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Abstract

Helium-4-based scintillation detectors have been developed as a γ-insensitive alterna-

tive to organic scintillators for fast neutron detection and spectroscopy. While these

detectors hold significant promise for applications in extreme environments where or-

ganic scintillators are not suitable, there has been relatively little scholarship on their

fundamental characteristics and applications.

The only commercially available 4He-based detector is the Arktis S670. This detector

has a unique construction, containing three optically segmented regions, each providing

four signal outputs. An algorithm was developed to condense these four outputs into a

single data list, showing an improved time resolution compared to a separate analysis

of the outputs, and an energy calibration using monoenergetic 2.45 MeV and 14.1 MeV

neutrons was demonstrated.

Another experiment was performed to characterize the response of the 4He detector

to monoenergetic nuclear recoils up to 9 MeV. The 4He detector was positioned in the

center of a semicircular array of organic scintillation detectors operated in coincidence,

in conjunction with monoenergetic neutron sources. The measured detector response

provides evidence for scintillation linearity and was used to develop an energy resolution

function applicable to this energy range, enabling high-fidelity detector simulation for

future applications.

Precise knowledge of the temporal output profile of a pulsed neutron generator is

beneficial for several neutron active interrogation techniques. Using the 4He detector,
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the primary temporal profile of a short-pulsed deuterium-tritium neutron generator was

isolated from scattered and induced contaminants by spectral thresholding. This method

can be used to continuously monitor the pulse characteristics and quality for various

neutron active interrogation techniques.

The production of 233U poses unique challenges for nuclear safeguards, as it is asso-

ciated with an extreme γ ray environment from 232U contamination, as well as more

conservative accountability requirements than for 235U. The 4He detector and an array

of 3He detectors were used to demonstrate three advanced neutron signatures of 233U

in oxide. These measurements provide a benchmark for future nondestructive assay

instrumentation development and demonstrate a set of key neutron signatures to be

leveraged for nuclear safeguards in the thorium fuel cycle.

The use of photon active interrogation for the detection of special nuclear material

has held significant promise; however, neutrons produced by photonuclear reactions

in the accelerator target, collimator, and environment can obscure the fission neutron

signal. High-pressure 4He-based scintillation detectors are well-suited to photon active

interrogation, as they can measure the fast neutron spectrum, but show little response to

gamma rays. A photon active interrogation system utilizing a 4He scintillation detector

and a 9 MeV linac-bremsstrahlung X-ray source was experimentally evaluated. It was

shown to be capable of detecting photofission neutrons from 238U based on their clear

spectral separation from (γ,n) neutrons produced in lead, a common shielding material.

This collection of research serves to deepen the understanding of 4He-based detector

characteristics and pioneer some of their promising applications in nuclear safeguards

and security. While additional work remains to develop the demonstrated applications

into operational systems, this work has significantly broadened the plausible application

space for 4He scintillation detectors.
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Chapter 1

Neutron Sources and Detection

1.1. Nuclear Energy and Atomic Weapons

A hallmark of the fields of nuclear physics and engineering has always been the staggering

pace of discovery and development, particularly in the mid-1900s. The discovery of the

neutron by James Chadwick in 1932 [1] was followed by the discovery of neutron-induced

nuclear fission by Hahn, Frisch, and Meitner only 6 years later [2]–[4], which was in turn

followed by the first operational nuclear weapon 7 years later in the Manhattan Project.

Nuclear energy and technology were primary drivers of geopolitical dynamics in the 20th

century, and continue to shape the global landscape today. On one hand, civilian nuclear

power generation has served as an important and reliable source of low-carbon energy

to meet the needs of an increasingly developed world, and the production of medical

isotopes has revolutionized cancer treatments and medical imaging. On the other hand,

the growth of nuclear weapons programs introduced the first truly existential threat to

humanity.

Nuclear energy is the single largest source of carbon-free energy in the world [5]. The

worldwide capacity for nuclear energy generation is expected to increase by up to 42%

by 2030 and double by 2050 compared to current capacity [6], making nuclear energy a
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critical element of global plans to meet international climate goals and curb the worst

effects of climate change. While several countries have scaled back or eliminated their

nuclear energy portfolios in the aftermath of the Fukushima Daiichi accident in 2011 [7],

many others, particularly in the developing world, are scaling up their nuclear capacity

as a means to achieve economic prosperity: India, for example, has an ambitious national

nuclear power program which aims to be domestically self-sufficient using thorium fuel

cycles [8], and is expected to triple its nuclear energy capacity as a share of its total

energy production [9].

At the same time, nuclear weapons pose as great a risk as ever to modern civilization.

The nuclear arms control treaties of the Cold War era and its immediate aftermath which

led many to hope for the possibility of nuclear disarmament have been all but eliminated,

with the United States withdrawing from the Intermediate-Range Nuclear Forces (INF)

treaty in 2019 and Russia suspending its obligations under the New START treaty in

early 2023 [10]. Without any clear path for current nuclear-armed states to disarm, it

is critical to prevent additional states from developing nuclear weapons. The primary

international framework to prevent nuclear proliferation and ensure that civilian nuclear

power programs remain in peaceful use is the Treaty on the Nonproliferation of Nuclear

Weapons (NPT), which has been in force since 1970 [11]. This treaty established an

international nuclear safeguards regime, in which signatory non-nuclear weapon states

must submit their nuclear facilities for independent inspection, carried out by the In-

ternational Atomic Energy Agency (IAEA). The goal of these inspections is to verify

declared nuclear material inventories and facility designs as evidence of signatory states’

compliance with the NPT. Furthermore, Additional Protocols (AP) [12] have gone into

effect in the majority of signatory states, in which the IAEA is granted unscheduled

complimentary access (CA) to declared facilities as well as undeclared facilities, further
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deterring nuclear proliferation. Nondestructive assay (NDA) techniques based on the

detection of γ rays and neutrons from nuclear materials, performed by inspectors during

facility visits, are critical for the IAEA to verify compliance with the NPT in a timely

fashion.

1.2. Characteristics of Neutrons

Neutron radiation has fundamentally distinct characteristics from other common forms

of nuclear radiation (i.e., α, β, and γ radiation) in that neutrons interact only with

the nuclei of atoms, as opposed to the electrons. In effect, due to the minuscule size

of nuclei, this means that neutrons can travel a comparatively great distance through

matter without interaction. As a result, neutrons are difficult to shield against, and

their detection is complex relative to other radiations.

1.2.1. Neutron production mechanisms

Neutrons are emitted in the decay of highly excited nuclei, in which the nuclear excita-

tion energy exceeds the binding energy of the last neutron to the nucleus [13]. These

highly excited nuclei may be the products of nuclear fission, fusion, or some other trans-

mutation reaction.

In the case of fission, the vast majority of neutrons are emitted by the fission fragments

between 10−18 and 10−13 s after the fission occurs and are considered “prompt” [14].

A small fraction of fission neutrons, however, are emitted with the β decay of fission

fragments in the seconds to minutes following fission and are considered “β-delayed”

neutrons.

In nuclear fusion, two light nuclei are fused into a heavier compound nucleus, which
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de-excites by the emission of a particle. In the most widely studied fusion reactions, this

particle is usually a neutron. Fusion neutrons are commonly produced in neutron gen-

erators, which are small linear accelerators in which projectile ions are accelerated and

bombard a surface containing the target nucleus. Neutron generators typically utilize

either the 2H(2H,n)3He or 3H(2H,n)4He reactions, and less frequently the 7Li(1H,n)7Be

reaction [15]. An illustration of the deuterium-tritium (D-T) fusion reaction is shown

in Figure 1.1

Figure 1.1: Conceptual illustration of the D-T fusion reaction, a common source of
neutrons.

Some other important neutron-production mechanisms include (α,n) and (γ,n) reac-

tions. (α,n) reactions occur when an α-emitting radioisotope is mixed or collocated with

certain low-Z isotopes, where the high-energy α particle has sufficient kinetic energy to

surpass the Coulomb barrier of the target isotope. The α particle is absorbed and an

excited compound nucleus forms, which then de-excites by neutron emission. Similarly,

(γ,n) reactions take place when a γ ray with energy greater than the neutron separation

energy is absorbed by a nucleus, which de-excites by neutron emission. In contrast to

(α,n) reactions, (γ,n) reactions can occur in both low- and high-Z materials, as γ rays

do not experience the Coulombic repulsion which prevents radioisotope α particles from

approaching high-Z nuclei.
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Neutrons can also be produced in inverse β-decay reactions, in which an electron

antineutrino is absorbed by a proton, which then emits a positron and transforms into

a neutron. Notably, this reaction led to the direct detection of the antineutrino [16] and

remains the primary mechanism for antineutrino detection.

1.2.2. Fast Neutron Interactions

All neutrons are “born” fast–that is, with high energy. Fast neutrons are typically

considered to be those with > 1 keV of kinetic energy, and most neutron sources produce

neutrons with an average energy of > 1 MeV. Fast neutrons characteristically have small

interaction cross sections and primarily interact via elastic or inelastic scattering on

nuclei. In elastic scattering, the neutron transfers a portion of its energy to the nucleus,

determined by the scattering angle and target nucleus mass such that kinetic energy

and momentum are conserved. The maximum neutron fractional energy loss in a single

collision by elastic scattering is

∆E = 1−
(
A− 1

A+ 1

)2

, (1.1)

where A is the atomic mass number. As a result, neutrons lose much more energy in

collisions with light nuclei, (e.g., up to 100% on 1H) than on heavy nuclei, (e.g., up to

1.7% on 238U).

Conversely, inelastic scattering results in some portion of the neutron kinetic energy

being converted to excitation of the target nucleus, which then de-excites by emission

of one or more γ rays or by internal conversion.

At sufficiently high energies, fast neutrons can also induce reactions that lead to the

emission of nucleons from the target nucleus [17]. The most common of these reactions
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are (n,2n), (n,p), and (n,α) reactions [18]. These reactions are typically endothermic,

such that there is a minimum neutron energy required for the reaction to proceed.

Notably, some heavy nuclei (Z ≥ 90) can undergo fission after absorption of a fast neu-

tron. These isotopes are generally referred to as fissionable if a fast neutron (<10 MeV)

supplies sufficient energy to the compound nucleus to surpass the fission barrier and

include 232Th, 233U, 235U, 237Np, 238U, and 239Pu.

1.2.3. Slow Neutrons

After a number of scattering interactions, neutrons eventually slow down and reach

thermal equilibrium with their environment and have energy given by the Maxwellian

distribution:

ϕ(E) =
2π

(πkT )3/2

√
2

mn

Ee− E
kT , (1.2)

where k is the Boltzmann constant, T is the absolute temperature, andmn is the neutron

mass.

With a few important exceptions, interactions of thermal neutrons are limited to

elastic scattering as described above, or by radiative capture, i.e., (n,γ) reactions. In

(n,γ) reactions, the neutron is absorbed, and an excited compound nucleus forms, which

then de-excites by emitting a γ ray. Since thermal neutrons have little kinetic energy, the

excitation energy in the compound nucleus arises from the excess binding energy that

the neutron supplies to the nucleus via the strong force. In comparison to fast neutrons,

many thermal neutron cross-sections are exceptionally large: 113Cd, for example, has a

(n,γ) cross-section of over 10000 barns for thermal neutrons [19]. As a result, thermal

neutrons can be more easily shielded than their fast counterparts.

Several isotopes can undergo other reactions and emit charged particles after absorb-
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ing thermal neutrons, with large cross sections:

3He + nth → 1H + 3H + 0.764 MeV (1.3)

6Li + nth → 4He + 3H + 4.78 MeV (1.4)

10B + nth →


4He + 7Li + 2.792 MeV (6%)

4He + 7Li* + 2.310 MeV (94%)

(1.5)

These reactions are widely utilized for both neutron detection and shielding.

There is also a select subset of the fissionable isotopes that can undergo fission after

absorbing a thermal neutron: 233U, 235U, and 239Pu are fissile isotopes, and are the most

important isotopes both for nuclear energy production and nuclear weapons.

1.3. Nuclear Materials

The term nuclear material typically refers to any form of thorium, uranium, or pluto-

nium, and is essentially synonymous with fissionable material, i.e., material that can

undergo fission after absorption of a fast neutron. In the context of nuclear fuel cycles

and nuclear safeguards, nuclear material is usually further classified as either source ma-

terial or special fissionable material, also referred to as special nuclear material (SNM).

Source materials include those materials which, through either enrichment or irradi-

ation, are used to obtain SNM. SNM can be used to construct nuclear weapons, so

its detection and verification are tantamount for many applications ranging from arms

control to homeland security to international nuclear safeguards.
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1.3.1. Highly Enriched Uranium

Uranium occurs naturally in the Earth’s crust, which contains three of its isotopes: 234U,
235U, and 238U. The natural abundances and half-lives of these isotopes are shown in

Table 1.1. 238U is fissionable, while 235U is the only naturally occurring fissile isotope in

the Earth’s crust. If by some means the proportion of 235U is increased in some quantity

of uranium, it is considered enriched. If uranium is enriched above 20%, it is referred

to as highly enriched uranium (HEU), which is suitable for the production of nuclear

weapons and is commonly used in naval propulsion reactors [20]. On the other hand,

uranium enriched to less than 20% is low enriched uranium (LEU), commonly used for

civilian nuclear power and research reactors.

Table 1.1: Natural abundances and half-lives for isotopes of uranium [21]. Abundances
are given by weight.

Isotope 234U 235U 238U

Abundance 0.005% 0.720% 99.275%

Half-life (y) 2.46× 105 7.04× 108 4.47× 109

Separation of uranium isotopes is challenging since 235U and 238U have effectively the

same chemical properties; nonetheless, several methods have been developed to enrich

uranium. The first technique to successfully enrich macroscopic quantities of uranium

was the electromagnetic method developed during the Manhattan Project [22]. It was

effectively a production-scale cyclotron, dubbed the Calutron. In this method, uranium

is ionized and accelerated through some high-voltage potential into a strong magnetic

field which deflects the ions, as shown in Figure 1.2. The magnetic field produces the

same Lorentz force on both uranium isotopes, but since 238U has a larger mass and
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therefore more inertia, it is deflected less than 235U. The effect of this is to produce

two ion streams that can be collected separately. While the electromagnetic method

has a high separation factor, (i.e., isotopes can be fully separated in a single pass), this

method is extremely energy intensive and difficult to scale to large production rates.

Figure 1.2: Conceptual illustration of the Calutron isotope separator, from Ref. [22].

The next technique developed was gaseous diffusion, which remained the dominant

isotope separation technique for the majority of the 20th century. In gaseous diffusion,

high-pressure UF6 gas is passed across a porous membrane. Since 235UF6 molecules

are lighter, at a given temperature their speed is greater than 238UF6, and therefore

they collide with the membrane more frequently. As a result, 235UF6 is preferentially

passed through the membrane. While gaseous diffusion is relatively easy to scale, it

is also extremely energy intensive: The Paducah Gaseous Diffusion Plant consumed
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approximately 3000MW of electricity at its peak, enough to power Washington, DC [23].

Currently, the widest-spread technology for uranium enrichment is the gas centrifuge.

Simply put, UF6 gas is injected into cylinders that spin at a high rate, pushing the

heavier 238UF6 to the outer radius while the lighter 235UF6 moves to the center. The gas

centrifuge uses less than 10% of the energy for the same separative work when compared

to gaseous diffusion [24].

For both the gaseous diffusion and the centrifuge technology, the maximum differential

enrichment that can be achieved by a single node, (i.e., a single membrane or centrifuge)

is quite small compared to the enrichment desired for either civilian power production

or weapons production. As a result, these enrichment facilities usually take the form of

large cascades, consisting of thousands of nodes.

1.3.2. Plutonium

Unlike uranium, plutonium isotopes do not naturally occur in any appreciable quantity

in the Earth’s crust and must be artificially produced via nuclear reactions. This is

usually done in nuclear reactors by the irradiation of 238U with neutrons:

238U + n −→ 239U β−
−−−−→
23 min

239Np β−
−−−−→
2.4 day

239Pu. (1.6)

Since thermal neutron reactors can operate with natural uranium fuel if deuterium or

graphite are used as the moderator, it is possible to produce plutonium without any

uranium enrichment capability. Once plutonium is produced, it is relatively simple to

chemically separate from the uranium feed material when compared to the process of

uranium enrichment. However, if plutonium is left in the reactor for a significant period

of time, the desired 239Pu will continue to absorb neutrons, leading either to fission or to
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the production of higher Pu isotopes. The build-in of 240Pu is of special importance, as

this isotope has a significant rate of spontaneous fission and dramatically increases the

neutron background of the resultant plutonium. While this is of minimal consequence

for plutonium intended for use in a reactor, plutonium containing high concentrations

of 240Pu is unsuitable for use in nuclear weapons: the probability of a predetonation or

“fizzle” before the fissile material fully assembles is directly related to the neutron back-

ground. Consequently, reactors used primarily for weapons-grade plutonium (WGPu)

production are designed to allow for frequent or continuous refueling, such that the

plutonium can be removed before 240Pu builds in.

1.3.3. Uranium-233

Similarly to 239Pu, 233U is not naturally occurring on Earth, and is produced via neutron

absorption on 232Th in nuclear reactors:

232Th + n −→ 233Th β−
−−−−→
22 min

233Pa β−
−−−→
27 day

233U. (1.7)

233U can also be chemically separated from thorium feed relatively easily. Like pluto-

nium, higher uranium isotopes can build in with prolonged irradiation; however, neither
234U nor 235U are associated with increased neutron background and do not funda-

mentally hinder the weaponization potential of the resultant 233U. While neutron back-

grounds are not a concern, trace quantities of 232U can accumulate from (n,2n) reactions

on 232Th, 233Pa, and 233U. 232U has a half-life of only 68.9 years and serially decays to
208Tl, which emits a 2.6 MeV γ ray. This γ ray is very difficult to shield due to its high

energy and introduces a major biological hazard to most 233U-bearing materials.
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1.4. Neutron Detection

Many approaches to neutron detection have been developed for broad applications from

reactor instrumentation and oil well logging to nuclear security and safeguards, and all

share a common principle: the neutron is “converted” into a charged particle, whose

ionization, scintillation, or Cherenkov emission is measured. This can be accomplished

with a wide range of detector media by either neutron absorption or scattering.

1.4.1. Slow neutron detection

Figure 1.3: Neutron cross sections for the 3He(n,p), 6Li(n,α), and 10B(n,α) reac-
tions [19].

In the vast majority of thermal neutron detectors, 3He, 6Li, or 10B are included in the

detector active volume, utilizing the reactions in Eqs. (1.3–1.5), whose cross-sections

are compared in Figure 1.3. These reactions are desirable because they produce heavy

charged particles with high energy, creating an unambiguous signal that can be dis-

criminated from γ rays, especially in gaseous detectors. The most common thermal
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neutron detector is the 3He proportional counter [25]. These detectors have a number

of advantages: helium is a good proportional gas and is environmentally benign, the

detectors can be pressurized up to 10 atm or higher to increase sensitivity [26], and 3He

has the largest neutron absorption cross section among the candidate isotopes. On the

other hand, 3He is difficult to obtain, as it is a minuscule fraction of naturally occurring

helium, and most of it is derived from the decay of 3H in nuclear weapons stockpiles.

Boron is utilized in BF3 proportional counters, which are very similar in design to 3He

detectors. However, BF3 tubes are often considered a second choice to 3He tubes since

BF3 is a toxic gas. The BF3 performs well as a proportional gas only up to about 1 atm,

and the 10B thermal neutron absorption cross-section is 28% smaller than that of 3He,

therefore 3He detectors typically have superior intrinsic efficiency. Furthermore, BF3

detectors typically have a shorter operational lifetime, as dissociation of BF3 molecules

can contaminate the anode and cathode [27]. Many of these drawbacks are mitigated in

boron-lined proportional counters, in which a thin layer of boron is deposited upon the

inner surface of the tube, and an ordinary proportional gas is utilized. However, since the

neutron absorption reaction occurs in a solid layer, only the energy of a reaction product

that escapes the layer can be deposited in the proportional gas. This effect manifests

in the energy deposition spectrum as the sum of two quasi-rectangular continua, from

0 to the maximum particle energy [28]–[30]. Since a portion of this spectrum at low

energy overlaps with the γ-ray response in gaseous detectors, a portion of the neutron

sensitivity typically must be discarded in pulse-height discrimination of γ rays.

Lithium does not have any stable gaseous compounds that could be used as a pro-

portional gas, so detectors utilizing the 6Li(n,α) reaction are limited to either liquid

or solid phase. Most commonly, 6Li is incorporated into a scintillator, which emits

light in response to the reaction products depositing their energy. While the energy
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released in this reaction, 4.78 MeV, is large compared to most γ-ray energies, scintilla-

tion detectors do not have the same intrinsic γ-ray rejection capabilities as their gaseous

counterparts: typically, scintillator dimensions are larger than the range of high-energy

electrons which may be produced in γ-ray interactions, so it is possible for γ rays to

deposit their full energy. 6LiI(Eu) is the most common scintillator for thermal neutron

detection, with similar scintillation characteristics to NaI(Tl) albeit with poorer energy

resolution [31]. A number of other 6Li-bearing scintillators have been developed, such

as doped organics [32] and glass scintillators [33], the latter often taking the form of

scintillating fibers [34].

1.4.2. Fast neutron detection

The detection of fast neutrons is characteristically more complex than thermal neu-

tron detection, as fast neutrons have smaller interaction cross-sections and experience

a greater variety of interaction mechanisms.

The simplest means to detect fast neutrons is to slow down, or moderate, the neu-

trons to low energy such that they can be detected using one of the methods described

in the previous section. High-density polyethylene (HDPE) is the most common neu-

tron moderator for detector applications, while water and paraffin wax are used less

frequently. These materials share the property of high hydrogen density, as 1H is the

nuclide to which a neutron can transfer its entire energy in a single collision and has

an acceptable cross-section. While the two-step process of moderating a fast neutron

followed by the detection of the subsequent thermal neutron is effective and can yield

high efficiencies, much of the temporal and energy information contained in the initial

fast neutron is lost: the process of neutron moderation and diffusion toward the detector
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can take on the order of 10 to 100 µs [35], and the neutron’s kinetic energy is deposited

in the moderator where it cannot be directly measured.

One approach to reconstructing the fast neutron spectrum while using thermal neu-

tron detectors is to compare the response of identical detectors within moderating

spheres of various radii [36]. The principle of this approach is there is a distinct opti-

mal moderator thickness for a given neutron energy; generally, higher-energy neutrons

require a larger moderator volume to be efficiently moderated, however, with too much

moderator, the neutrons are scattered away from the detector or otherwise captured

parasitically outside the detector. So, the detector response from each moderator radius

can inform the relative contribution of a different portion of the neutron spectrum to

the overall count rate. This is characteristically an integrating measurement, as it is

not possible to extract information on the energy of any particular neutron, but rather

the neutron spectrum in aggregate.

Another method to measure the neutron spectrum is to use one of the neutron ab-

sorption reactions in Eqs. (1.3–1.5) and measure the energy deposited in excess of the

reaction Q-value, as this is equivalent to the incident neutron energy. As shown in

Figure 1.3, the cross-sections for these reactions are several orders of magnitude lower

for fast neutrons than for thermal neutrons, so detecting fast neutrons directly in this

way typically has much poorer efficiency than if the neutrons are moderated before de-

tection. The preferred reaction among these for this method is the 3He(n,p) reaction, as

it has the largest cross-section for MeV-scale neutrons and the lowest reaction Q-value.

Analysis of the 3He detector spectrum in response to fast neutrons is often complex,

as there are components related to the far more probable capture of slow neutrons and

elastic scattering of fast neutrons in addition to the desired capture of incident fast

neutrons [37].
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At sufficiently high energies, fast neutrons can also be directly measured via elastic

scattering on some light nuclei, typically 1H, 2H, or 4He. The most common application

of this nuclear recoil-based approach is the use of organic scintillators to measure high-

energy recoil protons that result from fast neutron scattering on hydrogen. In organic

scintillators, information on the neutron energy is preserved, as the magnitude of the

scintillation pulse is related to the proton’s recoil energy. The neutron’s time signature is

also preserved, as the neutron is directly measured such that there is no detection delay

due to moderation, and organic scintillators have exceptionally short decay constants

typically on the order of ns. Because organic scintillators most commonly take the form

of a crystal, plastic, glass, or liquid, the relatively small cross-section for fast neutron

scattering is compensated by high density when compared to gaseous detectors, and

reasonably high detection efficiency can be achieved [38].

Condensed matter detectors have a significantly higher sensitivity to γ rays than their

gaseous counterparts, thus it is of critical importance to discriminate γ rays from recoil

protons in these detectors. Organic scintillators often have the capability for pulse-shape

discrimination (PSD), in which the fraction of the scintillation light in the pulse tail can

determine whether a scintillation event is due to a γ ray or recoil proton. This distinction

is possible due to the delayed fluorescence phenomenon, as long-lived triplet states

diffuse and can recombine to form a singlet state, which subsequently fluoresces [39].

Protons have a higher stopping power than electrons such that their track density and

therefore triplet state density is much higher, which leads to a relative increase in the

delayed fluorescence phenomenon for protons. The delayed fluorescence process has a

characteristically longer decay compared to prompt fluorescence, so typically the ratio

of light emitted in the tail of the pulse compared to the pulse as a whole is used as a

metric for PSD. The prominence of delayed fluorescence varies significantly for different
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organic scintillator materials, leading to a hierarchy of PSD performance, with crystals

like trans-stilbene and liquid scintillators performing better than plastic scintillators [40].

With the widespread availability of waveform digitizers, PSD is now typically performed

by digital waveform analysis, in which different time regions of the scintillation pulse

are separately integrated and compared [41].

The applications of organic scintillators are numerous and diverse. Precise measure-

ments of fast neutron spectra have been routinely performed using organic scintillators

and the time-of-flight (TOF) technique [42]–[44], the results of which can be used to

develop a detector response matrix for deconvolution of measured proton recoil spectra

and reconstruction of the incident neutron spectrum without TOF [45], [46]. Due to

the fast timing characteristic of organic scintillators, TOF measurements have also been

applied to the development of neutron scatter cameras, in which the measured recoil

proton energy is measured in one organic scintillator cell and the exiting neutron energy

is estimated by its TOF to determine the neutron’s angle of incidence [47]–[51].

Neutron absorption agents such as 6Li and 10B are often added to organic scintillator

matrices to construct a capture-gated neutron spectrometer [52]–[55]. If a neutron loses

all of its energy via elastic scattering in the detector, it will diffuse and may be captured

at a delay after the initial recoil scintillation pulse. In requiring that proton recoil events

be followed in a short coincidence window by a capture event, neutrons that only deposit

a fraction of their energy in the detector can be discriminated to improve the neutron

spectroscopy capability of the detector [56], [57].

Several organic scintillators have been developed in which the ordinary 1H is replaced

with deuterium, 2H [58]–[61]. While the maximum energy transfer from a neutron to a

deuteron is lower than for 1H, these detectors have some unique features that make them

preferable over ordinary organic scintillators for some applications. Since 2H is heavier
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than 1H, its stopping power is higher, such that its track has higher density, leading to

improved PSD, even though this also leads to lower light output [62]. Furthermore, while
1H has an isotropic scattering cross-section at most fast neutron energies which leads

to a quasi-rectangular spectral response to monoenergetic neutrons, 2H has a highly

anisotropic response such that clear peaks form at the maximum energy deposition.

This effect improves the spectral unfolding performance, so deuterated detectors are

often preferred for this application [63].

Neutron detection in organic scintillators faces a major limitation when the γ-ray

exposure rate is high. Although PSD typically performs well at low to moderate γ ray

rates, its performance degrades as the incidence of pulse pile-up increases. While pile-

up can degrade the performance of any radiation detector, it has a particularly strong

impact on PSD since the background discrimination is based on the quality of the pulse

tail. In a piled-up pulse, the excess amplitude in the first pulse tail due to the second

pulse manifests as the misclassification of γ-ray pulses as neutrons. The effect of pulse

pile-up can be mitigated by the use of γ-ray shielding [64], or by relatively complex

pulse-shape analysis algorithms [65], [66].

1.5. Useful Neutron Signatures for Nuclear

Nonproliferation and Security

All SNM isotopes are radioactive and thus all emit some form of radiation spontaneously.

For nuclear material nondestructive assay (NDA), it is often preferable to measure the

γ-ray spectra of these isotopes, which are readily measurable with inorganic scintillators

and high-purity germanium (HPGe) detectors. For example, uranium enrichment can
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be measured by taking the ratio of the 185.7-keV γ ray associated with 235U to the

1001-keV γ ray associated with the decay of 238U (with the assumption of equilibrium

with its daughter 234mPa) [67]. However, γ-based NDA methods are very sensitive to

the validity of significant assumptions on the material composition, thickness, shielding,

and backgrounds. Furthermore, certain shielding and background conditions preclude

the use of γ-based methods altogether. In these cases, neutron signatures can be used to

perform NDA on nuclear materials. All nuclear material nuclides are also associated with

neutron signatures, which can be emitted passively or as the result of induced fission.

Neutrons are generally much more penetrating than γ rays, so are less susceptible to

the effects of external and self-shielding. A summary of the passive γ-ray and neutron

emissions from select uranium and plutonium isotopes is shown in Table 1.2.

Table 1.2: Summary of primary passive signatures respective activities of selected ura-
nium and plutonium isotopes [68]. A(α,n) is given for dioxides, (i.e., UO2,
PuO2)

(s−1g−1)

Isotope Principal Eγ (keV) Aγ An, SF A(α,n)

233U 317.2 8.3× 104 < 4× 10−4 4.7

234U 120.9 5.4× 105 7.6× 10−3 3.0

235U 185.7 4.3× 104 1.1× 10−5 7.2× 10−4

238U 1001 75 1.4× 10−2 8.5× 10−5

239Pu 413.7 3.5× 104 2.3× 10−2 42

240Pu 642.5 1.1× 103 9.9× 102 1.5× 102
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1.5.1. Total Neutron Counting

The simplest form of neutron-based NDA is total neutron counting. Moderated thermal

neutron detectors are typically used for this measurement. Total neutron counting is

often best applied in scenarios where sensitivity to very small or well-shielded neutron

sources is needed, such as in portal monitors [69] or for measurement of plutonium

hold-up in fuel cycle facilities [70]. While these detectors can determine the presence of

neutrons, very little additional quantitative information can be gained on the neutron

source.

1.5.2. Neutron Multiplicity

A primary signature of fission, either spontaneous or induced, is the multiplicity of

neutrons that are emitted effectively instantaneously. Neutrons emitted in the same

fission event are correlated in time, distinguishing them from (α,n) and active interroga-

tion neutrons, which are emitted as single neutrons and uncorrelated in time [71]. The

most common detector systems to measure neutron multiplicity are called well counters,

which are large drums whose walls contain concentric rings of 3He detectors embedded

in HDPE. This geometry is desirable, as nuclear material placed in the center of the

well has nearly 4π solid angle coverage by the detectors. The active well coincidence

counter (AWCC) is one such well counter in which two americium-lithium (AmLi) (α,n)

neutron sources are placed in the end caps of the well to induce fission in the object

being measured [72]. The overall detection rate of neutrons from induced fission in the

detectors is usually much smaller than the rate due to the AmLi sources themselves,

so it is necessary to use the rate of multiplets (primarily doubles and triples, i.e., two

or three neutrons detected in a coincidence gate) to achieve a favorable signal-to-noise
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ratio (SNR). The AWCC is the most common neutron-based NDA method for nuclear

safeguards and is primarily employed for the measurement of uranium, whereas passive

coincidence counting is used more frequently for the measurement of plutonium.

In multiplicity counters based on neutron moderation and absorption, the time from

neutron emission to detection takes the form of an exponential distribution with a

significant mean or “die-away time” on the order of 50 µs. As a result, a large coincidence

gate must be used. The magnitude of the uncorrelated background which must be

subtracted from the signal is approximately proportional to the width of this gate, so

a system with a smaller die-away time is highly desirable. Fast neutron multiplicity

counters are under development for this purpose based on organic scintillators, as these

detectors have negligible intrinsic die-away time, and the coincidence gate width can be

set based on the neutron TOF, which is typically less than 20 ns, representing a three-

order of magnitude reduction in the uncorrelated background [73]. Major challenges

in the deployment of these systems arise due to pulse pile-up degradation of PSD as

previously discussed and in the background induced by neutron cross-talk, in which a

neutron scatters and is detected in multiple detectors [74].

1.5.3. Neutron Spectra

Fission neutrons also have a distinct energy spectrum from other common sources of neu-

trons. Fast neutron spectroscopy based on organic scintillators has been demonstrated

for discrimination of spontaneous fission and (α,n) neutrons in plutonium samples [75]

and to detect induced-fission neutrons above the spectral end point of a D-D neutron

generator [76].

Neutron resonance transmission analysis (NRTA) is a powerful technique that can
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measure the transmission of a white (i.e., broad and structure-free) epithermal neutron

source through an item of interest to determine its isotopic composition. SNM isotopes

have unique neutron cross-section resonance structures in the epithermal (1–100 eV)

region, such that a neutron’s transmission through the object has a strong dependence

on its energy. The transmitted neutron spectrum is measured via TOF, usually with a
6Li scintillator. NRTA has been demonstrated for the detection of depleted uranium [77]

and for the detection of plutonium in spent nuclear fuel [78]. Since resonance cross-

sections are often extremely large, NRTA methods are insensitive to the areal density of

thick objects (i.e., thickness in excess of several mean free paths), and are better suited

to thin targets.

1.5.4. Differential Die-Away

If a pulsed neutron generator is used to induce fission in nuclear material, it is possible to

detect high-energy fission neutrons even after the generator is turned off. In many cases,

this signal is primarily driven by thermal neutrons, which can linger in the environment

for µs to ms [79] and diffuse back to the fissile material to induce fission. If fast neutron

detectors are used, this measurement of fission neutrons emitted after the pulse exhibits

excellent SNR [80].

In multiplying fissile assemblies, the shape of the resulting neutron detection time

profile after the pulse can be used to calculate the degree of subcritical multiplica-

tion [81], which is an important parameter for criticality safety and emergency response

applications.
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1.5.5. Delayed Neutron Emission

A subset of fission fragments called delayed neutron precursors emit neutrons in their

radioactive decay, with half-lives ranging from seconds to minutes [82]. These β-delayed

neutrons are important for reactor control but also offer unique signatures of nuclear

material isotopes under active interrogation. Each fissionable isotope has a different pre-

cursor yield distribution, such that their overall β-delayed neutron build-up and decay

time profiles are unique. These build-up and decay time profiles have been demon-

strated for the measurement of uranium enrichment [83], [84]. β-delayed neutron time

profile analysis is a calibration-free technique and resilient to shielding [85], making it

an attractive alternative to γ-based methods particularly when shielding conditions and

material composition are unknown.

1.6. 4He for Fast Neutron Detection

In recent years, fast neutron detectors based on elastic scattering on 4He have developed.

From Eq. (1.1), neutrons can transfer up to 64% of their kinetic energy to a 4He nucleus

in a single collision, which is lower than but still comparable to energy transfer on 1H

or 2H. Unlike 3He, 4He represents the vast majority of naturally-occurring helium and

is relatively abundant and inexpensive. The first investigations of 4He as a fast neutron

detection medium were made in proportional counters [86], [87]. However, ion transport

in proportional counters limits the possible operating pressure of these systems, and
4He-based proportional counters consequently are limited to relatively poor efficiency.

At high pressures, helium also scintillates in response to charged particle interac-

tions [88], [89]. The scintillation properties of helium remain useful up to very high

pressures, such that these detectors can have much larger neutron detection efficiencies
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than their proportional detector counterparts. High-pressure 4He-based scintillation de-

tectors are commercially available from Arktis Radiation Detectors Ltd. The original

Arktis 4He detector was pressurized to 150 bar in a cylindrical tube, with the scintil-

lation light read out by two photomultiplier tubes (PMT), one on each end [90], [91].

The scintillation response of this detector has been previously characterized to some

extent [92], and several of its applications to nuclear security and safeguards have been

demonstrated [90], [93]. The current iteration of their 4He detector is pressurized to

190 bar, with the scintillation light read out by an array of silicon photomultipliers

(SiPM) along the axis of the tube [94].

Figure 1.4: Comparison of 4He and 1H elastic scattering and 3He(n,p) cross-sections
with the Watt fission spectrum [19].

It is useful to compare the properties of 4He scintillation detectors to those of organic

scintillators. While the atom density of 4He in these detectors is lower than that of

24



1H in organic scintillators, the 4He elastic scattering cross-section is significantly larger

than that of 1H above about 800 keV. Furthermore, organic scintillators are typically

only capable of efficient PSD for recoil protons above 1 MeV, whereas 4He scintillators

can efficiently discriminate γ rays with a 300 keV recoil energy threshold, making them

sensitive to a much larger portion of the fission neutron spectrum, as shown in Fig-

ure 1.4. Since 4He detectors are gaseous, γ rays can be discriminated based on energy

deposition rather than pulse shape: γ rays have a negligible probability of interaction

with 4He, and electrons generated from γ-ray interactions, many of which occur in the

detector wall, typically have a range much larger than the detector dimensions, and con-

sequently only deposit a fraction of their energy in the gas. γ-ray discrimination based

on pulse height can be performed with very simple traditional electronics, so these de-

tectors can be operated with a smaller computational footprint than organic scintillator

systems for neutron detection. Due to their intrinsic decreased sensitivity to γ rays,
4He-based scintillation detectors may be most advantageous over organic scintillators

in applications that involve extreme γ-ray environments. Specifically, 4He scintillators

have been investigated for measurement of spent nuclear fuel [95] and in photon active

interrogation [96].
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Chapter 2

Digital Pulse Analysis for Fast
Neutron Recoil Spectroscopy with a

4He Scintillation Detector

This chapter is adapted from the 2023 publication in Nuclear Instruments and Meth-

ods in Physics Research A with the same name, by O. Searfus, K. Ogren, and I. Jo-

vanovic [97].

2.1. Introduction

The detection of neutrons is essential for many nuclear nonproliferation and safeguards

applications, as most sources of neutrons, spontaneous or induced, are associated with

nuclear materials or the nuclear fuel cycle [98], [99]. Measurement of the neutron energy

spectrum can facilitate discrimination of fission from non-fission sources of neutrons [46],

[63], [92]. Pulse shape discrimination-capable organic scintillators are the most widely-

used class of detectors for fast-neutron spectroscopy. However, they are subject to

multiple drawbacks and constraints, including high sensitivity to gamma rays, nonlin-

earity of detector response with respect to nuclear recoil energy, and contamination of

the proton recoil spectrum by gamma rays at lower energies and gamma-ray pile-up at

higher energies [65]. 4He-based scintillation detectors offer an alternative means of fast

26



neutron detection and spectroscopy, with a different set of response characteristics that

may be favorable over the organic scintillator technology in certain settings.

In 4He-based fast neutron detection, neutrons undergo elastic scattering on the 4He nu-

cleus, and the stopping of recoiling alpha particle produces the ionization signal. Due

to the scattering kinematics, a neutron can deposit up to 64% of its kinetic energy in a

single scatter on 4He. The total scattering cross-section of 4He is greater than that of 1H

for fast neutrons [19], as seen in Figure 2.1, but unlike 1H, the elastic scattering cross-

section of 4He is highly anisotropic [86]. Furthermore, depending on their pressure and

dimensions, these detectors may exhibit the “wall effect”, where the recoil alpha particle

can reach the detector wall before stopping, as the range of alpha particles is typically

significant compared to the dimensions of a 4He-based detector [100]. While these two

effects complicate the detector response to fast neutrons, they are counterbalanced by

the benefit provided by the low gamma-ray response. 4He is a low-Z element that has

low probability of gamma-ray interaction. Consequently, gamma-rays tend to interact

with the wall of the detector, and in some cases the resultant high-energy electron es-

capes into the gas. Even in this scenario, the stopping power of high-energy electrons

in 4He gas is low enough such that the electron can only deposit a small fraction of its

energy before being reabsorbed in the wall. As a result, gamma rays can usually be

rejected with a simple energy threshold [91].
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Figure 2.1: Neutron cross-sections for various fast neutron detection media over the
typical energy range of neutrons emitted in fission [19]

At high pressure, 4He scintillates in response to radiation-induced ionization [88]. The

scintillation process occurs over a relatively short time scale, on the order of µs [91],

which is considerably shorter than the charge collection in proportional counters and

ionization chambers (on the order of 10 − 100 µs [98]). Furthermore, higher pressure

corresponds to higher 4He density and therefore greater efficiency for neutrons than

lower-pressure proportional counters. The gas pressure and active volume dimensions

can still be chosen to strike a favorable balance between the gamma-ray response and

neutron efficiency. The scintillation light can be measured using photomultiplier tubes

(PMT) or silicon photomultipliers (SiPM).

The linearity of the scintillation signal produced in high-pressure 4He at low recoil

energies, from 83 to 626 keV, has been demonstrated [101]. A scintillation light out-
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put function was proposed [92] for the spectral range of 0.25–4.5 MeV in the form of

a power function, with the most pronounced deviation from linearity at low energies,

below 1 MeV. The disagreement between these characterizations may be due to the dif-

ferences in the method by which the quasi-monoenergetic experimental data points were

obtained: Ref. [101] utilizes a monoenergetic (2.45-MeV) neutron source in conjunction

with organic scintillation backing detectors to restrict the neutron scattering angle and

obtain spectral peaks, while Ref. [92] analyzes the edges of recoil continua correspond-

ing to quasi-monoenergetic neutron energies, gated by time-of-flight (TOF). Since the
4He elastic scattering cross-section is anisotropic and its angular distribution varies with

energy [86], the shape of the recoil continuum edge manifests differently for different

incident neutron energies, and a consistent adjudication of the edge location is challeng-

ing. Furthermore, the quasi-monoenergetic neutron spectra obtained in Ref. [92] span

0.5 MeV each. Consequently, the restricted neutron scattering angle approach is likely

to be more physically accurate, as it relies on a more plausibly monoenergetic source,

yielding spectral peaks. While both of these approaches help characterize the scintilla-

tion characteristics of 4He , neither proposes a method of recoil energy calibration that

is expedient in the laboratory or field setting, and both are limited in their dynamic

range.

Helium-4 fast neutron detectors are commercially available from Arktis Radiation

Detectors Ltd. The detector described in this work is the S670 model, which contains

only natural helium pressurized to approximately 180 bars, with the scintillation light

read out with an array of SiPMs [94]. The detector is optically partitioned into three

segments, with the SiPMs in each segment biased at 30.5 V. The signals produced by the

SiPMs in each segment are internally amplified differently such that each segment has

a different intrinsic gain (low-, medium-, and high-gain). Inside each segment are eight
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SiPMs, which are paired and read out as four independent channels. Since these four

channels are immersed in the same optical volume, it is likely that multiple channels will

observe the same scintillation event, as shown in Figure 2.2. This can lead to double

counting of neutron events and poor time and energy resolution if the channels within

a segment are analyzed independently. The standard commercial version of the S670

detector only provides a single time-over-threshold output for each segment, which in

prior work was shown not to be well-suited for neutron spectroscopy applications [96].

The detector discussed in this work has been modified to permit direct access to each

SiPM channel, so that all waveforms can be digitized and analyzed. In this work,

we develop a method to merge data from all available SiPM channels within a single

segment to improve the detector time and energy resolution, compared to when each

SiPM channel is analyzed individually. Furthermore, we report for the first time the

response of high-pressure 4He detectors to 14.1-MeV neutrons, propose a simple method

for calibration of 4He-based detectors without the need for backing detectors or TOF

analysis, and demonstrate the linearity of 4He scintillation over a broader dynamic range

than has been previously reported, from 1.57 to 9.02 MeV recoil energy.
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Figure 2.2: An illustration of the 4He detector operating principle, showing a single
segment of the detector. The dashed green line represents the ionization
track of the recoiling 4He nucleus, and the solid green arrows represent
possible individual scintillation photon paths. The detector includes three
such identical segments. Each color corresponds to a SiPM pair output
channel.

2.2. Methods

The Arktis S670 detector requires one 30.5-V DC input to supply bias to the SiPMs and

a 5-V DC input to power the internal readout electronics. The SiPMs in each of the three

segments are read out as four channels, for a total of twelve channels. The waveforms

from all twelve channels are digitized using a 14-bit, 250-MHz CAEN V1725 VME

digitizer and recorded using CAEN’s CoMPASS software [102]. The digitizer leading-

edge trigger level for each segment was selected to be just above the level corresponding

to thermal dark pulses in the SiPMs. This level was 80, 150, and 400 bits above baseline

for the low-, medium-, and high-gain segments, respectively.

To characterize the detector response to fast neutrons, three neutron sources were

measured. Monoenergetic D-D and D-T neutron generators provide neutrons with en-
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ergies of 2.45 and 14.1 MeV, respectively, allowing for an endpoint-based energy calibra-

tion and qualitative observation of the detector energy resolution. A 252Cf spontaneous

fission source was also used to provide a Watt spectrum of neutrons for characterization

over a wide, continuous energy range. The D-D neutron generator used is a Thermo

Scientific MP320, which yields ∼ 1 × 106 n/s nearly isotropically and is shown in Fig-

ure 2.3. The D-T neutron generator used is a Thermo Scientific P211, which yields

∼ 1 × 108 n/s, also nearly isotropically. The 252Cf source emitted ∼ 1.29 × 105 n/s as

of the time of measurement. Furthermore, a 5 µCi 137Cs source was used to measure

the response of the detector to gamma rays. The detector and neutron sources were

elevated more than 1 meter from the laboratory floor to minimize the contributions of

scattered neutrons to the measurement.

Figure 2.3: An example experimental setup, showing the 4He detector and its associ-
ated electronics (right) and the MP320 D-D neutron generator (left). The
generator is elevated from the laboratory floor using a steel lab cart and
several layers of low-density polyurethane foam and polystyrene foam such
that the center of the generator target is at the same elevation as the center
of the detector.

To measure the time resolution of the detector, a standard 2” EJ-309 liquid organic

scintillator cell was used to measure the gamma-ray TOF from 252Cf fission events in

close proximity to the 4He detector, as shown in Figure 2.4. The 252Cf source was

approximately 1 cm from the face of the 4He detector and 25 cm from the face of the

EJ-309 detector. In this measurement, the neutrons from fission interact immediately

32



in the 4He detector, and gamma rays from fission interact in the organic scintillator

with a constant TOF. The width of the corresponding gamma-ray peak in the time

difference spectrum is the time resolution. The intrinsic time resolution of a typical

EJ-309 detector is on the order of 1–2 ns and is not expected to contribute to the overall

time resolution of this measurement.

Figure 2.4: Experimental setup for measurement of the detector time resolution.

2.3. Results

The analysis presented here focuses on the results measured in the medium-gain segment

of the detector, but equivalent analyses may be performed on the low- and high-gain

segments. The medium-gain segment was chosen for analysis in this work for its compat-

ibility with the dynamic range of the waveform digitizer, which spans 2 V. The spectrum
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measured with this segment in response to 14.1-MeV neutrons occupies approximately

70% of the digitizer dynamic range, which is the best fit among the detector segments.

From Figure 2.2, it is likely that a single energy deposition event in a given segment

of the detector will be observed in multiple channels of that segment. Consequently,

coincident channel triggers within the same segment must be treated carefully so as to

prevent multiple-counting of neutrons and to improve the energy resolution. Figure 2.5

shows the spectrum measured in each channel of the detector segment in response to

D-T neutrons and an average output waveform.

(a) (b)

Figure 2.5: (a) Pulse height spectrum measured by each of four channels in the medium-
gain segment of the detector in response to 14.1-MeV neutrons. The colors
correspond to the SiPM configuration shown in Figure 2.2. (b) The average
amplified SiPM waveform from the medium-gain segment of the detector.
Only a narrow band of the spectrum was used in constructing the average
waveform.

To aggregate the pulse from all four channels into a single data list, the waveforms from

each channel were sorted in time to produce a pulse train, as illustrated in Figure 2.6.

Following the first pulse in the train, a window is opened for a set time period, and

all proceeding pulses in the train that occur before the window closes are considered to
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correspond to the same energy deposition event.

Figure 2.6: A conceptual pulse train illustrating the logic for combining multiple pulses
corresponding to the same energy deposition event. The colors correspond
to those from the illustration in Figure 2.2.

In order to select an appropriate time window size, the histogram of inter-pulse times

is analyzed, as shown in Figure 2.7. The time difference encompassing 99% of inter-pulse

times is selected, and since in the extreme case of all four channels triggering there are

three inter-pulse times within the same event window, this time difference is multiplied

by three. In this case, the 99% acceptance window is 75 ns, and the corresponding

pulse-train time window for data condensation is 225 ns. The nature of this relatively

poor inter-channel time resolution is not immediately clear, but is likely due to the long

rise time of the amplified SiPM waveform, as shown in Figure 2.5.
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(a) (b)

Figure 2.7: (a) Distribution of inter-pulse times in the medium-gain detector segment;
(b) Dependence of the acceptance rate of pulses on the acceptance window
width.

For pulses corresponding to a single event, the “total” pulse height for the event is

taken to be the sum of the pulse heights within the time window. This relationship

stems from the fact that the different SiPM channels in the segment measure different

scintillation photons, and the SiPMs in a single segment are gain-matched (as shown in

Figure 2.5), such that the total pulse height is directly proportional to the amount of

scintillation light measured. The time stamp corresponding to an event is taken as the

arithmetic mean of time stamps within the time window. This relationship holds if all

SiPM channels exhibit the same delay with respect to the digitizer. This condition is en-

sured by measuring the distribution of time differences between the first channel and the

remaining channels within a coincidence window of 225 ns. The measured inter-channel

time difference distributions for channels two through four with respect to channel one

are shown in Figure 2.8. Each measured distribution’s mean can then be subtracted

from its corresponding channel’s time stamp such that all channels synchronize with
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channel one.

Figure 2.8: The distribution of time differences measured between the first channel and
remaining channels of the same segment. The mean of the distribution is
denoted by µ.

Once this logic is applied and the segment data is aggregated into a single list, the

measured pulse height distributions can be calibrated using the end-points of the D-

D and D-T neutron spectra. The end-points correspond to maximum kinetic energy

transferred from the neutron to the 4He nucleus, which is 64% of the initial neutron

kinetic energy. This equates to a maximum energy deposition of 9.02 MeV for 14.1-MeV

neutrons and 1.57 MeV for 2.45-MeV neutrons. The end-points of the energy deposition

spectra are determined by adjudicating the local minimum in the first derivative of the

pulse-height spectrum. The spectra of these two neutron sources and their negative

derivatives are shown in Figure 2.9. The peak-like features in the derivative are not

Gaussian, but can be approximated and fit as such in order to estimate their centroids,

corresponding to the best estimate of the local maximum. The centroids of the peak-
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like features are then used to perform a two-point calibration of the detector, shown in

Figure 2.10.

(a) (b)

Figure 2.9: Measured spectrum and smoothed derivative in response to (a) 2.45-MeV
neutrons and (b) 14.1-MeV neutrons. Gaussian fits to peaks are shown in
red.

Figure 2.10: Two-point energy calibration using the 1.57- and 9.02-MeV end-points.

With the calibration function obtained, the recoil distributions measured in response
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to D-D, D-T, and 252Cf neutrons, as well as 662-keV gamma rays from 137Cs, are shown

in Figure 2.11.

Figure 2.11: (a) Calibrated, integral normalized spectra in response to neutron sources
and a 137Cs gamma-ray source.

In the measurement of the detector energy resolution, PSD was used to reject neutrons

interacting in the EJ-309 detector, since only gamma-rays having constant TOF were

desired. A tail-to-total ratio pulse shape parameter (PSP) was used. The conservative

PSD cut and energy threshold used to reject neutrons is shown in Figure 2.12. The

TOF distribution for the 4He detector is shown in Figure 2.13, both before and after

applying the channel combination logic. The 1-σ time resolution σt is reduced from 9.2

to 7.1 ns, an improvement of 22%. The FWHM time resolution of this system is 16.7 ns.
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Figure 2.12: PSP and energy cuts, shown in red, used to reject neutrons from EJ-309
data to measure the 4He detector time resolution.

(a) (b)

Figure 2.13: Measured time resolution of the 4He detector (a) analyzed as individual,
independent channels and (b) after applying the combination logic. Gaus-
sian fits are shown in red.
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2.4. Conclusions

The neutron spectroscopy capability of the 4He detector system and analysis method in

this work was demonstrated. The two-point calibration obtained from the end-points of

D-D and D-T neutron generators has its intercept near zero, suggesting that 4He shows

a high degree of linearity up to 14.1-MeV neutron energy, and a two-point calibration

is sufficient for nuclear recoil spectroscopy. The demonstrated simple energy calibration

technique is significant in that it can be performed on-the-fly without the need for

additional detectors to measure the neutron recoil angle or TOF. Calibration of the

recoil energy spectrum will help allow for comparisons with Monte Carlo simulations;

however, an accurate energy resolution function is required to implement the simulation.

The response of the detector to gamma rays was shown to be weak, confirming the

intrinsic gamma rejection capabilities of 4He-based neutron detectors without requiring

PSD. Additionally, the tail of the 252Cf spontaneous fission spectrum, as measured by the
4He detector, extends significantly beyond the end-point of the D-D spectrum, indicating

that this detector is suitable for discrimination of prompt fission neutrons from active

interrogation neutrons in a scenario where D-D neutrons are used to induce fission.

The time resolution of the detector was measured and was shown to improve signifi-

cantly after the application of the channel-combination logic laid out in this work.

Currently, simulation of 4He-based detectors cannot be reliably performed, as there is

no empirical model of their energy resolution in the literature which can be applied over

the spectral range discussed in this work. In the future, this should be resolved with a

measurement of monoenergetic neutron sources in which the neutron scattering angle in

the detector is restricted with the use of backing detectors, similar to the procedure in

Ref. [101], to yield Gaussian peaks in the detector response over a broad dynamic range,
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which could be analyzed to obtain such an empirical model of the energy resolution.
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Chapter 3

Response of a High-Pressure 4He
Scintillation Detector to Nuclear

Recoils up to 9 MeV

This chapter is adapted from the manuscript under review of the same name by O.

Searfus, P. Marleau, and I. Jovanovic [103].

3.1. Introduction

Helium-4-based scintillation detectors have been developed for use as fast neutron de-

tectors [86], most recently as high-pressure scintillation detectors [91], [92], [97], [101],

[104]. Fast neutrons interact with the 4He nucleus via elastic scattering, effectively

transforming it into an α particle which produces a scintillation signal as it slows down

in the gas [88].

These detectors are often preferable over organic scintillators for fast neutron detection

in nuclear security, nonproliferation, and safeguards applications that involve extreme

radiation environments [95], [96], [105], [106], since they are intrinsically less sensitive to

γ rays. High-energy electrons produced by γ-ray interactions, either in the gas itself or in

the detector supporting structure, typically have a range much larger than the detector

dimensions. As a result, γ rays are physically limited to low energy deposition and can
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be effectively discriminated with a pulse-height threshold [105] rather than pulse-shape

analysis, as in many organic scintillators.

The response of 4He-based detectors to neutron-induced 4He recoils has been previ-

ously characterized only to a limited extent. Ref. [92] proposed a light output function

for a 4He detector at 150 bar, read out by photomultiplier tubes, based on a neutron

time-of-flight (TOF) measurement with recoil energies between 200 keV and 5 MeV.

The reported detector response was discretized into 500-keV bins, which may lead to

large systematic bias in the light output function [107], and no energy resolution infor-

mation was reported. Furthermore, the findings in Ref. [92] have limited applicability

to the sole commercially available 4He detector, which operates at 190 bar and is read

out by silicon photomultipliers (SiPMs). Ref. [101] measured nuclear recoils for this

same detector between 83 and 626 keV, constraining monoenergetic (2.8 MeV) neutrons

in their scattering angle by several organic scintillator backing detectors, operated in

coincidence with the 4He detector. This technique produces peaks in the 4He recoil spec-

trum, and thus both the scintillation linearity and energy resolution were reported in

Ref. [101]. However, since the maximum recoil energy measured was only 626 keV, the

reported trends have limited value for many practical applications in nuclear security

and nonproliferation, where a significant fraction of the fission neutron spectrum can

produce more energetic 4He recoils.
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3.2. Methods

3.2.1. Experimental design

To characterize the response of a high-pressure 4He scintillation detector to fast neu-

trons, an experiment was performed with two compact neutron generators and an array

of seven organic scintillator backing detectors. An Arktis S670 fast neutron detector [94]

was operated in coincidence with the organic scintillator array to constrain the neutron

scattering angle, which in turn constrains the 4He recoil energy for monoenergetic in-

cident neutrons. The experiment performed is similar in concept to the previously

discussed work for the same detector [101] but accesses a much greater range of nuclear

recoil energies both by increasing the range of recoil angles and by using two incident

neutron energies, 2.45 and 14.1 MeV. This constrained scattering technique has also

shown success in characterizing a plastic scintillator-based fast neutron detector [107].

The energy transferred from a fast neutron to a 4He nucleus in elastic collisions is

Eα = Ei(1− k), (3.1)

where Eα is the 4He recoil energy, Ei is the incident neutron energy, and k is the

kinematic factor, given by

k =

(
mn cos θ +

√
m2

α −m2
n sin

2 θ

mn +mα

)2

. (3.2)

Here mn is the neutron mass, mα is the 4He mass, and θ is the neutron scattering angle

in the laboratory frame [108]. The recoil energy obtained from Eq. (3.1) for 2.45 MeV

and 14.1 MeV neutrons is shown in Figure 3.1.
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Figure 3.1: Energy transferred to a 4He nucleus by 14.1 and 2.45 MeV neutrons with
respect to the scattering angle θ in the laboratory frame.

In the experiment, a 4He detector and an array of seven 2 × 2” EJ-309 [109] liquid

organic scintillators were mounted to a 1×2 m2 optical breadboard. Two Thermo Scien-

tific MP320 neutron generators were used to provide neutrons for the experiment: one

deuterium-tritium (D-T) to provide 14.1 MeV neutrons, and one deuterium-deuterium

(D-D) to provide 2.45 MeV neutrons. The D-T generator produced ∼ 107 neutrons per

second, while the D-D generator produced ∼ 106 neutrons per second. The 4He detector

was oriented vertically and served as the center of a 1 m semicircle, with one of the two

neutron generators and all seven organic scintillators mounted along its perimeter, as

shown in Figure 3.2. The 4He detector is optically segmented into three regions, with

each region having its own readout. Only the central segment, with a 20 cm height and

4.95 cm diameter (internal), was read out in this experiment. The three organic scintil-

lation detectors closest to the generator were shielded with a combination of lead and

high-density polyethylene (HDPE) along their line of sight to the generator to reduce the

accidental coincidence rate while leaving the desired neutron flight path unobstructed.
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Figure 3.2: Experimental design for measuring the response of the 4He detector to mo-
noenergetic recoils (above). Measurement setup in the laboratory (below).

Waveforms from the 4He detector as well as the organic scintillators were digitized

using a 250 MS/s, 14-bit CAEN V1725 digitizer and read out using CAEN CoMPASS

software [102]. The four SiPM output channels from the 4He detector central segment

were condensed into a single data list and calibrated using the D-D and D-T spectral end-

points according to the procedure in Ref. [97]. Pulse-shape discrimination (PSD) was

performed on the organic scintillation detectors using optimized time gate parameters

to reject γ-ray pulses. Example PSD plots are shown in Figure 3.3.
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(a) (b)

Figure 3.3: Example PSD histograms for organic scintillators in response to (a) D-D
and (b) D-T neutrons. The shaded areas represent the neutron acceptance
cut, which was chosen to minimize γ-ray sensitivity.

3.2.2. Simulation of neutron transport

The assembled experimental configuration was simulated using MCNPX-PoliMi [110],

[111] to determine the intrinsic spread in energy deposition in the 4He detector for each

organic scintillator backing detector arising from finite dimensions of the 4He detector

and the organic scintillator cells, as well as predict the probability of detection for the

desired sequence of scattering events. The neutron generators were approximated as

point sources emitting in a narrow cone of 0.0377 sr in the direction of the 4He detector.

Coincident events were accepted above the light-output threshold of 120 keVee in the

backing organic scintillation detectors. The results of this simulation for each neutron

generator-scattering angle combination are shown in Figure 3.4. A summary of the

simulation results is shown in Table 3.1. In the case of 2.45 MeV neutrons undergoing

157.5◦ and 135◦ scattering on 4He, the scattered neutron energy available for second

scattering and detection in the organic scintillator is only 0.91 and 1.01 MeV, respec-
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tively. In EJ-309, this corresponds to a maximum light output of 120 and 143 keVee,

respectively [109]. Since we use a conservative light output threshold of 120 keVee for

reliable PSD, none of the 157.5◦ scattering events and very few 135◦ scattering events

will lead to detectable neutron pulses in the organic scintillator. Consequently, these

two angles were not used for the 2.45-MeV neutron measurement.

(a) (b)

Figure 3.4: Simulated energy deposition in the 4He detector for coincidence with depo-
sition in an organic scintillation detector for (a) D-D and (b) D-T neutron
sources. Error bars represent one standard deviation.
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Table 3.1: Summary of 4He energy depositions and uncertainties due to detector dimen-
sions. E is calculated from Eqs. (3.1) and (3.2), and σE is determined from
Gaussian fits to peaks in Figure 3.4. P (D) denotes the estimated probability
that a neutron emitted by the neutron generator scatters in the 4He detector
followed by depositing at least 120 keVee by scattering in the organic scin-
tillation detector, and is calculated by integrating the corresponding peaks
in Figure 3.4.

D-D D-T

θ (◦) E (MeV) σE (MeV) P (D) E (MeV) σE (MeV) P (D)

22.5 0.0925 0.0026 1.92× 10−8 0.5321 0.1069 5.25× 10−9

45.0 0.3390 0.0061 1.16× 10−8 1.9512 0.1271 2.82× 10−9

67.5 0.6642 0.0115 5.43× 10−9 3.8229 0.1271 1.03× 10−9

90.0 0.9866 0.0185 2.21× 10−9 5.6780 0.1097 2.00× 10−10

112.5 1.2507 0.0235 1.09× 10−9 7.1982 0.0717 2.22× 10−10

135.0 1.4355 – – 8.2615 0.0391 4.60× 10−10

157.5 1.5416 – – 8.8720 0.0167 6.92× 10−10

3.2.3. Simulation of α-particle transport

There is a probability that a 4He recoil nucleus, (i.e., an α particle) produced in the

collision with a fast neutron strikes the wall or other internal structure of the detector,

resulting in only partial energy deposition in the scintillation medium. To account

for this so-called wall effect, α-particle projected ranges (Rα) from the NIST ASTAR

database [112], shown in Figure 3.5, are used in a procedure similar to that laid out in

Ref. [86], adapted for high-pressure helium.
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Figure 3.5: α-particle range from NIST ASTAR for a 190 atm 4He gas.

The range of the α particle for each neutron scattering event was compared to the

distance from the scattering position to the closest detector structure in the α particle

direction of travel, rw. For ranges shorter than this distance, the event was considered

to have full energy deposition, E0. For Rα(E0) > rw, the partial energy deposition is

∆Ep = E0 − Eα

∣∣∣∣
Rα(Eα)=Rα(E0)−rw

. (3.3)

The scintillation light produced in this detector is read out using an array of SiPMs

mounted to a printed circuit board (PCB) which runs along the axis of the detector.

The exact dimensions of this PCB are not known, so for the purposes of accounting

for the wall effect, it is approximated as a plane bisecting the detector volume. An

illustration of the internal detector geometry and the manifestation of the wall effect is

shown in Figure 3.6.
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Figure 3.6: Example of an event topology resulting in the wall effect, depositing an
energy ∆Ep in the gas.

3.3. Results

3.3.1. Background reduction

Several steps were taken to reduce backgrounds in the coincident data representing the
4He detector response. The first of these steps was to establish a fiducial cut on the

neutron TOF between the 4He detector and organic scintillator in each of the generator-

organic scintillator combinations. To do this, 2-D histograms of the TOF vs. 4He energy

deposition were created. In these histograms, there are clear clusters corresponding to

the desired neutron flight path, as well as clusters arising from alternative flight paths.

The fiducial cuts used represent the centroid of a region of interest (ROI) containing the

signal cluster ±2σt, where σt is the detector time resolution of 7.1 ns [97]. Accidental

coincidences manifest as a uniform background at all TOF values. An example histogram

and fiducial TOF cut are shown in Figure 3.7.
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Figure 3.7: Example TOF-energy deposition histogram for D-T neutrons and 157.5◦
scattering. The corresponding fiducial TOF cut is shown in red. Note that
TOF data has not been adjusted to account for electronic delays between
the 4He detector and organic scintillators.

Since each scattering angle is associated with certain energy deposition in the 4He de-

tector, the neutrons exiting the 4He detector toward a given organic scintillation detector

are limited in energy (e.g., a 14.1 MeV neutron which deposits 8.9 MeV on a 4He nucleus

is only able to deposit a further 5.2 MeV in the organic scintillator). This effect can be

exploited to exclude background events in which light output is recorded in an organic

scintillator above the maximum value allowed by scattering kinematics. An example of

this type of data cut is shown in Figure 3.8.
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Figure 3.8: Example 4He-organic energy deposition histogram for D-T neutrons and
157.5◦ scattering, with the maximum allowable organic scintillator energy
deposition shown in red. Data above this line were rejected from the anal-
ysis.

3.3.2. Spectral response analysis

Due to the relatively low probability of neutron scattering in the 4He detector followed

by an organic scintillation detector and limited neutron generator run time, the co-

incident energy deposition spectra reflect low statistics and relatively large bin-to-bin

fluctuations. To improve the determination of the mean and width of each fitted peak,

the ROOT smoothing algorithm was applied to the binned data [113], [114], an example

of which is shown in Figure 3.9. Then, the smoothed histograms were fit to a Gaus-

sian atop a linear background in an ROI about the peak location. Two example fitted

coincident spectra are shown in Figure 3.10.
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Figure 3.9: Example of histogram smoothing of data representing 45◦ scattering of D-T
neutrons.

(a) (b)

Figure 3.10: Fitted spectral response to 45◦ scattering of (a) D-D and (b) D-T neutrons

3.3.3. Scintillation Linearity

The constrained energy deposition determined from Eq. 3.1 compared to the measured,

calibrated energy deposition determined from the mean of each Gaussian fit is shown

in Figure 3.11. When fit to a first-degree polynomial, the y-intercept is within 2σ of 0,

and the slope is within 1σ of 1. Therefore, the measured scintillation response reported

in this work is in good agreement with the end point-based calibration procedure in
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Ref. [97] and the assumption of scintillation linearity in high-pressure 4He.

Figure 3.11: Comparison of predicted and measured energy deposition. Error bars re-
flect one standard deviation; horizontal error bars are σE from Table 3.1.

3.3.4. Energy Resolution

The measured full width at half-maximum (FWHM) Rm of each peak is determined

from the measured σm for each Gaussian fit:

Rm = 2.355σm. (3.4)

To estimate the uncertainty in this width σR,m, a Monte Carlo routine was developed

using the fit parameters to simulate many spectra with the same statistics, detailed in

A. To determine the width of each peak due to energy resolution alone, ∆E/E, the

intrinsic width due to variable scattering angle Rθ is subtracted in quadrature, as these

effects are independent:
∆E

E
=
√

R2
m −R2

θ (3.5)
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where Rθ = 2.355σE. The energy resolution data were then fit to a function of the

form [115]
∆E

E
=

√
α2 +

β2

E
+
( γ
E

)2
, (3.6)

the result of which is shown in Figure 3.12.

Figure 3.12: Energy resolution of the 4He detector obtained in this measurement. Error
bars represent one standard deviation.

The simulated response of the detector was then broadened using a Gaussian kernel

with a width determined by this model of the energy resolution. The result of this

broadened simulation is compared to the measured detector response in Figure 3.13.
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(a) (b)

Figure 3.13: Comparison of measured (a) D-D and (b) D-T spectra with broadened
simulation. The dashed lines represent the interval for normalization. Note
that these detector responses are uncorrelated, i.e., not coincident with the
organic scintillators.

3.4. Conclusions

In this work, we report the detailed response of a 4He-based neutron scintillation detector

to nuclear recoils ranging in energy from 92.5 keV to 8.87 MeV, broadening the limits

of understanding of this detector medium to include all fast neutron energies of interest

for nuclear safeguards and security. We provide evidence of scintillation linearity up to

9 MeV and validate the previously reported energy calibration procedure by the use of

a coincident scatter detector method. This method also allowed for the measurement of

energy resolution above 626 keV for the first time, which will in turn allow for complete

reconstruction of the detector response to high-energy neutrons in simulation. This new

capability to accurately simulate the response of this detector is essential for timely

further development of its neutron spectroscopy applications in fundamental research as
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well as nuclear nonproliferation. In future work, a comprehensive model of the detector

response to gamma rays of various energies should be developed to determine the limits

of operation in extreme environments, such as for spent nuclear fuel characterization.
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Chapter 4

Characterization of the Neutron
Pulse Time Profile from a

Deuterium-Tritium Neutron
Generator

4.1. Introduction

Electronic neutron generators have diverse applications in basic scientific research and

industry, as well as nuclear security and safeguards. These devices are effectively minia-

turized linear accelerators (linacs), driving a high-energy projectile ion onto a target,

resulting in nuclear fusion and releasing a neutron. The most common neutron genera-

tors are based on the deuterium-deuterium (D-D) or deuterium-tritium (D-T) reactions.

4.1.1. Neutron generator design

While nearly all neutron generators are linacs, their major qualitative differences arise

from the design of their ion sources. Penning ion sources [116], in which an excited

atomic or molecular species collides with a target atom or molecule with ionization en-

ergy smaller than the incident species excitation energy, were the first to be developed for

this application. These ion sources have small power and space requirements; however,
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in neutron generator applications, there is a high probability of molecular ion formation

(i.e., H+
2 ), which reduces the neutron production per ion generated [117]. In recent

years, ion sources based on radiofrequency (RF) or microwave heating and ionization of

gases have been developed, yielding improved atomic ion generation efficiency [118].

4.1.2. Applications of neutron generators

Neutron generators hold several advantages over common radioisotope-based neutron

sources (i.e., (α,n) and spontaneous fission) in that they do not emit neutrons when

they are not in use, and they provide quasi-monoenergetic fast neutrons rather than

broad spectral continua.

Monoenergetic neutrons provided by neutron generators are useful for the calibration

and characterization of neutron detectors [119] and for nuclear data measurements [120].

The high neutron energy of the D-T reaction, 14.1 MeV, “unlocks” many exotic neutron-

induced reactions which are inaccessible with many other fast neutron sources. For

example, D-T neutron generators have been used to produce short-lived isotopic sources

of high-energy γ rays and delayed neutrons for calibration of large-volume antineutrino

detectors by the activation of oxygen isotopes [121].

Neutron activation analysis (NAA) is a well-established technique first demonstrated

by Fermi [122] in which neutrons are used to activate some sample, whose resulting

characteristic radioactive decay is indicative of the sample isotopic composition [123].

NAA is frequently used to nondestructively analyze a broad range of materials, including

soil [124], artefacts [125], and minerals [126].

Prompt gamma neutron activation analysis (PGNAA) is a type of NAA in which

the prompt radiative capture or inelastic scatter γ rays are measured to indicate the
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composition of a sample. PGNAA is theoretically applicable to more isotopes than NAA,

since nearly all isotopes emit a γ ray in the neutron capture process, whereas not all

isotopes are transmuted to a radioactive isotope after neutron capture. This technique

has been applied extensively for the determination of metal contents in alloys [127] and

the stoichiometry of contraband materials [128].

Many neutron generators are designed to be operated in a pulsed manner, rather than

continuously. These pulsed neutron generators can support additional applications that

exploit their pulsed characteristics. One such application is neutron resonance trans-

mission analysis, in which a short pulse of neutrons interacts in a neutron moderator,

emitting a white epithermal neutron source. The epithermal neutrons travel along a

known flight path to a neutron detector, such that the neutron’s time of flight (TOF),

from the neutron generator pulse to being detected, is indicative of its energy. Many

nuclides have large resonances in their neutron interaction cross-sections in the 1–100 eV

range, so any dips in the neutron TOF spectrum indicate that a particular nuclide is

present along the flight path [77], [78]. Differential die-away (DDA) analysis is an-

other technique relying on pulsed neutron generators for the detection of fissile isotopes.

While the fast neutron background from a neutron generator decays very quickly af-

ter the pulse, the thermal neutrons in the environment will linger for much longer, up

to several ms. In the presence of fissile materials, these thermal neutrons may induce

fission, producing a fast neutron signal [80].

4.2. Methods

In this work, an experiment was performed to estimate the temporal distribution of

pulses from a Thermo Scientific P211 D-T neutron generator. This generator is based
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on the Zetatron neutron tube, developed by Sandia National Laboratories, which was

designed to emit short, intense bursts of neutrons. To do this, both the Penning ion

source and acceleration potential are pulsed, such that there are no neutrons emitted

between pulses [129], [130]. According to the manufacturer specifications, the generator

emits nominally 108 neutrons per second, in pulses of ∼10 µs at 100Hz, corresponding

to a 0.1% duty factor [131]. Many neutron generator applications, like DDA and NRTA,

benefit from short and intense neutron pulses (≤ 10 µs), making this generator model

particularly attractive. In these applications, the exact shape of the primary neutron

pulse is important for the analysis.

The interaction of the primary 14.1 MeV neutrons in the environment can generate

additional radiation incident on a detector used to measure the generator time profile,

as shown in Figure 4.1. The temporal signatures of these radiations, including scattered

neutrons, X-rays, and activation γ rays, are distinct from that of the primary 14.1 MeV

neutrons and must be considered in the detector choice and data analysis.

Figure 4.1: Illustration of the manifestation of primary and secondary radiations asso-
ciated with neutron generators.
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Figure 4.2: Laboratory configuration for shadow bar measurement.

4.2.1. Detectors and Electronics

A high-pressure 4He scintillation detector from Arktis Radiation Detectors Ltd. [94] was

used to measure the fast neutron time profile from the generator. Since this detector

is intrinsically insensitive to γ rays, the measured time profile should remain unaffected

by X-rays and activation γ rays, however, the scattered “room return” neutrons remain

a concern. Since the 4He detector is sensitive to the incident neutron energy and the

scattered neutrons have lower energy than the primary neutrons, it is possible to dis-

criminate primary neutrons from scattered neutrons based on their energy with this

detector. To determine the spectral response of the detector to scattered neutrons in

the laboratory and compare to the response for primary neutrons, the neutrons from the

D-T generator were measured with and without a 2-foot shadow bar (SB) constructed

from high-density polyethylene (HDPE), as shown in Figure 4.2. The shadow bar serves

to prevent neutrons from traveling directly to the detector from the generator, while

minimally interfering with the flight paths associated with neutrons scattering toward

the detector from elsewhere in the laboratory. In this way, the contribution to the

detector response from scattered neutrons can be characterized.

To measure the pulse time profile, it is necessary to establish a consistent temporal

reference point before each pulse. The P211 pulse-forming network provides such a
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reference logic signal ∼ 10 µs before neutrons are emitted in each pulse, which was read

into the same waveform digitizer used to measure the pulses from the 4He detector.

4.3. Results

The response of the 4He detector to the D-T generator with and without the shadow bar

is shown in Figure 4.4. While it is clear that scattered neutrons are a large fraction of

the low-energy events in the detector, they contribute less than 10% of the signal above

4 MeV energy deposition. Since the 4He elastic scattering cross-section is significantly

larger for ∼ 0.5–3 MeV neutrons than for 14.1 MeV neutrons, it follows that the detector

is more efficient for room return neutrons than the primary neutrons.

Figure 4.3: Energy deposition spectra of the D-T neutron source, with and without the
shadow bar.
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The neutron generator pulse time profile for all events, for events with less than

1.5 MeV energy deposition, and greater than 4 MeV energy deposition, are compared

in Figure 4.4. The time profile appears to be a superposition of a narrow initial peak

and a broader secondary peak. For the low-energies, the time profile dips to about

35% of the peak value between these features, whereas the high-energy time profile

dips to 20% of the peak value. This illustrates the time profile distortion due to room

return, since scattered neutrons arrive at the detector significantly later than neutrons

traveling directly to the detector, and effectively smear the true time profile to longer

delays. Further evidence for this is shown in the secondary feature of the time profile,

which is significantly more intense for low-energy events than high-energy events.

(a) (b)

Figure 4.4: (a) Comparison of measured time profile from the D-T generator for differ-
ent neutron energy deposition requirements, and (b) detail of peak feature.
The time profiles are normalized to their peak values.
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4.4. Conclusions

A method for the determination of the pulse time profile for a D-T neutron genera-

tor was developed, using spectral discrimination of the scattered neutron background

with a 4He scintillation detector. This method could be easily applied for continuous

monitoring of the pulse quality in applications of neutron generators that rely on pri-

mary pulse characteristics, such as NRTA and DDA. Particularly in the case of DDA,

precise knowledge of when the fast neutron background associated with the generator

diminishes can have a significant impact on the system sensitivity, as the fission neutron

signal is most intense immediately following the pulse.
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Chapter 5

Passive and Active Neutron
Signatures of 233U for
Nondestructive Assay

This chapter is adapted from the 2023 publication in Physical Review Applied of the

same name by O. Searfus, P. Marleau, E. Uribe, H. Reedy, and I. Jovanovic [106].

5.1. Introduction and Background

Nuclear energy has long been considered a scalable, reliable candidate source of low-

carbon electricity to replace fossil fuel-based power sources. In comparison to some

other low-carbon sources like solar and wind, nuclear reactors can typically operate

consistently independent of weather, time of day, or season. However, nuclear power

is inextricably linked to the potential for nuclear proliferation, the risks of which must

be mitigated. Proliferation risks are primarily mitigated by the International Atomic

Energy Agency (IAEA) using nuclear safeguards as perscribed by the Treaty on the

Non-proliferation of Nuclear Weapons (NPT). Non-destructive assay (NDA) methods

are well-established and routinely practiced for plutonium, natural uranium (0.7% 235U),

and enriched uranium (>0.7% 235U) in traditional light water reactor (LWR) and heavy

water (CANDU) fuel cycles [67], [132]. However, some proposed advanced reactors and
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fuel cycles pose novel challenges to the current safeguards regime. In particular, there

is a lack of NDA technology to adequately safeguard 233U produced in thorium fuel

cycles [133], [134], compounded by the requirement that 233U be accounted separately

from 235U when the two isotopes are colocated, since States with safeguards agreements

in force with the IAEA must report quantities of 235U and 233U separately. [135].

5.1.1. Unique characteristics of 233U in the thorium fuel cycle

Uranium-233 produced in nuclear reactors by the absorption of a neutron in 232Th and

the subsequent beta-decays of 233Th and 233Pa is always accompanied by trace quantities

of 232U, ranging from approximately 10 to 5000 ppm. This is due to several (n,2n)

reactions and subsequent β-decays in 232Th, 233Pa, and 233U which occur in the presence

of fast neutrons [136]. The presence of 232U is important, as its decay chain is associated

with high specific activity and a high branching ratio for high-energy γ ray emission,

principally at 2.6 MeV (208Tl, 35.9% branching ratio) [137]. Since 232U is typically

not separated from 233U in thorium-based fuel cycles, this intense γ-ray environment

is inextricably linked to any macroscopic quantity of 233U. The activity of the 2.6-

MeV γ ray, which is emitted by 208Tl in 99.75% of its decays, with respect to 232U

concentration and time since purification is approximated by

A208(t, C232) = B208C232λ232N233e
−λ232t[1− eλ228t], (5.1)

where C232 is the initial 232U concentration, B208 is the branching ratio for production of
208Tl, λ232 is the 232U decay constant, N233 is the 233U population, and λ228 is the 228Th

decay constant. This approximation is possible since the 232U half-life (69 y) is much

longer than the 228Th half life (1.9 y), and all other isotopes in the 232U decay series
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have much shorter half lives, on the order of seconds to days [138]. The results of this

calculation are shown for a significant quantity (SQ) of 233U (8 kg) [135] in Figure 5.1.

Figure 5.1: Calculated activity of 2.6-MeV γ ray per one significant quantity of 233U (8
kg).

5.1.2. Challenges in measurement of 233U-bearing items for

safeguards

Many NDA measurements of fissionable materials conducted for the purpose of nuclear

safeguards involve measurement of γ-ray spectra. These measurements may quantify the

total mass of some isotope, or measure the relative concentration of isotopes in thick

samples. Gamma spectroscopy, however, is not feasible for NDA of 233U items due to

the intense contribution of γ rays from the 232U decay chain: the intensity of the 2.6
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MeV γ ray line does not strictly correlate with the mass of 233U, and γ rays directly

associated with the decay of 233U are low energy and low intensity and consequently

not measurable above the Compton continua associated with the 232U lines [134]. As an

alternative, neutron-based NDA methods may be useful for safeguarding 233U-bearing

materials. Neutron signatures are relatively difficult to shield and generally provide

more information about the bulk material as opposed to only the outer “skin” of the

material, as may be the case due to self-shielding for γ-ray-based measurements. Some

neutron emissions from 233U-bearing materials may arise from (α,n) reactions in the

material’s chemical matrix, while others relate to the fissionable content of the material,

either in aggregate or isotope-specific.

5.1.3. Neutron signatures of 233U-bearing items

Spontaneous neutron emission

Uranium-233-bearing objects of safeguards relevance may be in a material matrix with

low-Z elements, such as oxygen (in U3O8 or UO2), lithium, beryllium, or fluorine. Alpha

radiation emanating from 233U can be absorbed by low-Z elements, which may then emit

a neutron. These (α,n) neutrons typically have spectra that take the shape of continua up

to the sum of incident α-particle energy and the Q-value of the (α,n) reaction, reduced by

the excitation and recoil energy of the reaction product nucleus. The reaction pathways

and average neutron energies of select (α,n) sources are shown in Table 5.1. Some (α,n)

spectra contain peaks and other structure, arising from their energy-dependent cross-

sections, shown in Figure 5.2. A major caveat to the (α,n)-based approach to 233U NDA

is that the content of 232U also contributes to the (α,n) signature of 233U compounds:

the half-life of 233U (160 ky) is 2319 times longer than that of 232U (69 y), so the 232U
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α-activity is significant even at ppm-scale concentrations. As a result, the α-activity of
232U dominates in 233U samples where the 232U concentration is above approximately 433

ppm. Consequently, in poor-grade (high 232U content) samples, measurements based on

(α,n) reactions attribute most of the neutron signal to the non-fissile 232U.

Table 5.1: Potential (α,n) reactions in 233U-bearing compounds. Note that Ref. [139]
gives (α,n) spectra for α-radiation from 234U, which is similar to that of 233U.

Element (α,n) reaction(s) Q (MeV) En for 234U α [139]

O 17O+ α → n+ 20Ne 0.587 2.24
18O+ α → n+ 21Ne −0.697

Be 9Be+ α → n+ 12C 5.702 4.76

Li 7Li+ α → n+ 10B −2.790 0.33

F 19F+ α → n+ 22Na −1.952 1.24

The (α,n) neutrons may induce fission in 233U or other fissionable species present,

and thereby produce additional neutrons, with a probability determined by the multi-

plication of the matrix, keff. Induced fission neutrons have a distinct multiplicity and

spectrum from (α,n) neutrons, so the ratio of spontaneous (α,n) to induced fission neu-

trons can theoretically be measured. Since this ratio is related to multiplication, it may

help indicate the fissionable matrix composition.

72



Figure 5.2: (α,n) cross-sections for various low-Z isotopes of interest in the thorium fuel
cycle [140]. The shaded area represents possible α energies for 233U, as α-
particles lose energy via electronic interaction before interacting with any
target nucleus.

Differential die-away

Pulsed differential die-away (DDA) is a technique that measures the presence of fission

neutrons emitted by a target after a pulsed active interrogation source is turned off [141].

Neutrons thermalizing in the environment typically have a long life-time compared to the

duration of an active interrogation pulse, and the resultant thermal neutron population

that persists beyond the fast neutron pulse has a high probability of inducing fission

in fissile materials [81]. Measurement of DDA is best done with a detector which is

sensitive to fast neutrons only, as the signal-to-noise ratio (SNR) when fissile material

is present is orders of magnitude higher for fast neutrons than for thermal neutrons

after the pulse [79]. This technique has been previously demonstrated using cadmium-

shielded 3He detectors [141] and with organic scintillation detectors [80], [81], the latter
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showing a more rapid die-away of the interrogation active background. In the case of
233U and its associated γ-ray environment, however, organic scintillators may not be

well-suited, since the probability of pulse pile-up leading to particle misclassification

may lead to an unacceptable increase of the observed neutron background, or require

extensive digital post-processing [65].

Delayed neutron emission

When nuclei undergo fission, the resultant neutron-rich fission fragments have some

probability of emitting neutrons during their radioactive decay [142]–[144]. This pro-

cess is referred to as β-delayed neutron emission, since these neutrons are emitted in

coincidence with β-radiation [145]. There are many delayed neutron precursors, which

are typically condensed into six groups determined by their half-lives, ranging from 0.1

to 60 seconds [82]. Each fissionable isotope has a unique yield for each delayed neutron

group, resulting in a unique delayed neutron time profile R(t) that can be modeled as

R(t) = B + C
6∑

i=1

Yi[1− e−tb/τi ]e−t/τi , (5.2)

where B is a constant background, C is a scaling factor, i is the group, Yi is the group

yield, tb is the buildup or irradiation time, and τi is the group mean lifetime, which is

equivalent to t1/2,i/ln(2) where t1/2,i is the group half-life. The delayed neutron group

yields for 233U are shown in Table 5.2 and compared against those of 235U. When fission

is induced during active neutron interrogation, this time profile can be measured to

indicate the isotopic composition of fissionable material [83], [84], and has been shown

to be resilient to common neutron shielding [85]. The delayed neutron time profiles for

fast neutron-induced fission of 233U and 235U are shown in Figure 5.3
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Table 5.2: Normalized delayed neutron group yields and half-lives for fast neutron-
induced fission in 233U and 235U. [146]

Isotope Group 1 2 3 4 5 6

233U Half-life (s) 55.6 19.3 5.04 2.18 0.57 0.221

Yield 0.095 0.208 0.242 0.327 0.087 0.041
235U Half-life (s) 54.6 20.2 5.36 2.38 0.77 0.24

Yield 0.057 0.192 0.190 0.357 0.120 0.084

Figure 5.3: Delayed neutron time profiles for fast neutron-induced fission of 233U and
235U, from Eq. (5.2) and Table 5.2, assuming 60 s of irradiation. The
neutron reaction rates are normalized to their values at t = 0.
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5.2. Methods

In this work, measurement of the neutron signatures of 233U took place at the Na-

tional Criticality Experiments Research Center (NCERC), an experimental venue at

the Nevada National Security Site (NSSS) which holds a variety of test objects contain-

ing nuclear materials.

5.2.1. Target and interrogation source

The material used in the experiments described in this work was a set of fuel plates

fabricated for the Zero Power Reactor (ZPR) at Argonne National Laboratory. These

plates comprise 33 g 233U3O8 powder in stainless steel packets measuring 2 × 3 × 1/4

” [147]. The plates are stored in groups of twelve in steel “soup cans”, three of which

are stored in a triangular lattice within an AT-400R radioisotope storage container. In

these measurements, the ZPR plates could not be removed from their AT-400R con-

tainer, which also contains a 1.5” lead pig around the cans. Each AT-400R container

holds a total of 1.188 kg 233U3O8, approximately 984 g of which is 233U. The 233U used

to fabricate these ZPR plates was produced with low 232U contamination, the average

of which in all plates is 7 ppm. Even at this low concentration, the radiation exposure

rate due to 232U daughters at equilibrium in a single plate is 1000mR/h, measured 1.5”

from the center of the plate surface. Among all 36 plates, the total 232U activity is

approximately 157mCi, and the corresponding 208Tl activity is 56.5mCi. At this expo-

sure level, most γ-sensitive detectors cannot be operated due to pulse pile-up issues. In

this experiment, a single AT-400R containing 36 233U3O8 ZPR plates was characterized.

Due to the weight of the container and its lead pig, it was placed on the concrete floor

of the laboratory.
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The D-T generator used as an interrogation source was a Thermo Scientific model

P211. This generator has a nominal total output of 108 n/s, in pulses of approximately

10 µs duration, operating up to 100 Hz. This low duty cycle and high pulse intensity

is advantageous for DDA analysis, as the instantaneous neutron output during pulses is

high, and there is sufficient time for the neutron population to decay between pulses.

5.2.2. Neutron detectors

To detect the fast neutron signatures corresponding to passive (α,n) emissions and active

interrogation DDA, an Arktis Radiation Detectors S670 [94] high-pressure 4He scintil-

lation detector was used. This detector is intrinsically sensitive to only fast neutrons

if an energy deposition threshold of approximately 300 keV is used [105], measures the

energy of fast neutron-induced 4He recoils, and in doing so provides information on the

incident neutron spectrum. This detector has a faster response time, smaller dead-time,

and better time resolution than most gas-based detectors based upon collection of ion-

ization signal, since the 4He scintillation pulses have a duration of approximately 1 µs.

The detector and pulse analysis system applied is described in greater detail in Ref. [97].
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Figure 5.4: Conceptual diagram illustrating the arrangement of detectors and electron-
ics used to measure the 233U plates (above). Images of the measurement
setup at NCERC (below).

Two MC-15 neutron multiplicity counters were also used to measure the delayed

neutron time profile of the 233U3O8 plates. MC-15 detectors comprise an array of 15
3He proportional counters embedded in a slab of high-density polyethylene (HDPE) and

are sensitive to a wide range of neutron energies [148]. They are self-contained, do not

require any external electronics to function, and provide a logic (TTL) pulse output

for each neutron detection event. These detectors are efficient in detecting neutrons in
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the energy range of delayed neutrons (≈1 keV to 2 MeV [145]), but because they must

thermalize neutrons before detecting them, their time resolution is poor compared to

the S670 detector. Consequently, MC-15 detectors were used to measure the time profile

of delayed neutrons, but not DDA. The measurement configuration, showing the target

material, interrogation source, and detectors are shown in Figure 5.4.

5.2.3. Electronics and experimental operation

A CAEN V1725 14-bit, 250 MS/s digitizer and CAEN CoMPASS 2.0 software [102]

were used to collect waveforms from the S670 and MC-15 detectors. The P211 D-T

generator has analog control, and was configured to run at 100Hz for 6,000 pulses.

A trigger out logic signal from the P211 pulse-forming network, approximately 10 µs

prior to neutron production, was also digitized. To measure the DDA time profile,

the time period between events in the S670 detector and the most recent logic signal

from the pulse-forming network were considered (i.e., between pulses), whereas for the

delayed neutron time profile, the time period between events in the MC-15 detectors and

the 6,000th logic signal were considered (i.e., after the D-T generator was turned off).

While the P211 settings ideally correspond to a total irradiation period of 60 s, it was

observed that the actual pulse frequency of the generator was approximately 107Hz,

corresponding to an actual irradiation period of 56 s.

The passive fast neutron emission signature of the 233U3O8 plates was measured using

the S670 detector for a total period of 1200 s, and also provided the passive background

for measurement of the DDA signature. To measure DDA and delayed neutron emis-

sion, 40 irradiation cycles were carried out. The irradiation cycle period was 300 s, of

which 56 s corresponds to pulsed irradiation to build up the delayed neutron precursor
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population and measure the DDA signature, and the remainder corresponds to D-T gen-

erator off time, which allows for measurement of the delayed neutron time profile. An

additional 10 irradiation cycles were performed with the AT-400R container removed,

to serve as an active background for the DDA measurement. The analysis shown in this

work represents the data from all irradiation cycles in aggregate.

5.2.4. Monte Carlo Simulation

The DDA and DN signatures of the 233U3O8 plates were simulated using MCNPX-

PoliMi [110], [111]. The geometry of the AT-400R container, shielding, and its contained

ZPR plates is based on Refs. [149], [150] and is shown in Figure 5.5. The P211 D-T

generator was approximated as a monoenergetic 14.1-MeV isotropic point source. In post

processing, the temporal behavior of the neutron source was approximated by adding

time randomly sampled from a 10 µs-wide uniform distribution to each history in the

PoliMi collisional output file. To simulate the delayed neutron time profile, neutron

emissions from the 233U plates that occur more than 10ms after the D-T generator

pulse were recorded, since delayed neutron emissions occur on such a long time scale that

their time signature is immune to radiation transport-induced time distortion effects. To

approximate the effect of the D-T generator irradiation period, time randomly sampled

from a 56 s-wide uniform distribution was added to the delayed neutron histories.
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Figure 5.5: MCNP geometry for simulation of DDA and DN signatures.

5.3. Results

5.3.1. Passive signatures

The passive spectrum of 233U3O8 is shown in Figure 5.6 and compared against a 252Cf

spontaneous fission neutron source, as measured with the S670 4He detector. The neu-

tron source emanating from the 233U3O8 plates exhibits a characteristically lower-energy

end-point when compared to the 252Cf fission source, as is expected from 17,18O(α,n) re-

actions. The intensity of this 233U O(α,n) spectrum is proportional to 233U mass at

low concentrations of 232U and at low multiplication, and is consequently a potential

candidate for NDA of 233U under these circumstances.
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Figure 5.6: Passive fast neutron spectral signature of 233U3O8 measured with the S670
4He detector, compared to the measured spectrum of 252Cf. The spectra are
normalized to their integral above 300 keV energy deposition, above which
there are no contributions from γ-radiation.

5.3.2. Differential die-away

The DDA microscopic time profile of the ZPR plates measured with the S670 4He

detector is shown in Figure 5.7 and compared against the sum of active and passive

backgrounds. Only pulses corresponding to at least 300-keV recoil energy deposition

were accepted in generating DDA time profiles, for both measurement and simulation.

The fission neutron signal remained visible above background for about 1200 µs after

the generator pulse, in agreement with simulation. The measured DDA time profile

shows a clear exponential decay significantly above the background, implying that DDA

measured with this detector may be a strong candidate for confirmation of the presence

of 233U. At low multiplication, the fast neutron DDA signal intensity is proportional to

fissile mass, so this technique may be used for quantification of total fissile content in the
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presence of 233U, in the case that the measurement and neutron moderation geometries

are tightly constrained.

Figure 5.7: DDA measurement of ZPR plates with the S670 4He detector, compared
against background and simulation.

5.3.3. Delayed neutrons

The delayed neutron time profile of 233U measured with the MC-15 detectors is shown

in Figure 5.8, and compared to the simulated time profile. The time profiles are fit

to Eq. (5.2), with tabular delayed neutron yields and half-lives for 233U for 14.1 MeV

neutrons given in Table 5.2. The only fitting parameters used are the scaling factor

C and the flat constant background B. To demonstrate the uniqueness of these fits

to delayed neutrons from 233U specifically, the fit results when the time profiles are

forced to fit delayed neutron yield parameters for other fissionable isotopes are shown

in Table 5.3. Both the measured and simulated time profiles are best fit by the delayed

neutron parameters for 233U, however, the distinction is clearer in the simulated time
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profile, likely due to its superior statistics and lack of passive background.

Figure 5.8: Delayed neutron decay measurement of ZPR plates as measured with MC-
15 detectors (above) and simulated with MCNPX-PoliMi (below). Time
profiles are normalized to the sum of the first four seconds. The measured
time profile has 2 s-wide bins, while the simulated time profile has 0.5 s-wide
bins. Fits to Eq. (5.2) and Table 5.2 are shown in red.
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Table 5.3: Results of fitting delayed neutron data in this work to various fissionable
isotope delayed neutron parameters. Parameters for 233U and 235U from
Ref. [146], for 238U from Ref. [151], for 239Pu from Ref. [152], and for 232Th
from Ref. [153].

Isotope Dataset C B χ2/ndf

233U measured 0.8450± 0.0140 0.0196± 0.0018 48.9 / 48
235U 0.9146± 0.0172 0.0249± 0.0021 58.6 / 48
238U 1.454± 0.080 0.0008± 0.2615 547 / 48
239Pu 0.9288± 0.0046 0.025± 0.002 65.3 / 48
232Th 1.012± 0.005 0.0306± 0.0018 96.0 / 48
233U MCNPX-PoliMi 0.8591± 0.0005 0.00082± 0.00041 211 / 198
235U 0.9202± 0.0007 0.0064± 0.0004 294 / 198
238U 1.152± 0.007 0.0138± 0.0003 936 / 198
239Pu 0.9369± 0.0064 0.0062± 0.0003 369 / 198
232Th 1.031± 0.009 0.0109± 0.0006 777 / 198

5.4. Conclusions and future work

In this work, three novel signatures of 233U were investigated for their feasibility in

future NDA methods for international safeguards of thorium fuel cycles: passive fast

neutron spectroscopy, differential die-away analysis, and delayed neutron time profile

analysis. An experiment was performed to measure these signatures at NCERC, using

nearly a kilogram of 233U in the form of 233U3O8, representing the largest-scale NDA

measurement of 233U to date.

The fast neutron spectral signature of 233U3O8 is shown to be readily measurable
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with the γ-insensitive S670 4He detector, and clearly differentiable from a generic spon-

taneous fission neutron source. Consequently, this technique could be well-suited to

discriminating between oxides of 233U and plutonium, for example.

Measurement of the fast neutron DDA time profile of 233U was also demonstrated

with the S670 detector and a pulsed D-T neutron generator for the first time, indicating

a potentially unique capability of the 4He scintillation detector.

The delayed neutron time profile of 233U, induced using the same D-T neutron gener-

ator, was measured using an array of moderated 3He proportional counters. The mea-

sured time profile showed a good fit to the time profile generated from nuclear data, and

matched the simulated time profile. Delayed neutron time profiles are isotope specific, so

their measurement may allow for discrimination between and separate quantification of
233U and 235U, which is one of the primary challenges in NDA for safeguarding thorium

fuel cycles. In future work, delayed neutron-based techniques should be further investi-

gated with mixed-isotope (233U and 235U) items, so that separate isotope quantification

can be demonstrated.
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Chapter 6

Detection of Uranium Photofission
Neutrons with a 4He Scintillation

Detector

This chapter is adapted from the manuscript under review of the same name by O.

Searfus, C. Meert, S. Clarke, S. Pozzi, and I. Jovanovic [154].

6.1. Introduction

Photon active interrogation (PAI) is a powerful, highly penetrating technique that uses

energetic X rays to induce photofission in special nuclear material (SNM) and produce

characteristic fission signatures, including high-energy neutrons [79], [155], [156]. While

fast neutrons are routinely observed in detectors that employ elastic scattering, the in-

tense photon environment associated with PAI poses a challenge to most conventional

fast neutron detectors. The sensitivity of PAI techniques can be improved if the fast

neutron spectrum is measured such that photofission neutrons can be separated from

the low-energy fast neutron background produced by photonuclear reactions in the in-

terrogating source and the environment. The most common detectors that offer neutron

spectroscopic capability, pulse-shape discrimination (PSD)-capable organic scintillators,

are also highly sensitive to photons and are typically overwhelmed by the direct or scat-
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tered photons from the interrogation source.

6.1.1. Applications of photon active interrogation

The detection of uranium is a problem of particular interest for nuclear nonprolifera-

tion [157], safeguards [67], [158], security [159], and arms control [160]. Compared to

plutonium, which spontaneously emits significant neutron and gamma radiation, the

passive emissions of uranium are of low intensity and are easily shielded, with the pri-

mary radiation signature of 235U being the 186-keV photon [68]. Active interrogation

can be used to induce more intense and penetrating signatures of uranium [79], [80],

enabling its detection even when shielding inhibits the passive emissions. Photofission

has an energy threshold of approximately 5 MeV for uranium isotopes, such that photon

sources with a component of the spectrum above this energy can induce fission. The

principal signatures of induced fission are from fission neutrons, whose energy is dis-

tributed according to the Watt spectrum, typically between 100 keV and 10 MeV, and

whose multiplicity distribution is unique to the fissioning isotope.

6.1.2. Photon sources for active interrogation

Photon interrogation sources must be sufficiently energetic to induce photonuclear reac-

tions and penetrate potential shielding, and sufficiently intense to produce statistically

significant neutron emissions in a timely manner. Bremsstrahlung sources are typically

used for active interrogation applications because linear accelerators (linacs) can accel-

erate electrons to energies of 6 MeV or greater within a convenient form factor. Similar

bremsstrahlung sources are widely available because they are also used in medical ap-

plications such as radiation oncology [161]. The bremsstrahlung spectrum emitted from
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multi-MeV linacs peaks at 511 keV due to pair production and positron annihilation

prevalent in the bremsstrahlung converter and has a long tail extending to the end-

point energy, i.e., the incident electron energy. Because relatively few photons are near

the endpoint, interrogation sources should have energies significantly higher than the

threshold(s) of interest. For example, although a 6-MeV bremsstrahlung source can in-

duce photofission in uranium, a 9-MeV source yields a greater number of photons with

energies ≳5 MeV, which produces a stronger photofission signature. Inverse Compton

scattering sources are under development and may be capable of yielding high-energy,

quasi-monoenergetic photon sources to avoid this issue [162]; however, existing systems

are not technologically mature or widely available.

6.1.3. Effects of photon background

Because photon interrogation sources are typically intense, pulsed sources, the photon

background is orders of magnitude greater than the natural background. They are dif-

ficult to shield due to the penetrative nature of high-energy photons, so the background

they produce is similar in energy to the linac photon energy spectrum. Furthermore, the

vast majority of the bremsstrahlung energy spectrum is below the photofission threshold,

such that most interrogation photons contribute to the background without contributing

to the desired signal.

When using traditional fast neutron detectors, such as organic scintillators, the active

photon background is typically so intense that any fast neutron signal is obscured by the

γ ray flash, which induces significant pulse pile-up. Several approaches, typically applied

in combination, have been investigated to mitigate the photon background in organic

scintillators in these scenarios. The first approach is to utilize thick heterogeneous
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shields consisting of a thick layer of lead, which absorbs the incident photons, followed

by thin tin and copper layers, which absorb the secondary lead X-rays that escape the

primary shielding [64], [66]. The primary disadvantage of this approach is the scattering

of incident neutrons away from the detector by the shield. The second approach is to

finely segment the detector volume, such that each detector element has a relatively small

detection efficiency for photons, which reduces the probability of pile-up [163], at the

cost of increased data acquisition channels for an equivalent volume monolithic detector.

The third approach is to utilize computational algorithms to remove or recover piled-up

pulses in the post-processing data analysis, often using artificial neural networks [66],

[164]. This approach can be effective; however, it introduces a significant increase in the

computational overhead which may inhibit its use in certain applications.

6.1.4. Neutron backgrounds

Because the primary observable signature of SNM in PAI are fission neutrons, character-

ization of the neutron background – both passive and active – is crucial in determining

the sensitivity of a PAI-detector system. In the case of 235U and 238U, the passive neu-

tron emission rate is very low: their spontaneous fission (SF) half-lives are 1.05 × 1019

and 8.27× 1013 years, respectively. On the other hand, active neutron backgrounds as-

sociated with PAI photon sources are relatively intense. Typically, these photon sources

use high-Z collimators and beam-stops for operator safety, almost always constructed

from lead. Two of the most abundant lead isotopes, 206Pb and 207Pb, have (γ,n) reac-

tion energy thresholds and microscopic cross-sections similar to those for photofission

in uranium isotopes. As a result, there is always some (γ,n) neutron active background

(ABG) associated with linac photon sources. In contrast to fission, (γ,n) processes in
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lead are endothermic, such that the resultant neutron energy is simply the difference

between the source photon energy and the neutron separation energy [165]. This effect

manifests as a definite end-point in the (γ,n) neutron spectrum, compared to the high-

energy tail of the fission neutron spectrum. As a result, (γ,n) neutrons can generally be

discriminated from photofission neutrons based on their energy. The cross-sections for

photofission in uranium isotopes and (γ,n) in select lead and iron isotopes are shown in

Figure 6.1, and a conceptual illustration of the PAI signal and background neutrons is

shown in Figure 6.2.

Figure 6.1: Photonuclear cross-sections of select uranium, lead, and iron isotopes [19].
The endpoint of the linac spectrum used is also shown.
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Figure 6.2: Concept of photon active interrogation for detection of highly-enriched ura-
nium (HEU).

6.1.5. Helium-4 scintillation detectors

Gaseous 4He-based detectors have been previously demonstrated for fast neutron de-

tection, either as proportional counters [86] or, more recently, as high-pressure scintil-

lators [91], [92], [97], [101]. Similarly to organic scintillators, the fast neutron signal

appears as a nuclear recoil upon elastic scattering. Unlike organic scintillators, 4He-

based scintillators are in the low-density gas phase and are thus relatively insensitive

to γ rays: in such a low-density, low-Z gas, γ rays have a low interaction probability,

and in the case that a γ ray interacts in the detector wall and injects an electron into

the gas active volume, the range of electron is typically much longer than the detec-

tor dimensions, limiting the energy deposition. In contrast, 4He recoils resulting from

fast neutron elastic scattering have ranges that are short in comparison to the detector

dimensions. A comparison of 4He recoil and electron ranges in 190-bar helium gas is

shown in Table 6.1. 4He-based detectors have been investigated for use in extreme γ ray

environments, such as measurement of 233U [106] and spent nuclear fuel [95].
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Table 6.1: Select ranges of 4He recoils and electrons in 190-bar helium gas. The 4He
and electron ranges are taken from NIST ASTAR and ESTAR [112].

Range 4He recoil e−

0.1 MeV 40 µm 47 mm

0.5 MeV 102 µm 58.7 mm

1 MeV 163 µm 145.7 mm

2 MeV 314 µm 324.7 mm

5 MeV 1.07 mm 832.4 mm

10 MeV 3.3 mm 1.6 m

6.2. Methods

High-pressure 4He scintillators are commercially available from Arktis Radiation Detec-

tors Ltd. For this experiment, the model S670 detector was used [94], which operates

at ≈190 bar and has an active length of 60 cm, which is subdivided into three optically

segmented regions. The scintillation signal in each segment is read out with an array of

eight silicon photomultipliers (SiPM) along the axis of the detector, which are summed

in pairs, resulting in four output channels for each segment. In this measurement, the

output channels from the central segment were condensed into a single data list and

calibrated using the D-D and D-T spectral endpoints according to the procedure in

Ref. [97].
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6.2.1. γ-ray rejection

A method based on Ref. [166] was followed to measure the γ-ray rejection capability of

the 4He detector and compare it to a 5.08 cm diameter, 5.08 cm height EJ-309 liquid

organic scintillation detector [109]. The detectors were exposed to a 252Cf spontaneous

fission neutron source emitting ∼ 4.4 × 106 n/s at a distance of 150 cm, as shown in

Figure 6.3. This measurement was then repeated with the addition of a combination of
137Cs, 60Co, and 22Na γ-ray sources, which yielded an exposure rate of ∼20mR/h on

contact with the detector, as measured with a Fluke 451B survey meter.

Figure 6.3: Detector configuration for measurement of γ-ray rejection.

This procedure defines the gamma absolute rejection ratio for neutrons (GARRn) as

ϵnγ/ϵn, where ϵnγ is the neutron detection efficiency for the 252Cf source measured with

the additional γ-ray sources, and ϵn is the neutron detection efficiency for the 252Cf

source alone. Ref. [166] requires 0.9 < GARRn < 1.1 for neutron counters in γ-ray

environments. If the geometry and laboratory conditions are maintained between these

two measurements, GARRn simplifies to rγn/rn, where r is the count rate. Gamma-ray
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rejection is dependent on the threshold, i.e., the minimum energy deposition in the

detector. Consequently, GARRn is described as a function of this energy threshold,

GARRn(Emin) =

∫∞
Emin

rnγ(E)dE∫∞
Emin

rn(E)dE
, (6.1)

where E is deposited energy and Emin is the energy threshold. The energy deposition

threshold at which the requirement of 0.9 < GARRn < 1.1 is met is selected for

operation.

6.2.2. Photon source

The photon interrogation source used in the experiments was a Varex M9 linear ac-

celerator (linac) [167]. The linac produces electrons with an energy of 9 MeV, but the

resulting bremsstrahlung spectrum is relatively soft, with only ∼ 4% of emitted photons

above the threshold for photofission in 238U or (γ,n) reactions in lead. The beam is col-

limated with lead and tungsten, which results in nuisance neutron emissions, or active

background neutrons (ABG).

We simulated the experimental laboratory space using the MCNPX Monte Carlo

code [110]. The laboratory model was initially developed to quantify dose rates as

part of facility licensing [168]. The linac is simulated as a directional photon source:

first, a direction relative to the electron beam is sampled, and then the corresponding

photon energy is sampled. Because photonuclear thresholds for lead are ≈7 MeV and the

photofission threshold for 238U is ≈5 MeV [169], many of the bremsstrahlung photons

produced by the linac are incapable of producing neutrons. Using source biasing, to

increase the simulated production of high-energy photons, and photonuclear biasing,

which forces the photonuclear reactions to occur when possible, neutron production can
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be simulated with less computational expense than an unbiased Monte Carlo simulation.

Figure 6.4: Simulated neutron spectra emitted from the irradiation target.

6.2.3. Photofission neutron measurement

Several targets were irradiated to assess the discrimination of photofission neutrons

from other photonuclear reactions and expected backgrounds with the 4He detector.

The centroids of the targets were aligned with the center of the beamline 6.1m from

the collimator face, as shown in Figure 6.5. The 4He detector was then placed 1.66m

from the target, with the axis of the detector parallel to the beamline. While the 4He

detector is much less sensitive to γ rays than organic scintillators, the high intensity of

the linac photon source still produces a substantial signal rate in the detector without

mitigation. Consequently, a modest shield was constructed to contain the 4He detector,

comprised of 5.08 cm lead on the sides of the detector, and 1 cm lead above and below
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the detector.

Figure 6.5: Active interrogation measurement configuration.

A 2.8 kg cube of depleted uranium (DU) was irradiated to produce photofission neu-

trons and serve as a surrogate for several fissile nuclides of interest, such as 235U, 233U,

and 239Pu. A 2 kg block of natural Pb was irradiated to produce (γ,n) neutrons, whose

spectrum represents the most likely source of active background in linac-based PAI

systems. A 2 kg block of natural iron was also irradiated to serve primarily as a scat-

terer/absorber of γrays, as only 57Fe (2.12% abundance) is capable of (γ,n) reactions

with a 9-MeV bremsstrahlung source. However, the iron increases the γ-ray flux at the

detector location by scattering photons out of the beamline. Furthermore, it is desirable

to understand the response of a PAI system to iron, as it is commonly encountered in

the form of steel containers for nuclear materials and benign cargo.
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6.3. Results

6.3.1. Photon rejection

The organic scintillator PSD performance in response to 252Cf neutrons, with and with-

out the additional γ-ray sources, is shown in Figure 6.6. The effect of significant pulse

pile-up is clear when the additional γ-ray sources are present, particularly at low ener-

gies, where there is not a clear band corresponding to neutrons. Some neutron events are

distinguishable at high energy; however, these appear with reduced intensity compared

to the 252Cf source alone. This result is likely due to the increased probability that real

neutron pulses of all energies are contaminated with γ ray pulse pile-up, removing them

from the neutron band.

Figure 6.6: Histograms of pulse shape parameter (PSP) and light output (L.O.) for
(left) the 252Cf source alone and (right) with additional γ-ray source mea-
sured with the organic scintillation detector. PSP was calculated using the
tail-to-total ratio method, with a 16-ns short gate and 120-ns long gate.
The shaded area represents the neutron acceptance cut.

The 4He recoil spectra and the organic scintillator light output spectra in response to
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the 252Cf source with and without γ-ray sources are shown in Figure 6.7. The two spec-

tra from the 4He detector clearly converge above approximately 300 keV recoil energy,

whereas the two spectra from the organic scintillator do not converge in any energy

range. This is further reflected in the calculated GARRn over a range of energy depo-

sition thresholds shown in Figure 6.8, with the 4He detector achieving a stable GARRn

value of 1 at a deposited energy threshold ≳300 keV, whereas the GARRn for the or-

ganic scintillator does not stabilize with any energy deposition threshold, transitioning

from an overestimate of the neutron spectral intensity below about 1.2 MeVee to a

degradation of the neutron detection efficiency above this energy. From this result, it

is clear that the 4He detector is well-suited for normal operation in substantial γ-ray

environments in which organic scintillators require significant additional measures to

mitigate pulse pile-up.

Figure 6.7: Comparison of 252Cf spontaneous fission neutron spectrum with and with-
out additional ∼20 mR/hr γ-ray source for (left) the 4He detector and
(right) organic scintillation detector. Only events within the neutron ac-
ceptance cut are shown for the organic scintillator.
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Figure 6.8: GARRn as a function of energy threshold in (left) the 4He detector and
(right) the organic scintillation detector. The dashed lines represent the
0.9 < GARRn < 1.1 requirement.

Since increasing the energy deposition threshold corresponds to a decrease in the neu-

tron detection efficiency, it is desirable to select the minimum threshold that satisfies the

requirement of 0.9 < GARRn < 1.1. For the 4He detector, as evidenced in Figure 6.8,

this minimum threshold is 300 keV.

6.3.2. Discrimination of photofission neutrons from photons

and (γ,n) neutrons

The energy spectra measured in the 4He detector of the DU, Pb, and Fe sources, inter-

rogated by the linac, along with the ABG and passive background (PBG), are shown

in Figure 6.9. The DU spectrum, and to a lesser extent the Pb spectrum, are evident

above the active background at energies ≳300 keV. The DU spectrum also has an end-

point at higher energy than Pb, which is consistent with the expected difference between
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238U(γ,f) and Pb(γ,n) neutron source spectra. The Fe signal is marginally above the

background, indicating that the presence of common structural materials containing

steel does not produce a significant nuisance neutron rate.

Figure 6.9: Spectra of (left) active interrogation targets and backgrounds, and
(right) background-subtracted energy deposition spectra for DU, Pb, and
Fe targets.

To quantify the difference in the measured spectral shape between DU and Pb, a

double spectral integration technique was developed. The quantity R is defined as the

ratio of the integrals of two different regions of the spectrum, bisected at the bifurcation

energy E∗:

R(E∗) =

∫∞
E∗ S(E)dE∫ E∗

Emin
S(E)dE

, (6.2)

where S(E) represents the measured spectrum, and Emin is the energy deposition thresh-

old determined by the GARRn measurement, in this case 300 keV. To determine the

optimum value of E∗ for the purpose of discriminating between 238U(γ,f) and Pb(γ,n)
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neutron sources, a figure of merit (FOM) can be defined as

FOMR(E
∗) =

RDU (E
∗)−RPb(E

∗)

|σR,DU (E∗) + σR,Pb(E∗)|
, (6.3)

where σR is the standard deviation of the calculated value of R. The calculation of R for

DU, Pb, and Fe, and its FOM for discriminating DU from Pb, is shown in Figure 6.10.

This FOM has a maximum of approximately 9, which is stable in the range 1.2 < E∗ <

1.7 MeV. This wide stability is significant, as it indicates that an operational system

based on PAI with a 4He detector would be insensitive to possible fluctuations in the

detector gain, such that it would not require frequent re-calibration.

Figure 6.10: Discrimination between DU photofission spectrum and Pb (γ,n) spectrum
by the double integration technique.
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Using a bifurcation energy E∗ = 1.45 MeV, which is the center of the FOM stable

region, R for DU and Pb was calculated over a range of irradiation times, shown in

Figure 6.11. The R values for the two targets separate within seconds, indicating that

this technique has a potential for use in applications that demand high throughput, such

as border crossings or safeguards inspections.

Figure 6.11: Spectral ratio R with respect to irradiation time for DU and Pb. The
shaded areas represent 1-σ statistical errors.

6.4. Conclusions

In this work, we demonstrated the feasibility of a photon active interrogation system for

detecting uranium photofission neutrons using a high-pressure 4He scintillation detector
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and a 9 MV linac. In contrast to similar techniques utilizing organic scintillation detec-

tors, the spectral discrimination of 238U(γ,f) and Pb(γ,n) neutrons was demonstrated

without the need for pulse shape discrimination or algorithms for pile-up correction.

The discrimination of γ rays from fast neutrons in 4He detectors was shown to be effec-

tive with a simple pulse-height threshold, in comparison to the double pulse integration

required in organic scintillators. Furthermore, this γ-ray discrimination capability was

unaffected by the introduction of a ∼ 20 mR/hr γ-ray environment, which significantly

degraded the performance of a common organic scintillation detector.

We evaluated a method to quantify the measured spectral signatures of DU and

Pb using a spectral ratio, which was optimized for the discrimination between these

two targets. The performance of this method was consistent over a broad range of

bifurcation energies, indicating that discrimination capability between (γ,f) and (γ,n)

spectra is unaffected by potential fluctuations in the detector gain. While the strong

statistical separation between the spectral ratios for DU and lead was achieved in a

matter of minutes, the irradiation time required to achieve this separation could be

further reduced by either increasing the number of detectors used, which would increase

the system’s absolute efficiency, or by modifying the detector design to have a higher

helium fill pressure, which would increase the detector’s intrinsic efficiency.

In future work, the resilience of this technique should be evaluated with the introduc-

tion of various shielding materials (e.g., lead, high-density polyethylene, and concrete)

about the target, to examine its application range.
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Chapter 7

Conclusions and Future Work

The substantial benefits of civil nuclear energy and the catastrophic risks of nuclear

weapons proliferation have hung in the balance for most of the past century, with lit-

tle hope for nuclear disarmament in this century. With the looming threat of climate

change, it is more important than ever to accelerate the development of new nuclear

reactors and fuel cycles to replace fossil fuels, while at the same time investing in new

technology to maintain international nuclear safeguards and security. To this end, 4He-

based fast neutron scintillation detectors are an emerging technology with the potential

to extend essential nondestructive assay measurements to challenging environments,

where conventional techniques fail. This collection of work represents several advance-

ments in the fundamental understanding of high-pressure 4He scintillation detectors as

well as the exploration of their applications in nuclear security and nonproliferation.

The results in this dissertation show that 4He-based fast neutron detectors have the

potential to address several important nuclear safeguards needs. However, there are

many other applications to be explored, and additional work remains to optimize their

performance for operational deployment.
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7.1. Summary of major results

The only commercially available 4He-based detector, the Arktis S670, has a unique

construction, with each scintillation volume read out by four channels, and each channel

corresponding to a pair of SiPMs. All SiPM channels can observe any scintillation event,

so a procedure was developed to collate the channel data into a single list for each

scintillation volume. While significant timing jitter was observed between channels, this

procedure improved the detector time resolution by 22% when compared to the analysis

of individual channels. Furthermore, a two-point calibration based on the spectral end-

points in the detector response to monoenergetic neutrons was demonstrated, yielding a

zero y-intercept when fit to a linear function, suggesting that helium behaves as a linear

scintillation medium at high pressure.

The energy resolution of 4He scintillation detectors had not yet been well-characterized

over a broad range of energy depositions, which limited the ability to deconvolve source

spectra. An experiment was performed to characterize the response of the Arktis S670
4He detector to nuclear recoils corresponding to fast neutrons of interest for nuclear

safeguards and security. The 4He detector was positioned in the center of a semicircular

array of organic scintillation detectors operated in coincidence, which provided geomet-

rically constrained nuclear recoils in conjunction with monoenergetic neutrons. The

detector response provides evidence for scintillation linearity and the existence of wall

effect, especially for high-energy recoils. The measured response was used to develop

an energy resolution function applicable to this energy range and enables high-fidelity

detector simulation for future applications.

Precise knowledge of the temporal output profile of a pulsed neutron generator has the

potential to increase the sensitivity of neutron active interrogation techniques, allowing
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for the simultaneous measurement of the characteristic decay time profile and gamma-

ray energy spectrum of an induced isotopic species during the neutron pulse. In most

neutron generators, it is not sufficient to assume that the output pulse is a simple square

wave in time. The true temporal profile is often difficult to measure, as both scattered

primary radiation from the generator and secondary radiation induced by the generator

can significantly distort the direct, primary signal. The direct, primary temporal profile

of a pulsed deuterium-tritium neutron generator was isolated from scattered and induced

contaminants with a 4He scintillation detector. This detector allows for fast timing and

is sensitive to the neutron spectrum, so that the time profiles of high-energy depositions

(corresponding to primary neutrons incident directly from the generator) and low-energy

depositions (corresponding to scattered and secondary radiation in addition to primary

direct radiation) can be separated. This spectro-temporal analysis has the potential to

improve the sensitivity of many prompt neutron active interrogation techniques.

The thorium fuel cycle is emerging as an attractive alternative to conventional nuclear

fuel cycles, as it does not require the enrichment of uranium for long-term sustainabil-

ity. The operating principle of this fuel cycle is the irradiation of 232Th to produce
233U, which is fissile and sustains the fission chain reaction. The production of 233U

poses unique challenges for nuclear safeguards, as it is associated with an extreme γ ray

environment from 232U contamination which limits the feasibility of γ-ray-based assay,

as well as more conservative accountability requirements than for 235U set by the Inter-

national Atomic Energy Agency. Consequently, instrumentation used for safeguarding
235U in traditional fuel cycles may be inapplicable. It is essential that the nondestruc-

tive signatures of 233U be characterized so that nuclear safeguards can be applied to

thorium fuel cycle facilities as they come online. A set of 233U3O8 plates, containing

984 g 233U, was measured at the National Criticality Experiments Research Center. A
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high-pressure 4He gaseous scintillation detector was used to perform the first passive

fast neutron spectral signature measurement of 233U3O8. It was subsequently used in

conjunction with a pulsed deuterium-tritium neutron generator to demonstrate the first

differential die-away signature of 233U3O8. Furthermore, an array of 3He detectors was

used to measure the delayed neutron time profile of 233U induced by a neutron gener-

ator, which is unique to this nuclide. These measurements provide a benchmark for

future nondestructive assay instrumentation development and demonstrate a set of key

neutron signatures to be leveraged for nuclear safeguards in the thorium fuel cycle.

The use of photon active interrogation for the detection of special nuclear material

has held significant theoretical promise, as the interrogating source particles, photons,

are fundamentally different from one of the main signatures of special nuclear material

– neutrons produced in nuclear fission. However, neutrons produced by photonuclear

reactions in the accelerator target, collimator, and environment can obscure the fission

neutron signal. These (γ,n) neutrons could be discriminated from fission neutrons by

their energy spectrum, but common detectors sensitive to the neutron spectrum, like

organic scintillators, are typically hampered by the intense photon background char-

acteristic of photon-based active interrogation. In contrast, high-pressure 4He-based

scintillation detectors are well-suited to photon active interrogation, as they are simi-

larly sensitive to fast neutrons and can measure their spectrum, but show little response

to gamma rays. A photon active interrogation system utilizing a 4He scintillation de-

tector and a 9 MeV linac-bremsstrahlung X-ray source was experimentally evaluated.

The detector was shown to be capable of operating in intense gamma-ray environments

and detecting photofission neutrons from 238U when interrogated by this X-ray source.

The photofission neutrons show clear spectral separation from (γ,n) neutrons produced

in lead, a common shielding material.
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7.2. Recommendations for future work

7.2.1. 4He spectral unfolding

This work contains several demonstrations of recoil spectrum-based discrimination with

a 4He detector. Unfolding these recoil spectra to determine the incident neutron spec-

tra could allow for improved discrimination between different neutron sources. Spectral

unfolding requires a detector response matrix, comprised of the spectral response to a

range of monoenergetic neutrons. The quality of the reconstructed neutron spectrum

depends on the density of monoenergetic neutron spectra in the response matrix, (i.e.,

number of monoenergetic neutron responses per unit energy). Prior efforts have been

made to perform spectral unfolding with 4He-based detectors [92]; however, the neutron

time-of-flight method was used to obtain quasi-monoenergetic neutrons, which yields

large uncertainty in the neutron energy due to the poor time resolution of this detector.

Consequently, large (500 keV) bins were used, and the resulting unfolded neutron spectra

were similarly very coarsely binned. To improve upon this, accelerator-based monoen-

ergetic neutron sources, such as the 7Li(p,n) reaction, could be used to achieve smaller

widths of the incident neutron spectra, independent of the detector time resolution.

7.2.2. Delayed neutron & differential die-away analysis

Delayed neutron temporal signatures have been demonstrated for the discrimination

of fissionable materials under active interrogation and determination of the isotopic

ratio for mixed-isotope materials, while differential die-away has been shown to measure

the prompt fission neutron population after a neutron generator pulse. With further

development, differential die-away may be capable of fissile mass-quantitative assay in
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certain scenarios. Using a pulsed neutron generator, it is possible to measure both

of these signatures quasi-simultaneously, (i.e., in different time windows of the same

measurement), such that the delayed neutron signatures indicate the fissionable isotopic

content of an item, while the differential die-away signature indicates the total fissile

mass. The combination of these data would allow for a mass-quantitative neutron-based

assay of each constituent fissile nuclide. This method would be of particular importance

for safeguarding steps in nuclear fuel cycles where the γ-ray background is prohibitive

for traditional γ-based assay, such as spent nuclear fuel and reprocessed 233U fuel.

7.2.3. 4He multiplicity counters

Neutron multiplicity is one of the most powerful and well-studied neutron signatures

of fission, and is used frequently in international nuclear safeguards and emergency

response missions to verify the presence of special nuclear materials. Traditional neutron

multiplicity counters rely on an array of 3He proportional counters in conjunction with

a moderator to slow the fast fission neutrons to thermal energies, typically high-density

polyethylene (HDPE). Much of the temporal information from the moment of fission is

lost in the neutron moderation and diffusion process, such that coincidence windows in

these multiplicity counters must be large, typically 50 µs or more, which can result in

large accidental coincidence backgrounds. Fast neutron multiplicity counters avoid this

drawback, as the neutrons can be detected directly after being emitted, with coincidence

windows on the order of 100 ns. However, previous fast neutron multiplicity counter

designs based on organic scintillation detectors have suffered from gamma-ray pulse

pile-up and large computational overhead associated with pulse-shape discrimination.

The time resolution of 4He detectors is only slightly larger than typical organic scin-
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tillators and much smaller than any thermal neutron detector. Fast fission neutron

correlations are usually on the order of 100 ns, so the 4He resolution of 16.7 ns would

not impact acceptance windows. Furthermore, 4He detectors are available with and

without a 6Li coating, which provides sensitivity to thermal neutrons in addition to fast

neutrons in the same detector. Fast and thermal neutrons can be discriminated to some

extent by pulse height, so, if desired, a 4He multiplicity counter with this layer could

provide both fast and thermal multiplicity distributions depending on the moderation

of the object being measured.
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Appendix A

Monte Carlo uncertainty estimator

To estimate the uncertainty in the measured width of each measured detector response,

we use a Monte Carlo routine to observe the variance for many trial distributions with

the same statistics as the measured distributions. The fits to each peak corresponding

to each scattering angle-neutron generator combination consist of a Gaussian superim-

posed on a linear background. For 104 trials in each angle-generator combination, the

mean µ and standard deviation σ resulting from each fit were used to build a Gaussian

probability density function (PDF). The integral of the peak above the background in

each measured spectrum was used to determine the number of random samples N to

take from this PDF per trial. In each trial, the standard deviation of the dataset consist-

ing of N samples was used to fill a histogram. After all 104 trials, the standard deviation

of this histogram was used as an estimate of the uncertainty in the measured Gaussian

standard deviation, σσ. These histograms for each of the angle-generator combinations

are shown in Figure A.1.
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(a) (b)

Figure A.1: Histograms of trial spectra widths used to estimate fit parameter uncer-
tainties for (a) D-D and (b) D-T neutrons.
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