods-type composite

detector are shown in Fig. 4.3. The measured buildup profiles show good agreement with

the shapes predicted by Eq. (4.1) for HEU and DU.

The delayed neutron decay time profile was measured by recording neutron capture

events over the time period when the generator was turned off. As with the buildup

measurement, a veto window of a few ms was applied immediately after the generator

was turned off to account for neutron die-away. Fig. 4.4 shows the delayed neutron decay

time profiles for HEU and DU measured with the rods-type composite detector. Once

again, the measured data show good agreement with the shapes predicted by Eq. (4.2).

For both the buildup and decay time profile measurements, the agreement between

the measured data and the models in Eqs. (4.1) and (4.2) show that this technique can

discriminate and identify HEU and DU even in the presence of 2.5 cm of polyethylene

shielding. To quantify the discrimination of HEU and DU, the reconstructed enrichment

for each sample was determined according to the method detailed in Ref. 101. In this

method, the neutron count rate is integrated over two different regions of the delayed
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(a)

(b)

Figure 4.3: Delayed neutron buildup time profiles for (a) HEU and (b) DU measured
with the rods-type composite detector. The fit based on Eq. (4.1) is shown in red for
HEU and blue for DU.

neutron time profile, A1 and A2. The bounds of A1 and A2 are defined as [t0, t0 + 30 s]

and [t0, t0 + 3 s], respectively, where t0 is the beginning of the delayed neutron window

after the interrogation source has been turned off. The ratio of those two integrals serves

as a pulse shape parameter related to the proportional contribution of the 235U and
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(a)

(b)

Figure 4.4: Delayed neutron decay time profiles for (a) HEU and (b) DU measured with
the rods detector. The fit based on Eq. (4.2) is shown in red for HEU and blue for DU.

238U profiles, which is used to reconstruct enrichment. The conversion from the integral

ratio to reconstructed enrichment is determined by interpolation of the simulated delayed

neutron profile results at various enrichment levels from 0 to 100%. Table 4.2 shows the

reconstructed enrichment values based on the delayed neutron decay time profiles for
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HEU and DU, which are both within 1-σ error of the true enrichment.

Table 4.2: Reconstructed enrichment for HEU and DU objects based on the delayed
neutron decay time profile shape.

Sample Reconstructed Enrichment (%)

HEU 96.1+3.9
−4.7%

DU 0+5.1
−0 %

It is worth noting that Eqs. (4.1) and (4.2) are defined for the unshielded scenario,

and do not include a parameter for the transmission of individual delayed neutron groups

through a certain thickness of shielding material. The fact that the fit to experimental

data is still good despite the omission of such a quantity suggests that transmission

is relatively constant across delayed neutrons groups, and thus the difference from the

unshielded case is adequately accounted for by the simple scaling constant. This raises

the question of to what extent transmission through the shielding is influenced by the

characteristics of different delayed neutron groups, and whether there may be shielding

scenarios where the shapes of the delayed neutron time profiles are significantly altered

by the presence of shielding.

Similarities in the energy spectra for the individual 235U and 238U delayed neutron

groups [139] suggest that shielding materials are unlikely to preferentially attenuate one

group over another to an extent significant enough to influence the overall emission time

profile. To test this idea, simulations were performed using the Geant4 Monte Carlo

framework [92] to model the transmission of delayed neutrons from each individual group

through various thicknesses of polyethylene shielding. Table 4.3 shows the results for

235U, and Table 4.4 shows the results for 238U. For both isotopes, the group 1 delayed

neutrons are attenuated slightly more than the delayed neutrons from groups 2–6, which

have very similar transmission rates. However, the group 1 yields for 235U and 238U are

only 3.8% and 1.3% of the total yield, respectively. Furthermore, the high likelihood
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Table 4.3: Simulated 235U delayed neutron transmission through various thicknesses of
polyethylene shielding.

Transmission (%)
Group Yield

(%)
Avg. Energy

(MeV)
1 cm 2.5 cm 5 cm 10 cm

1 3.8 0.265 44.6 17.3 6.24 1.42
2 21.3 0.457 51.8 23.1 8.80 2.08
3 18.8 0.465 52.0 23.4 8.94 2.11
4 40.7 0.487 52.5 24.0 9.25 2.19
5 12.8 0.481 52.0 23.6 9.17 2.16
6 2.6 0.496 53.0 24.2 9.37 2.26

Table 4.4: Simulated 238U delayed neutron transmission through various thicknesses of
polyethylene shielding.

Transmission (%)
Group Yield

(%)
Avg. Energy

(MeV)
1 cm 2.5 cm 5 cm 10 cm

1 1.3 0.240 43.6 16.5 5.90 1.34
2 13.7 0.490 53.3 24.4 9.28 2.14
3 16.2 0.408 50.1 21.8 8.21 1.90
4 38.8 0.465 51.9 23.2 8.93 2.10
5 22.5 0.437 50.8 22.5 8.52 2.02
6 7.5 0.462 52.0 23.4 8.93 2.05

of delayed-neutron-induced fission in 235U serves to further mitigate the differences in

transmission between individual delayed neutron groups. Because the observed neutron

signal during the delayed neutron time window is dominated by prompt neutrons from

fission induced by delayed neutrons, and those prompt neutrons follow the Watt fission

energy spectrum, any differences in transmission due to variations in the delayed neutron

group energy spectra will be diminished. As a result, uranium samples containing a

significant quantity of 235U are unlikely to exhibit distortion in the delayed neutron time

profiles due to transmission through shielding alone, and transmission-based distortion of

the time profiles for DU would depend on variations in the relative transmission of delayed

neutrons that make up only about 1% of the total yield. Further work may be required
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to determine if resonances in the neutron interaction cross-sections for other materials

such as copper, iron, and lead could cause more significant variations in transmission,

but the broad similarities of the delayed neutron group energy spectra are likely to have

a mitigating effect in these materials as well.

Apart from transmission, it is also important to consider the effects of neutron re-

flection by the shielding materials. Because 235U is much more likely to be induced to

fission by lower-energy neutrons, delayed neutrons that are moderated and reflected by

the shielding material will disproportionately induce additional fission events in 235U rel-

ative to 238U, which may bias the delayed neutron decay time profile more toward 235U

than is warranted by the material composition, leading to an overestimate of enrichment.

To investigate the effects of neutron reflection on the shape of the delayed neutron time

profile, the delayed neutron profiles following 14.1-MeV neutron interrogation of uranium

at various enrichment levels were modeled using MCNP6 [140]. When no shield is present,

the results agree closely with the predictions from Eqs. (4.1) and (4.2). When a 2.5 cm

thick spherical polyethylene shield is included in the model, the delayed neutron decay

time profiles for HEU and DU deviate only slightly from the unshielded case, with the

difference being more noticeable for DU. Figs. 4.5a and 4.5b show a comparison of the

simulated delayed neutron time profiles with and without shielding for HEU and DU,

respectively. In contrast, the simulated delayed neutron time profiles for intermediate

enrichment levels show a much greater difference between the bare and shielded con-

figurations. Figs. 4.5c-4.5e show a comparison of the simulated delayed neutron time

profiles with and without shielding for uranium enrichment levels of 5%, 20%, and 50%,

respectively. To provide a quantitative metric for assessing the deviation of the shielded

and unshielded profiles, a residual was calculated by subtracting the unshielded profile

from the shielded one. The residuals for each enrichment level are given in Table 4.5,

where the residual is expressed as the percent change in the total profile integral from
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(a) (b)

(c) (d)

(e)

Figure 4.5: Simulated delayed neutron decay time profiles with and without polyethylene
shielding for (a) HEU, (b) DU, (c) 5% enriched LEU, (d) 20% enriched LEU, and (e) 50%
enriched HEU.

0 to 30 seconds. The integration time bounds were chosen to align with the integration

boundaries used in the enrichment reconstruction calculations.

Based on the simulation results, it is clear that the shape of the delayed neutron

time profile is not entirely impervious to the effects of shielding. Although the effects
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Table 4.5: Residual difference between the delayed neutron decay time profile for the
unshielded and shielded (2.5 cm poly) case. The residual is expressed in relative terms
as the percent change in the total profile integral from 0 to 30 seconds (the time period
used to determine reconstructed enrichment).

Enrichment (%) Residual (%)
0.2 0.25
5 3.28
20 4.18
50 2.68
93 1.40

of shielding appear to be small for the high and low extremes of enrichment, where a

single isotope dominates the delayed neutron spectrum, intermediate enrichment levels are

susceptible to significant skew caused by preference for fissions in 235U induced by lower-

energy neutrons reflected from the shielding. This preference arises from the difference in

the total neutron-induced fission cross-section between 235U and 238U, which is 4–5 orders

of magnitude greater for 235U over the delayed neutron energy range (approximately

100 keV to 1 MeV) [136]. The shift to a higher proportion of delayed neutron counts at

longer times after interrogation, which can be seen in Figs. 4.5c-4.5e, is consistent with

an over-representation of 235U in the composite profile. To quantify the effects of such

distortions in the delayed neutron time profile on estimates of enrichment, the enrichment

was reconstructed from the simulated delayed neutron time profile using the integration

method from Ref. 101, which was described previously. A summary of the reconstructed

enrichment estimate for bare and shielded (2.5 cm and 5 cm thick) configurations of

uranium at five different enrichment levels is presented in Table 4.6.

For the intermediate enrichment levels, the inclusion of the 2.5-cm thick polyethylene

shield leads to a significant overestimate of the enrichment of the uranium sample. The

extreme cases of HEU and DU are affected substantially less, which is consistent with

the experimental results showing close agreement with the prediction from tabular data

for a bare configuration, despite the presence of the polyethylene shield. While the rel-

97



Table 4.6: Reconstructed enrichment based on simulated delayed neutron time profiles
at various enrichment levels. Statistical error is less than 0.1% for each simulation (108

simulated events).

Reconstructed Enrichment (%)
Enrichment (%) No Shield 2.5 cm Poly 5 cm Poly

0.2 0.15 0.47 3.2
5 5.1 14.0 46.5
20 20.0 39.5 50.1
50 50.2 65.2 76.2
93 92.9 100 98.4

ative difference between the reconstructed enrichment for DU in the shielded (2.5 cm)

and unshielded case is large, the small absolute change does not prevent it from be-

ing correctly identified as DU, and even in the case of thicker shielding (5 cm), easily

discriminated from HEU. Furthermore, the ability to discern the small changes in the

delayed neutron profile associated with such small changes in enrichment would require

exceptionally high measurement statistics. This result implies that measurements of the

delayed neutron time profile may still be used to identify and differentiate extreme en-

richment cases (weapons-grade HEU, DU). Although intermediate enrichment levels may

require additional information on shielding materials or complementary measurements to

resolve ambiguities, the ability of delayed neutron time profile measurements to discrim-

inate weapons-grade HEU from other uranium enrichment levels, even in the presence of

shielding, could be a useful tool in a treaty verification setting.

4.4 Summary

In conclusion, it has been demonstrated that the buildup and decay time profiles of long-

lived delayed neutrons emitted by HEU and DU can be accurately measured even in

the presence of neutron-moderating shielding. The measurement of long-lived delayed

neutron time profiles has already been shown by prior work to be effective means for
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discriminating uranium isotopes without the need for a calibration standard, and this

work provides experimental evidence that the method is also applicable in shielded sce-

narios at the high and low extremes of enrichment. Simulated results show that while

transmission through shielding material is unlikely to distort the shape of the temporal

profile, neutron reflection can lead to a significant overestimate of enrichment, especially

at intermediate enrichment levels. The shielding-resilient nature of delayed neutron time

profile measurements at the extremes of enrichment may increase their attractiveness in

many nonproliferation applications that require determination of the presence or absence

of weapons-grade HEU. Specifically, treaty verification scenarios stand to benefit from

this method, as it would allow an accurate confirmation of the presence or absence of

HEU, even with incidental shielding in place, such as a storage cask or missile housing

that the host would not want to open. Delayed neutron time profile measurements also

provide a useful complement to other methods, such as die-away or multiplicity counting,

which allows for cross-checks and confirmation of results in different domains.

Further work is needed to determine the effects of a broader range of shielding mate-

rials and configurations which may be present during verification measurements. Exper-

imental measurements of the delayed neutron time profiles for intermediate enrichment

levels of uranium could provide validation of the simulations presented in this study

and place defined limits on the applicability of the method over the full range of ura-

nium enrichment. Studies involving higher-Z shielding materials, such as tungsten, lead,

or depleted uranium, could provide additional insight into the effects on the delayed

neutron time profile under different reflection or multiplication conditions. Finally, an

investigation of the effects of shielding materials with neutron interaction cross-section

resonances (e.g., iron, copper, lead) may be useful to determine if such resonances can

influence the relative transmission of delayed neutron groups, or if the resonant interac-

tions can provide information about the characteristic energy spectrum of the delayed
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neutron source.
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Chapter 5

Calibration Source Development for Large

Antineutrino Detectors

Besides inducing fission, fast neutrons possess enough energy to drive a wide variety of

nuclear reactions, such as (n,p), (n,xn), and (n,α). Many of the radioisotopes that result

from these reactions are impractical to produce by other means, and may be useful as

detector calibration sources. One prominent example involves the calibration of large-

scale antineutrino detectors, which require extensive background suppression methods in

order to successfully isolate rare antineutrino interactions. Correlated-particle calibration

sources are especially useful in this regard, as the timing information of the coincident

particles improves background rejection and event reconstruction.

In particular, 16N and 17N are radionuclides that can be produced via (n,p) reac-

tions in oxygen-containing targets and are of interest for the calibration of large water-

based Cherenkov detectors used for antineutrino detection. 16N emits high-energy, beta-

correlated gamma rays, while 17N is a beta-delayed neutron precursor, making them both

interesting as potential correlated-particle calibration sources. In this chapter, demon-

strations of the production of 16N and 17N using a DT generator neutron source are

presented, and time-correlated measurements conducted using a specialized beta-tagging
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detector are used to examine the feasibility of 17N as a time-tagged neutron source for

antineutrino detector calibration.

5.1 Introduction

Antineutrino signals have long been recognized as a useful means for monitoring nuclear

reactors [141], which is of great interest in the field of nuclear security and nonprolif-

eration. Antineutrino measurements at reactors in the former Soviet Union and United

States have demonstrated the ability to determine the reactor operational state (on or off)

and power level, as well as the changes in the antineutrino rate and spectrum associated

with fuel composition changes due to burnup [142–145]. Such signals are of great inter-

est for treaty verification applications, as they could provide the means for discovery of

undeclared nuclear reactors or detection of operational modes associated with plutonium

production or material diversion [23].

Because nuclear reactors produce such large quantities of antineutrinos, which are im-

possible to shield and thus travel long distances, antineutrino detectors offer the potential

for remote nuclear reactor monitoring. Naturally, as the standoff distance increases, larger

detector sizes are needed to maintain an appreciable interaction rate. It is estimated that

standoff distances beyond about 10 km require a kiloton-scale detector mass, which in-

creases to the megaton-scale for distances on the order of 100–200 km [23]. For such

massive detectors, only low-cost, highly-scalable fill materials are feasible, such as wa-

ter or liquid scintillator. At the larger end of the scale, water-based detectors appear

most promising, as liquid scintillator becomes too expensive and impractical to imple-

ment for detector sizes greater than a few kilotons [146]. Currently, the goal of the

US-UK WATCHMAN Collaboration is to demonstrate far-field reactor monitoring using

a kiloton-scale water-based antineutrino detector [147].
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The use of hydrogenous detectors to observe the inverse beta decay (IBD) reaction,

ν̄e + p→ e+ + n, (5.1)

is a long-established means for recording antineutrino signatures [148]. However, in pure

water detectors, the flash of Cherenkov light produced by the recoiling positron can be

challenging to distinguish from the response to other radiation types, including gamma

rays, cosmogenic muons and neutrons, and neutrinos from other sources [23]. To enable

better isolation of the antineutrino signal, gadolinium is added to the water as a dopant

in concentrations of a few tenths of a percent [149]. 155Gd and 157Gd, which account

for about 30% of the natural isotopic composition of gadolinium, have extremely high

thermal neutron capture cross-sections and release a cascade of gamma rays with total

energy up to approximately 8 MeV following neutron capture [150]. The gadolinium

neutron captures thus provide a second measurable signal that can be used to tag IBD

events based on the close time coincidence of neutron and positron detection and thereby

reject many background events.

The calibration of large-volume rare-event detectors is a critical step to ensure that

the desired signals can be successfully distinguished from background. For Gd-doped wa-

ter Cherenkov detectors, a variety of calibration source particles and energies are needed

to characterize the detector response to potential IBD events, which includes the broad

range of gamma-ray energies associated with Gd neutron capture. Just as coincidence

detection is used to suppress background in measurements of the antineutrino IBD sig-

nal, correlated-particle radiation sources are particularly useful for antineutrino detector

calibration. The ability to “time-tag” the calibration source greatly reduces the effects of

background, facilitating a more accurate understanding of the detector response to the

radiation of interest.

One such correlated-particle source is 16N, which has been used for calibration of the
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Super-Kamiokande (SK) [151] and Sudbury Neutrino Observatory (SNO) [152] neutrino

detectors. 16N decays by beta emission to 16O, which then promptly emits a 6.1-MeV

gamma ray with a branching ratio of approximately 66%. The 6.1-MeV gamma ray is

useful for calibration of Gd-doped detectors due to its location near the high-energy end

of the Gd neutron capture gamma-ray continuum. A simplified decay scheme for 16N is

shown in Fig. 5.1. 16N can be produced via the 16O(n,p)16N reaction using high-energy

Figure 5.1: Simplified decay scheme for 16N.

neutrons, such as those from a DT generator, and readily available target materials such

as CO2 or water. However, its short half-life makes it a considerable challenge to maintain

the population necessary for an appreciable gamma-ray emission rate over a time period

greater than a few tens of seconds. For SK, this challenge is addressed by inserting

a portable DT neutron generator into the detector volume and using the water of the

detector itself as the target material for 16N production [151]. The neutron generator is

then withdrawn, and 16N decays are observed. In contrast, the SNO calibration system
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utilizes a DT generator located outside the detector to produce 16N in a target chamber

filled with CO2 gas, which is then transferred via an umbilical line to a second chamber

inside the detector volume, where the majority of decays take place [152]. The decay

volume is lined with plastic scintillator, which detects the beta particles from 16N decay

as a time-tag for the 6.1-MeV gamma rays. By locating the DT neutron source away from

the detector volume, the active background can be sufficiently shielded to allow constant

operation of the generator, and thus a constant population of 16N can be maintained in

the decay chamber through gas circulation. The secondary decay volume also allows the

calibration source to be moved to different locations within the detector volume, which

is important for determining any position-dependent variations in the detector response.

The plans for calibrating the WATCHMAN detector have considered a 16N system based

on the design developed by the SNO Collaboration [153].

An additional feature of the SNO-type DT-neutron-generator-driven system is that

other radioisotope sources can be produced by simply substituting a different target

material. Specifically, by using a target material enriched in 17O, 17N can be produced

via the 17O(n,p)17N reaction and delivered to the decay chamber using the same transfer

mechanism. 17N emits beta-delayed neutrons with a discrete energy spectrum ranging

from approximately 380 keV to 1.7 MeV and a half-life of 4.17 s [154]. Fig. 5.2 shows

a simplified decay scheme for 17N. Because the 17N delayed neutrons are accompanied

by beta particle emission, they can be time-tagged in the same manner as 16N gamma

rays, making 17N potentially interesting as a correlated-particle calibration source. While

AmBe has typically been employed as the primary neutron calibration source for large-

scale neutrino detectors [155–157], the characteristics of 17N may make it attractive as

an alternative or complementary source. For example, whereas AmBe neutrons are time-

tagged based on detection of the coincident 4.4-MeV gamma ray emitted by 12C, which

requires a fairly substantial tagging detector size and mass [158], 17N beta particles are
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Figure 5.2: Simplified decay scheme for 17N. Branching ratios are based on the data
presented in Ref. [154].

relatively easy to detect with high efficiency. This allows for different source geometries

and form factors which, coupled with the different tagging efficiency and neutron energy

spectrum of 17N, may facilitate complementary measurements of the neutron capture

efficiency and light output response in a Gd-doped detector.

Previous studies by the SNO Collaboration have examined the 17O(n,p)17N reac-

tion cross-section and 17N production rate based on measurements of characteristic 17N

gamma rays following irradiation of 17O-enriched gas with 14.1-MeV DT neutrons, and

the results suggest that 17N is feasible as a neutron calibration source for antineutrino

detectors[159–161]. This work presents a demonstration of 17N as a time-tagged calibra-

tion source based on beta particle and delayed neutron measurements. An 17O-enriched

water target is interrogated using a DT neutron generator, and the 17N production rate

and delayed neutron time profile are measured and validated against nuclear data, Monte

Carlo simulations, and prior cross-section measurements. Beta-correlated delayed neu-

tron measurements, including the beta-neutron coincidence time distribution and tagging
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efficiency, are made using a specialized beta tagging detector prototype and validated with

Monte Carlo simulations. The results of these measurements show that the timing infor-

mation for 17N delayed neutrons can be well-characterized and that a reasonable beta-

tagging efficiency (45–50%) can be achieved with a rudimentary beta detection system,

providing further evidence for the feasibility of 17N as a calibration source for large-scale

antineutrino detectors.

In addition to the investigation of 17N, this chapter presents the results of preliminary

tests of 16N production and detector response characterization in support of the develop-

ment effort for the WATCHMAN 16N calibration system. 16N is produced by DT neutron

interrogation of water and CO2 targets, and the light output response of large NaI(Tl)

detectors to the resulting gamma-ray emission spectrum is characterized. 241Am13C is

also explored as a potential alternative source of neutrons and 6.1-MeV gamma rays that

does not require an external neutron source. Finally, the implications of potential 16N,

17N, and 241Am13C calibration sources for the detector response characterization and

systematics are discussed.

5.2 Materials & Methods

5.2.1 Experimental Approach

Experimental measurements of 16N and 17N were performed at the University of Michi-

gan’s Neutron Science Laboratory. For the 16N experiments, both CO2 and water target

object were tested. The CO2 target was an Airgas CD FG20 tank filled with 20 lbs

of CO2 by weight and pressurized at 835 psi, while a simple 2-gallon bucket was used

for the water target. While denser than the planned CO2 gas target in the anticipated

calibration system design, the chosen target objects allowed for test measurements to be

performed using readily available materials in a simple configuration. An example exper-
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imental configuration with the CO2 target is shown in Fig. 5.3. A 2×4×16 inch NaI(Tl)

Figure 5.3: Experimental setup for 16N test measurements using a CO2 target.

detector was used to measure the gamma-ray spectrum of 16N. Output pulses from the

detector were digitized using a CAEN DT5730 14-bit, 500-MHz desktop waveform digi-

tizer, and CAEN Multi-Parameter Spectroscopy Software (CoMPASS) [124] was used to

acquire and store the data.

The water and CO2 target objects were irradiated with 14.1-MeV neutrons produced

by a Thermo Scientific P211 DT neutron generator. The generator was operated at a

pulse rate of 100 Hz, with a pulse width of approximately 10 µs. To account for the short

half-life of 16N, the generator was run in a series of on/off cycles to periodically rebuild

the 16N population. During each cycle, the generator was turned on for 30 seconds, then

off for 30 seconds. To reduce interference from active background radiation produced by

the generator, 16N decay events were recorded while the generator was off. The total

measurement time for each target material was 20 minutes. Calibration measurements

were also performed using 137Cs and 60Co radioisotope sources.
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For the 17N experiments, a 2-gram sample of 17O-enriched water was used as the test

object. The 17O isotopic fraction of the enriched water was 60%. A custom-built BF3

neutron detector was used to measure the delayed neutron signal from 17N. The detector

consists of six LND model 2035 BF3 proportional counters connected in series, which are

embedded in a rectangular block of polyethylene moderator. The BF3 tubes are about

2 inches in diameter and are placed in cylindrical holes in the polyethylene block, which

are evenly spaced radially around a central cylindrical cavity with a diameter of 11.5 cm.

The moderator block is surrounded on five sides by 1-inch thick slabs of 5% borated

polyethylene to reduce thermal neutron background. The polyethylene slab opposite the

open side has a circular hole with a diameter of 16.5 cm. Front and back views of the BF3

detector are provided in Fig. 5.4. The BF3 detector output signal was passed through

Figure 5.4: Front (left) and back (right) view of the BF3 detector.

a Canberra model 1706 proportional counter preamplifier. The same CAEN digitizer

hardware and data acquisition software used in the 16N measurements were also used

for 17N. The 17N beta signal was measured using a custom-built beta tagging detector

designed to reflect the principle of operation of the decay chamber used by SNO. The
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design of the beta tagging detector is described in detail in Section 5.2.2. In addition to

the detector output signals, a reference signal from the DT generator was also digitized

and acquired to aid in identifying the exact on and off times during operation.

During the experimental measurements, the vial of enriched water was placed inside

the beta tagging detector, which was then placed in the central cavity of the BF3 de-

tector. The DT generator and detectors were placed such that the distance from the

center of the generator target plane was approximately 15 cm from the vial of water

inside the beta detector. The experimental setup is shown in Fig. 5.5. To provide a

Figure 5.5: Experimental setup for 17N measurements. Polyethylene blocks seen at the
bottom of the photo were used to secure the generator in place.

baseline for comparison against the 17N delayed neutron signal, measurements were also

performed using natural water in an identical configuration. Both enriched and natural

water samples were contained in 5 mL polyethylene vials. Polyethylene was chosen as the
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vial material because its constituent elements produce fewer activation products relative

to other standard materials, such as borosilicate glass.

As in the 16N experiments, the generator was operated in a series of on/off cycles,

and the 17N delayed neutron signal was recorded when the generator was off. Due to the

shorter half-life of 17N, the generator was turned on for 10 seconds, then off for 20 seconds

during each cycle. All other operational characteristics of the DT generator remained the

same from the 16N measurements. Five measurements of approximately 2 hours each,

for a total of 10 hours, were made for each water target. To establish the background

spectrum in the beta tagging detector following fast neutron activation, a pair of 2-hour

measurements were also performed using an empty vial as the target object.

To provide an analogous comparison to the correlated 17N data, beta-tagged gamma

ray measurements were also performed using the natural water target and a pair of

NaI(Tl) detectors. The vial of natural water was placed inside the beta detector, which

was then placed between the two NaI(Tl) detectors. To reduce the contributions of natu-

ral and activation background, the detectors were surrounded with lead shielding. Fig. 5.6

shows the experimental configuration for the tagged 16N gamma-ray measurements. The

same DT generator cycling regime was used for the correlated gamma ray measurements,

and the total measurement time was two hours.

Calibration measurements for the BF3 were conducted before each 2-hour measure-

ment using a 252Cf spontaneous fission source. During all other measurements, the

252Cf source was removed from the experimental area, which significantly reduced the

background neutron count rate in the BF3 detector. Aside from 252Cf calibration, the

gamma-ray response of the BF3 detector was tested using 137Cs, 22Na, and 60Co sources

simultaneously. Measurements of background were also recorded. In addition to the test

measurements described in Section 5.2.2, the beta tagging detector was also calibrated

before each generator run using a 137Cs source.
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Figure 5.6: Experimental setup for tagged 16N gamma ray measurements. Not pictured:
an additional plate of lead shielding was placed over the top of the NaI(Tl) and beta
detectors.

5.2.2 Beta Tagging Detector Development

To record beta emission by 16N and 17N and provide the time-tag for correlated-particle

measurements, a specialized beta detector prototype was constructed. The beta de-

tector design is based on the decay chamber used by the SNO Collaboration for 16N

calibration [152], which is also the basis for the planned calibration system for a large an-

tineutrino detector. The main requirement for the beta detector prototype is to provide

good detection efficiency for beta particles with energy of a few MeV while suppressing
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background contributions as much as possible. Because enriched water target is placed

inside the detector, thus subjecting the detector to a high fast neutron flux from the DT

generator, the detector materials must be resilient to activation in order to minimize the

contribution of background betas and gamma rays. Materials containing oxygen are a

particular concern in 17N measurements, as the beta particles from 16N decay are similar

in energy to those emitted by 17N, and a large contribution from 16N produced in the

detector structure would significantly degrade the signal-to-noise ratio. By using plastic

scintillator with small thicknesses (a few mm), significant energy deposition by 16N or

17N beta particles can be achieved while presenting a short path length, and thus a low

interaction probability, for background gamma rays. Monte Carlo simulations were per-

formed using Geant4 to predict the detector response to 16N and 17N beta particles and

validate the detector design prior to construction. Fig. 5.7 shows the simulated initial

energy spectra of 16N and 17N beta particles, as well as their simulated energy deposition

in a 3 mm EJ-212 plastic scintillator. To account for energy losses by the beta particles

(a) (b)

Figure 5.7: Simulations of the (a) initial energy and (b) energy deposition in a 3 mm
EJ-212 plastic scintillator following escape from a 2-gram vial of water for 16N and 17N
beta particles.

as they exit the water target where they are produced, the simulated beta particles are

generated uniformly within a 2-gram volume of water inside a polyethylene vial with

same dimensions as the experimental target objects. As a result, the average energies of
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the escaping 16N and 17N beta particles are between approximately 1 and 1.5 MeV, some-

what lower than the average initial energies indicated in Fig. 5.7a. As Fig. 5.7b shows,

the energy deposition for each isotope is peaked near 600 keV, which should generate a

readily detectable light output signal in the scintillator.

The beta detector consists of five panels of Eljen EJ-212 plastic scintillator arranged

to form a rectangular hollow chamber with dimensions of 31.5 × 31.5 × 67 mm. Four

rectangular panels with dimensions of 31.5 × 70 × 3 mm form the sides of the detector,

with a square 31.5× 31.5× 3 mm panel used as the base of the enclosure. The sixth side

is left open to allow sources and target objects to be freely placed inside the detector

volume. The scintillators are held in place by a support structure, which is 3D-printed

from oxygen-free acrylonitrile butadiene styrene (ABS) resin to reduce interference from

activation produced during neutron irradiation. The housing structure also includes

a removable cap, which allows a light-tight environment to be maintained inside the

detector when closed. Figure 5.8 shows a schematic of the beta detector design, as well

as a photograph of the assembled detector. A Hamamatsu R6231 photomultiplier tube

Figure 5.8: Left: Cutaway schematic of the beta tagging detector housing and scintilla-
tors. Right: Photo of the fully assembled detector with the end cap removed.

was used to detect the scintillation light. A circular socket was included in the detector
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support structure (shown in Fig. 5.8) to facilitate coupling to the square scintillator

panel and edges of the side panels, as well as to maintain light-tightness at the detector-

photomultiplier interface. To improve light collection, reflective Tyvek paper was placed

between the scintillator panels and the support structure walls. Because the ABS housing

material is slightly translucent, all outer surfaces of the detector were wrapped with

electrical tape to provide an additional light seal. After construction, the beta tagging

detector response was tested using 90Sr and 204Tl check sources. While the beta tagging

detector is not designed for high-resolution measurements of beta energy, basic energy

calibration was performed using a 137Cs source.

5.3 Results & Discussion

5.3.1 Beta Tagging Detector Response

Due to its geometry, the beta tagging detector light output response is somewhat id-

iosyncratic, and a few systematic factors must be taken into account. For example, the

light transport is likely to exhibit some position dependence and is highly sensitive to

attenuation by opaque sources or other objects objects inside the detector chamber. To

illustrate this point, Fig. 5.9a shows a comparison of the measured light output spectrum

for a 137Cs calibration source with and without the enriched water vial inside the detec-

tor. The vial itself is translucent, but is covered with an opaque label. This causes some

attenuation of the scintillation light, which shifts the 137Cs Compton edge to a lower

light output. As a result, measurements must be performed under similar light transport

conditions if any comparisons are to be made, such as taking a residual energy spectrum.

To address this issue, opaque stickers were placed over the natural water and empty vial

test objects to create a light transport profile similar to that of the enriched water target.

A comparison of the resulting 137Cs light output spectrum for each test object is shown in
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Fig. 5.9b. While there is still some variation, the addition of the opaque stickers signifi-

(a) (b)

Figure 5.9: (a) Comparison of 137Cs light output spectrum for the enriched water target
and no target in the beta detector. (b) Comparison of 137Cs light output spectrum for
enriched water, natural water, and empty vial targets with opaque stickers added for
more consistent light transport.

cantly improves the agreement between each spectrum, such that a reasonably consistent

energy measurement can be made.

Fig. 5.10 shows the calibrated light output spectra for 90Sr and 204Tl check sources in

the beta detector. The general shape of each spectrum conforms with expectation for each

(a) (b)

Figure 5.10: Light output spectra for (a) 90Sr and (b) 204Tl check sources in the beta
detector.

source, although the high-energy tail appears somewhat suppressed, especially for 90Sr.

This is likely due to incomplete energy deposition by higher-energy beta particles as they
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pass through the thin layer of plastic scintillator, which is consistent with the simulated

energy deposition by 16N and 17N beta particles shown in Fig. 5.7b. Calculations of

the absolute beta detection efficiency are complicated by the fact that the beta particle

flux is heavily influenced by attenuation within the source housing. Based on Geant4

simulations, small changes in the geometry of the plexiglass container on the order of a

few tenths of mm can significantly reduce the flux, with as little as 15–20% of the emitted

betas escaping the source container. However, the estimates for intrinsic efficiency are

more encouraging, with simulated results showing 88% and 92% intrinsic efficiency with

a detection threshold of 75 keV for 204Tl and 90Sr, respectively. Even if the intrinsic

efficiency is reduced somewhat due to light transport, it is still sufficient to provide a

reliable tagging pulse.

5.3.2 16N Results

Fig. 5.11 shows the light output spectrum for 16N in the NaI(Tl) detector, which was

measured by recording the cumulative spectrum from each 30-second generator off cycle

during interrogation of the CO2 target object. A clear photopeak, as well as single-

and double-escape peaks, are observed in the detector response, corresponding to 6.1-

MeV gamma rays from 16N. An additional photopeak can be seen near 7 MeV, which is

associated with a lower-probability decay branch of 16N. Monte Carlo simulations were

performed using Geant4 to model the response of the NaI(Tl) detector to 6.1-MeV gamma

rays and validate the experimental measurement. The simulated light output response is

also shown in Fig. 5.11, and shows good agreement with the experimental results between

about 5 and 6.5 MeVee. The deviations from the experimental result at higher and lower

energies appear because the simulation only considers the response to 6.1-MeV gamma

rays.

In addition to the light output spectrum, the time profile of 16N gamma rays was also
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Figure 5.11: Comparison of the measured and simulated light output spectrum for 16N
in a large NaI(Tl) detector. Disagreement outside of the 5–6 MeV range is due to the
fact that the simulation did not include activation gamma rays or other decay branches
for 16N other than the 6.1-MeV gamma ray.

examined. Fig. 5.12 shows the cumulative time distribution of NaI(Tl) detector pulses

between 5 and 6.5 MeVee taken while the neutron generator was turned off. The data

show good agreement with a simple exponential model based on the known decay time

constant for 16N. The only fitting parameters used in the model include a scaling constant

and a constant additive term to account for background.

Although 16N has already been developed and successfully employed as an antineutrino

detector calibration source, the exact system used by the WATCHMAN Collaboration is

likely to be somewhat different from the SNO design. For this reason, a good understand-

ing of the NaI(Tl) detector response to 16N gamma rays is useful to the large antineutrino

detector calibration system development effort, as the large NaI(Tl) detectors will likely

be used to measure the 16N production of the calibration system prototypes.

Correlated 16N measurements were also performed using the beta tagging detector

and a pair of large NaI(Tl) detectors to provide a point of comparison for the correlated
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Figure 5.12: Caption

17N measurements presented in Section 5.3.4. Fig. 5.13 shows a comparison of the light

output spectra for the natural water and empty vial test objects for both uncorrelated

and beta-correlated measurements. Despite the presence of a significant amount of lead

shielding, the gamma-ray signature for the 2-gram natural water target proved difficult

to isolate. This is due in large part to the fact that the DT generator readily produces

16N in the surrounding air, leading to a significant activation background at 6.1 MeV.

Since the water target inside the beta tagging detector is small, relatively little 16N is

produced, and the signal is overwhelmed. As a result, the uncorrelated light output

spectra for the natural water target and the empty vial are nearly identical, as Fig. 5.13a

shows. Even when the beta-coincidence is enforced, there is still little difference between

the spectra for each target object. As Fig. 5.13b shows, there may be a slight difference

in the 5–6.5 MeVee light output region corresponding to 16N gamma rays. However, due

to the high rate of chance coincidences from activation background, it is difficult to draw

any conclusions with confidence. It may be possible to resolve the contribution of tagged

16N gamma rays in such an environment, but extracting the signal would require either

119



(a)

(b)

Figure 5.13: Comparison of the (a) uncorrelated and (b) beta-correlated light output
spectra in the NaI(Tl) detector for natural water and empty vial targets following irra-
diation with the DT generator.

very long measurement times or a redesign of the experimental approach (such as the

inclusion of a mechanical transfer system to remove the 16N sample from the surrounding

activated materials), which are beyond the scope of this dissertation.
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5.3.3 241Am13C as an Alternative Source of High-Energy Gamma

Rays

One of the difficulties associated with 16N as a calibration source is the need for a high-

energy external neutron source to drive the radioisotope production. DT neutron gen-

erators are expensive and require a number of factors to be taken into account, such

as shielding, location, and operator safety, before they can be installed in a laboratory

facility. As a lower-cost alternative, 241Am13C may provide a source of 6.1-MeV gamma

rays without the need for an external neutron source. Furthermore, the long half-life of

241Am would allow for a constant source activity without the need for type of circulation

system required to maintain the 16N population.

241Am13C primarily emits neutrons via the 13C(α,n)16O reaction. However, at higher

alpha energies, branching to the 6.1-MeV excited state of 16O becomes possible, which

results in the emission of the same 6.1-MeV gamma ray associated with 16N decay. Specif-

ically, above an alpha energy threshold of Eα ≈ 5.05 MeV, the branching ratio to the 6.1-

MeV state of 16O increases sharply, with values of approximately 0.3 at Eα = 5.48 MeV

(the most common energy for 241Am alpha emission) and 0.45 at Eα = 6 MeV[162].

Given these branching ratios, a significant fraction of the (α,n) reactions will lead to

gamma-ray emission, provided that the incident alpha particles are restricted to the high

energy range. Because the gamma rays will always be accompanied by neutron emis-

sion, 241Am13C may be useful as a time-correlated neutron-gamma source, as well as an

alternative source of 6.1-MeV gamma rays.

While 241Am13C has previously been used as a neutron calibration source for neutrino

detectors [163] and liquid argon detectors for dark matter search [164], its potential as a

source of time-correlated neutrons and gamma rays has not been fully exploited. In fact,

for the Daya Bay Neutrino Experiment, gamma-ray emission was actively suppressed by

surrounding the 241Am source with a gold foil to reduce the energy of the emitted alphas
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before they reached the 13 target[163]. As a proposed alternative to 16N, however, the

goal of the 241Am13C source design would be to maximize the gamma-ray emission rate

relative to the neutron rate, thereby increasing the proportion of coincident neutron-

gamma events. Toward this end, an ideal source geometry would feature very thin layers

of 241Am and 13C to minimize energy loss by the alpha particles prior to the (α,n) reaction.

There are many ways to accomplish this, but one potential design involves depositing the

thin layer of 241Am on a substrate via electroplating. This method would allow the layer

thickness to be controlled by the substrate area and the amount of 241Am. For example, a

thickness of about 100 nm could be achieved with a 0.3 mg 241Am sample (approximately

1 mCi activity) deposited over an area of 2 cm2.

While the 241Am layer should be as thin as possible, the 13C layer thickness must

balance alpha particle energy loss against the overall (α,n) reaction rate. According to

the NIST ASTAR database, the stopping power for an alpha particle in graphite is about

163 keV/µm at 5.5 MeV [165]. Based on interpolation of the ASTAR data, a 5.5-MeV

alpha particle would travel between 2 and 2.5 µm before falling below the energy threshold

for production the 6.1-MeV excited state of 16O. Any additional thickness beyond 2.5 µm

would not contribute to gamma-ray production. The 13C(α,n)16O reaction cross-section

is fairly consistent between Eα = 5 and 5.5 MeV, varying by ± 20 mb around an average of

150 mb [166]. This means that the (α,n) reaction rate will be roughly proportional to the

13C layer thickness, with a thickness of 2.5 µm providing the maximum total gamma-ray

production. However, in terms of the proportion of coincident neutron-gamma events,

the optimal 13C layer thickness would likely be somewhat less than 2.5 µm. This is

because the decrease in the 6.1-MeV 16O excited state branching ratio with decreasing

alpha energy leads to a diminishing marginal increase per unit thickness added. A 1–

2 µm 13C layer could be achieved by depositing a thin layer of 13C (such as multiple

layers of graphene) on a copper substrate, which would serve as an absorber for the alpha
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particles after they pass through the layer. A simple sketch of the potential 241Am13C

source geometry is shown in Fig. 5.14. Copper is chosen as the substrate material over

Figure 5.14: Sketch of a potential 241Am13C source geometry.

other commonly used alternatives (such as silicon) due to the low (α,n) cross-sections of

63Cu and 65Cu below 5 MeV.

Based on Monte Carlo simulations performed using Geant4, the estimated rate of

13C(α,n)16O reactions is 175 ± 6 s−1, assuming 1 mCi 241Am source activity, 13C layer

thickness of 2 µm, and 50% solid angle coverage for the 241Am source as depicted in

Fig. 5.14. Assuming an average branching ratio of 0.25 to the 6.1-MeV excited state of

16O, the estimated rate of 6.1-MeV gamma rays is 43.7 ± 1.4 s−1. While the rate of

gamma-ray emission is relatively low, background radiation rates are also typically very

low above a few MeV, especially in underground antineutrino detectors, which typically

have a significant overburden. The emission of a coincident neutron will also significantly

aid the isolation of the 241Am13C signal, making it a feasible source of 6.1-MeV gamma

rays for large-scale antineutrino detector calibration. Apart from 241Am, other alpha

emitters with even higher energy, such as 244Cm or 238Pu, could potentially provide a

higher 6.1-MeV gamma-ray production rate. The higher specific activity of 244Cm and

238Pu would also allow a smaller amount of material to be used, which could allow for a

thinner layer of alpha-emitting material to further reduce energy losses.
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5.3.4 17N Results

The 17N delayed neutron time profile was measured by recording neutron captures in the

BF3 detector after the generator was turned off. The time the generator was turned off

was determined from the reference signal, and a veto window of 10 ms was applied to

account for neutron die-away. Following the veto window, a 15-second collection window

was opened, during which delayed neutron events were recorded. For both uncorrelated

and beta-correlated measurements, the delayed neutron profile for the natural water

target was subtracted from the profile for the enriched water target, yielding the residual

17N delayed neutron profile. The coincidence window for beta-correlated events was

defined as −80 < tc < 400 µs, where tc is the coincidence time between a detected beta

particle and the subsequent neutron capture in the BF3 detector. Fig. 5.15 shows the

uncorrelated and beta-correlated residual 17N delayed neutron time profiles measured in

the BF3 detector. In each case, the data were fitted with a simple exponential using the

known decay time constant, λ = 0.1661, for 17N. The measured delayed neutron decay

time profiles showed good agreement with the exponential model with reduced χ2 values

of 25.11/29 and 37.16/29 for the uncorrelated and beta-correlated cases, respectively.

The error and overall variability observed in the beta-correlated residual time profile are

likely increased due to the lower delayed neutron counting statistics for the natural water

target when beta-coincidence is enforced.

While the shape of the delayed neutron time profile provides confirmation of 17N

production, the feasibility of 17N as a calibration source is dependent upon the ability to

produce sufficient quantities and a solid understanding of the population dynamics within

the calibration system. To determine the absolute neutron detection efficiency of the BF3

detector, a 252Cf spontaneous fission source with known activity was placed inside the

detector cavity at approximately the same location as the enriched water target during

the 17N experiments. Based on the observed neutron count rate, the absolute efficiency
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(a)

(b)

Figure 5.15: (a) Uncorrelated and (b) beta-correlated 17N delayed neutron time profiles
measured in the BF3 detector. Simple exponential fits using the known decay time
constant for 17N are overlaid.

was determined to be 1.1% for 252Cf fission neutrons. However, due to the lower average

energy of 17N delayed neutrons, the detection efficiency is expected to be slightly higher

than for 252Cf. Geant4 simulations were performed to estimate the difference in the BF3
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detector intrinsic efficiency for the 252Cf and 17N energy spectra. The simulation results

showed that the efficiency for 17N is expected to be about 15% higher than for 252Cf.

Applying this to the absolute efficiency measured using 252Cf, the estimated absolute

detection efficiency for 17N delayed neutrons is 1.27%.

To calculate the experimental production rate of 17N, the uncorrelated delayed neutron

residual was used to determine the average number of delayed neutrons detected per

generator on/off cycle. During each 15-second delayed neutron window, an average of

1.93±0.06 delayed neutrons were detected. Given the 4.17-s half-life of 17N, approximately

92% of the initial 17N population is expected to decay within the 15-second window after

the generator is turned off. Assuming an absolute detection efficiency of 1.27%, a total

branching ratio of about 95% for delayed neutron emission, and that 92% of decays take

place within the 15-second measurement window, the estimated 17N population in the

enriched water target following a 10-second irradiation is 173.9± 5.4.

Geant4 simulations of the experimental configuration were performed to validate the

measured production rate. Assuming a 4π generator flux of 108 neutrons/s, the simulated

17N production rate in the enriched water target is 15.2 ± 0.55 nuclei per second. For a

constant production rate, the 17N population at time t is given by

N(t) = Noe
−λt +

Qo

λ

(
1− e−λt

)
, (5.2)

where Qo is the constant production rate, and λ is the decay constant of 17N. Using the

simulated production rate over an irradiation time of 10 seconds, the simulated population

determined by Eq. (5.2) is 74.1 ± 2.7. While this result appears to be in disagreement

with the experimentally measured production, the simulated rate strongly depends on

the reaction cross-section used by the model, and there are substantial differences in the

17O(n,p)17N cross-section across different references. For example, Geant4 utilizes the

JEFF-3.3 library, which specifies a cross-section of about 11.5 mb [167]. In contrast, pre-
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vious experiments by Norman and Sur measured the cross-section to be 27.4±6.1 mb [161],

and cross-sections as high as 40 mb can be found in other reference libraries [168, 169].

Because the reaction rate is nearly proportional to the cross-section, the change in

the simulated production rate can be easily estimated for a given proportional change

in the cross-section. If a cross-section of 27.4 mb is assumed, the expected production

rate in simulation increases to 176.6± 6.4 nuclei per 10-second irradiation, which agrees

closely with the experimental result. In fact, the difference between the measured 17N

production and the Geant4 simulation implies a cross-section of approximately 27 mb in

the experimental measurement, which is consistent with the results obtained previously

by Norman and Sur. Table 5.1 provides a summary of the measured and simulated 17N

production rates and their associated estimated cross-sections. While the statistical error

Table 5.1: Summary of measured and simulated 17N production rates. The production
rates listed are the population of 17N nuclei following a 10-second irradiation with the
DT generator. The adjusted simulation results specify the expected production for the
same simulated flux rate assuming a reaction cross-section of 27.4 mb.

Experiment Simulation Adjusted Simulation

Production Rate 173.9± 5.4 74.1± 2.7 176.6± 6.4

Estimated Cross-Section (mb) 27.0 11.5 27.4

associated with the 17N population measurement is about 3%, other sources of potential

systematic error must be considered in the reaction cross-section estimate. For example,

there is likely some deviation in the overall neutron flux from the nominal 108 neutrons/s

produced by the DT generator. Furthermore, the simulated flux over the target object

volume and the absolute efficiency of the BF3 detector are both sensitive to the assump-

tions made about the experimental geometry. These sources of error are too variable to

quantify with the precision needed to claim a measurement of the cross-section based

on the experimental results. However, even if a relative error as large as 15–20% were

assumed, the estimated cross-section remains consistent with the previous measurement,
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which is encouraging. It also implies that the accuracy of Geant4 simulations could be

improved by incorporating a larger cross-section for 17O(n,p)17N than the value currently

included from the JEFF-3.3 library.

Although the demonstrated 17N production rate is modest, the amount of target ma-

terial available was small, and larger production systems may be able to achieve higher

rates to more easily facilitate the use of 17N for calibration. The 2-gram enriched water

target used for the present experiments contains approximately 1.07 g of 17O. For com-

parison, a 678 cm3 target reservoir of 60% enriched CO2 gas at 6.5 atm and 300 K, such

as the one used by SNO [152], would contain approximately 8.1 g of 17O. In a favorable

geometry, a much higher neutron flux could be achieved over the target mass, and it is

reasonable to assume that 17N production rates could be increased by at least one order

of magnitude over the rates observed here. These results provide further evidence that

17N can be produced in sufficient quantities to be feasible as a calibration source.

To demonstrate the utility of 17N as a correlated-particle source, its beta-tagging and

timing characteristics were also investigated. Since the beta energy spectra for 16N and

17N overlap significantly, it is not possible to discriminate between the two isotopes based

on beta energy alone. However, the higher energy of 16N and 17N beta particles makes it

possible to separate them from lower-energy background or activation sources. To isolate

the 17N beta signature, a residual beta energy spectrum was taken by subtracting the

energy spectrum measured with an empty vial as the target object in the beta tagging

detector from the spectrum measured with the enriched water target in place. The

resulting 17N residual beta energy spectrum is shown in Fig. 5.16 with the simulated

17N beta energy deposition from Fig. 5.7b overlaid for comparison. The residual energy

spectrum shows some features, which which may be due to the inconsistencies in light

transport and the difficulty in calibrating the beta detector for different target objects, as

discussed in Section 5.3.1. However, it is generally consistent with the expected response
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Figure 5.16: Comparison of the measured 17N residual beta energy spectrum and simu-
lated 17N beta energy deposition in the beta tagging detector.

based on simulation, which provides some evidence that the detected events are most

likely 17N betas.

Having isolated the 17N beta and neutron signals, their timing relationship was subse-

quently examined. Fig. 5.17 shows the measured beta-neutron coincidence time distribu-

tion, which is compared against a Geant4 simulation of the time-to-capture distribution

for 17N neutrons in the experimental detector configuration. In the measured coincidence

time distribution, an estimated constant accidental rate of about 6 counts per 10-µs bin

has been subtracted to allow for direct comparison with the simulated result, which is

background-free. The experimental data show good agreement with the shape predicted

by simulation. In the simulation, 95% of captures take place within 250 µs of emission,

and 99% take place within 300 µs. The experimental distribution is subject to much

more statistical fluctuation, but still agrees well with the simulated benchmarks, with

about 92± 6% of neutron captures occurring within 250 µs of beta detection, and 96+4
−6%

occurring within 300 µs. The close agreement between the measured and simulated time
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Figure 5.17: Comparison of the measured beta-neutron coincidence time distribution and
simulated time-to-capture distribution for 17N neutrons in the experimental configuration.

distributions provides a strong confirmation that true beta-tagged 17N delayed neutron

events have been recorded.

Furthermore, by taking the energy information of detected beta particles into account,

the overall tagging performance can be improved. Based on the 17N residual beta energy

spectrum in Fig. 5.16, a threshold of 435 keV was applied to detected pulses in the tagging

detector with the goal of reducing contributions to the accidental rate from background

or activation radiation. Fig. 5.18 shows a comparison of the beta-neutron coincidence

time distribution with and without the 435 keV threshold applied to beta events. The

improvement in the signal-to-background ratio, RS/B was quantified by comparing the

coincidence peak integral to the number of accidental events over the same time period

using the expression

RS/B =

∫ t=250 µs

t=0 µs
(D(t)−B) dt∫ t=250 µs

t=0 µs
B dt

, (5.3)

where D(t) is the coincidence distribution at time t and B is the accidental background

rate determined from the average counts per bin from −80 to 0 µs. When all beta events

130



Figure 5.18: Comparison of the beta-neutron coincidence time distribution for 17N with
and without a 435 keV beta energy threshold applied.

are accepted as valid tags, RS/B is approximately 1.2. When the beta energy threshold

is applied, RS/B improves significantly, to a value of about 3.

Finally, the tagging efficiency for the beta-neutron detection system was calculated

and validated against simulation. The beta-tagging efficiency is defined as the percentage

of detected neutrons that are accompanied by a detected beta particle above the 435-

keV energy threshold. By subtracting the 17N residual neutron count rate with the beta

energy threshold applied from the uncorrelated count rate, the experimental beta-tagging

efficiency is 46.5 ± 4.2%. This result agrees with tagging efficiency determined by the

Geant4 model, which was 47.7±0.36%. In sum, the beta-neutron coincidence results show

that 17N delayed neutrons can be successfully time-tagged using beta particle detection

and their timing information can be well-characterized within a given detection system.
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5.4 Summary & Future Work

In conclusion, it has been demonstrated that 17N may be used as a source of time-tagged

delayed neutrons for calibration. Through measurements of the delayed neutron time pro-

file, 17N production rates were recorded which were consistent with previous experimental

measurements of the 17O(n,p)17N reaction cross-section and provide further evidence that

17N can be produced in sufficient quantities for use as a calibration source. Furthermore,

17N beta particles can be efficiently detected and used as a time-tag for delayed neutron

emission. The agreement between measured and simulated beta-neutron coincidence time

distributions shows that the timing characteristics of 17N are well understood. The ability

to tag 17N delayed neutrons may prove useful for large-scale antineutrino detector cal-

ibration, as the timing information improves the signal-to-background ratio and allows

for more precise calibration of the detector response to IBD-like events.

Additional work was also performed to advance the development efforts for a DT-

generator-driven 16N calibration source production system for the WATCHMAN Collab-

oration. Preliminary 16N production tests were conducted, and the response of large

NaI(Tl) detectors to 6.1-MeV gamma rays was successfully modeled for use in future cal-

ibration source characterizations. Demonstration of time-tagged gamma rays using 16N

beta particles was complicated by high activation rates and ambient 16N production, but

future experiments with much longer count times and more favorable configurations may

be successful in replicating the results obtained by the SNO Collaboration. As an alter-

native to DT-generator-driven sources, the combination of 241Am or other high-energy

alpha emitters with 13C may provide a source of 6.1-MeV gamma rays without the need

for an external neutron source.

In the future, an important aspect of assessing the utility of 17N as a calibration

source for large-scale antineutrino detectors will include modeling the detector response

to 17N and determining any systematic effects on detector performance metrics. At this
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moment, the ultimate detector design that will be implemented by the WATCHMAN

Collaboration remains only partially defined, and may be subject to significant future

changes. Once the design elements have been finalized, additional work will be needed

to model the response characteristics for a 17N source, such as the position resolution,

coincidence time distribution, and neutron capture efficiency.

Another interesting question left to future studies involves the potential of 17N as

a complementary calibration source for use alongside AmBe. Specifically, one of the

systematic considerations involved with an AmBe source stems from the need for a fairly

large inorganic crystal to efficiently detect 4.4-MeV gamma rays as a time-tag for emitted

neutrons. In Gd-doped detectors, gamma rays from Gd neutron capture events may

interact with the tagging detector, leading to a false tag. A diagram illustrating this

scenario is shown in Fig. 5.19. Depending on whether the neutron capture pulse is

Figure 5.19: Left: Tagging systematic diagram for AmBe. Right: Tagging systematic
diagram for 17N.

detected in the larger detector, this can lead to systematic effects in the measured neutron

capture efficiency and coincidence time distribution. Because a 17N calibration system

would likely utilize thin layers of plastic scintillator to provide the beta tag, the geometric

profile of the source would differ significantly from AmBe, resulting in different systematic

effects. By employing both sources for neutron calibration, the systematic effects of any
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one source may be mitigated, resulting in a more accurate picture of the detector response

overall.

Furthermore, any 17N calibration source is likely to be contaminated with 16N, either

from 16O in the target material or the 17O(n,d)16N reaction channel. Additional studies

are necessary to determine the extent to which 16N betas and gamma rays introduce

systematic effects in the detector response to 17N. For example, the 6.1-MeV 16N gamma

rays overlap with the Gd neutron capture cascade, as do the 16N and 17N beta energy

spectra, which may significantly complicate measurements of the neutron capture effi-

ciency and light output response. However, each isotope exhibits different time-tagging

characteristics, as 16N gamma rays will be detected in much closer coincidence with beta

emission than 17N neutrons, which must thermalize in the detector medium. The ability

to separate the two signals based on their timing information may serve as a good test

for IBD event identification in antineutrino detectors.

Finally, further investigation is needed to explore the possibility of 241Am13C as a

high-energy gamma-ray calibration source. Production and testing of an experimental

source prototype, such as the design outlined in Section 5.3.3, will provide insight on

the feasibility of implementing an 241Am13C source with a sufficient gamma-ray emission

rate for calibration of a large antineutrino detector. Detailed simulation models may also

be useful to determine whether higher-energy alpha emitters, such as 238Pu or 244Cm,

may offer an appreciable increase in the gamma ray production rate for the same alpha

activity.
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Chapter 6

Conclusions and Future Work

6.1 Summary and Conclusions

Just as nuclear energy can provide the power to drive a flourishing society, it can also

provide the means for its destruction. The perpetual challenge facing the field of nuclear

security and nonproliferation is to strike a balance between promoting and enabling the

spread of peaceful nuclear energy technologies and containing the threat posed by nuclear

weapons. Toward this end, fast neutron sources and signatures provide invaluable tools to

detect and characterize SNM. In this work, applications of fast neutrons as a measurable

signal, as well as sources of probing radiation, have been developed to expand the range

of tools available for securing and safeguarding nuclear materials.

As a highly penetrating radiation type, fast neutrons are useful for radiographic imag-

ing. Whereas photons are more easily shielded by dense, high-Z materials, neutrons are

more easily shielded by low-Z materials. These complementary interaction properties

mean that neutron radiography techniques can fill the informational gaps in standard

photon-based radiography to strengthen imaging capabilities in treaty verification or

cargo screening applications. In the context of SNM detection, the ability to penetrate

dense shielding and induce fission signals in the SNM makes neutron-based imaging meth-
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ods even more attractive. The combination of neutron transmission imaging and induced

fission signatures can provide detailed information for characterizing the geometry and

composition of SNM objects. However, in a treaty verification setting, simple, inexpen-

sive, and easy-to-operate systems may be favored over highly sensitive methods that

typically involve greater complexity and cost. A simple approach was demonstrated for

performing spectroscopic neutron transmission measurements using readily available de-

tection equipment. Geometric profiles were recorded using a crude, 1-D imaging array to

detect material diversion. Spectroscopic neutron measurements were also used to confirm

fissionable content and detect material diversion by recording the prompt fission neutron

rate above a high light-output threshold. The methods demonstrated may be useful in

treaty verification scenarios, such as differential measurements in a template-matching

system.

Pulsed fast-neutron sources are well-suited to examining the timing characteristics of

induced fission signatures. In particular, the temporal profiles of delayed-neutron emis-

sion induced by active interrogation can provide the basis for isotopic discrimination and

estimation of uranium enrichment. In bulk samples of SNM, this signal is complicated

by the interactions of delayed neutrons, which can induce additional fission events within

the material. By parsing the delayed-neutron signal to separate the contributions of

primary delayed neutrons and the prompt neutrons emitted by delayed-neutron-induced

fission, additional information can be obtained to aid in discrimination. Two experimen-

tal methods have been demonstrated for differentiating the components of the delayed

neutron signal based on fission radiation coincidence counting and measurements of the

neutron energy spectrum using capture-gated composite scintillators. Both approaches

demonstrate a refinement in the ability to extract information from the delayed neutron

signal and apply it to isotopic identification, and may serve a useful complementary role

alongside other temporal SNM characterization techniques.
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As noted previously, the ability of fast neutrons to penetrate shielding is a key com-

ponent of their utility. While neutron signals are difficult to shield completely, low-Z

moderating materials can effectively obscure the information contained in the neutron

energy spectrum. However, due to the short time scale of neutron scattering interac-

tions, long-lived temporal signatures, such as the buildup and decay time profiles of

delayed-neutron emission, are resilient to the delays associated with scattering and ther-

mal diffusion. To test this principle, the effects of low-Z shielding on the discrimination

of uranium isotopes using delayed neutron time profile measurements were investigated

for the first time. It was demonstrated that the delayed neutron time profiles of HEU and

DU can be accurately measured in the presence of neutron-moderating shielding. While

simulated results showed that neutron reflection by the shielding material can lead to an

overestimate of uranium enrichment, the extreme enrichment cases remained easily distin-

guishable, suggesting that delayed-neutron time profile measurements may offer sufficient

resilience to shielding in nonproliferation applications where a binary determination of

the presence or absence of HEU is required.

Beyond the use of active interrogation methods in the detection and characterization

of SNM, fast-neutron sources are useful for producing a variety of radioisotopes through

transmutation. Among these are 16N and 17N, which are attractive as potential cali-

bration sources for large antineutrino detectors due to their emission of time-correlated

radiation. In support of the calibration source development efforts for the WATCHMAN

Collaboration, 16N production tests were conducted, including modeling of the response

of large NaI(Tl) detectors to 6.1-MeV 16N gamma rays. Investigations were conducted to

examine the potential use of 17N as a time-tagged neutron calibration source, which could

be co-deployed alongside 16N using the same DT-generator-driven production system.

Experimental measurements of 17N production were consistent with previous measure-

ments of the 17O(n,p)17N reaction cross-section and showed that 17N can be produced in
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sufficient quantities for use as a calibration source. The ability to time-tag 17N delayed

neutrons was also successfully demonstrated via beta-correlated measurements, including

accurate characterization of the time distribution of beta-neutron coincidences in the de-

tection system. These results suggest that 17N may prove useful as a time-tagged neutron

calibration source for large antineutrino detectors.

6.2 Future Work

Given the wide range of signals, instrumentation, and measurement methods encompassed

in this dissertation, the line of inquiry for future work extend in many different directions.

One logical progression would be to investigate the potential application of delayed neu-

tron time profile measurements to other elements and isotopes, such as 237Np and 232Th,

which are not specifically classified as SNM but are still of interest in the context of nu-

clear security. Given the potential of 232Th in particular as a next-generation reactor fuel

source, further development of this method is needed to extend safeguards capabilities

and improve the understanding of how delayed neutrons influence the observed signal for

fissionable materials. In support of this work, capture-gated neutron spectroscopy has

been shown to be useful for measuring fast neutron signatures. However, as discussed in

Chapter 3, low-energy neutron measurements remain a challenge. Future work is needed

to continue developing new detector materials and measurement approaches to improve

gamma-ray background rejection and detector sensitivity to extend the applicable range

of capture-gated spectroscopy to lower energies, which may improve the ability to record

certain fission signatures, such as delayed-neutron energy spectra.

Despite the benefits of fast-neutron sources for penetrating shielding, the characteri-

zation of shielded SNM still presents a significant challenge. Although measurements of

temporal delayed-neutron signatures have shown a certain degree of shielding-resilience,
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future work is needed to fully examine the potential effects on the signal of a broader range

of shielding materials, geometric configurations, and SNM compositions. As described

in Chapter 4, the results of such studies would be helpful to define the limits of appli-

cability of the measurement method, and may provide new insights on how distortions

in the delayed-neutron time profile may be used to glean additional information about

the shielding material or configuration. Also, while many of the delayed-neutron mea-

surement methods presented in this dissertation share a common thread of application in

the context of treaty verification, other application spaces, such as material accountancy,

may benefit from their adoption. Future work may be needed to tailor the methods to

the specific challenges presented by other safeguards settings, such as restricted counting

times, different material compositions, and variable shielding scenarios.

Finally, the field of rare-event detection provides many opportunities and potential

use-cases for radioisotopes developed using fast neutron sources. While the immediate

future work for continued development of 16N, 17N, and 241Am13C has been covered in

detail in the previous chapter, additional work will be required to address the needs of

future detectors that attempt to push the current boundaries of sensitivity and scale.

At the multi-kiloton- or megaton-scale masses required for antineutrino detection at very

long standoff distances (1000 km or greater), characterization and rejection of background

becomes increasingly critical, which will require the development of calibration sources

suited to providing a finely-tuned understanding of the detector response. Furthermore,

new and innovative antineutrino detector designs are being developed, which may rely on

novel detection media, such as opaque scintillators [170]. In the case of opaque scintilla-

tors, the unique light transport mechanism may require calibration sources with special-

ized characteristics to fully probe the detector response. In this regard, the wide variety

of radioisotopes made accessible via fast-neutron transmutation may offer some useful

options.
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