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The use of β–decay delayed emissions as distinctive signatures of special nuclear

materials has been shown for application to the detection of objects under active

inspection. These active inspection techniques utilize a probing source of radiation

to induce fission and then monitor for signatures of the inspection material. In this

work, a series of experimental campaigns investigated time delayed neutron yield tech-

niques utilizing relatively small fission masses, ∼10-100 grams, to establish detection

means and ensure isotopic characterization techniques for low fission mass targets

of interest. Experimental studies were undertaken utilizing both aqueous solution

targets containing ∼10-100 g 238U and/or 232Th, and silicon oxide targets containing

∼10-100 g 238U and/or 232Th, 2.0 g 239Pu, or 2.73 mg 235U. The measurements were

performed in a high background rate environment with limited inspection time in

order to assess the feasibility of method application for security considerations such

as cargo screening. The experimental work utilized pulsed photofission techniques,

where bremsstrahlung photons produced by a pulsed RF LINAC are utilized to in-

duce fission. Inspection times are on the order of several minutes and time delayed

neutron analysis techniques will be presented and reviewed; experimental results for

the aqueous targets and for the silicon oxide targets will be considered. Consideration

of quantifiable detection limits is included, and relevant system detection thresholds

including minimal detectable mass are developed for the signature. In addition to the

detection of materials, delayed neutrons may be used to provide isotope specificity.

Historic analysis methods and experimental results will be considered for delayed neu-

tron lifetime, along with more recently developed dual energy relative yield methods

to determine specificity and isotopic ratios for samples which contain two fissionable
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isotopes. Having characterized delayed neutron signature suitability for the detec-

tion and identification of fissionable materials within this experimental regime, the

effects of target shielding on the signature and detection means will then be further

investigated. This characterization focuses on experimental studies, and considers

the delayed neutron signature as well as the parallel delayed γ-ray signature, where

detection is from a target shielded on all sides by the selected shielding configura-

tion; the shielding materials are either borated polyethylene (steps of 5.08 cm up to

30.48 cm) or lead (steps of 5.08 cm up to 20.32 cm). The experimental results for both

delayed signature will be considered in detail, and the signature responses compared

and contrasted. The delayed γ-ray signature will be shown to be highly complemen-

tary to the delayed neutron signature, capable of contributing added confidence to

target detection characterization.



Chapter 1

Introduction

1.1 Introduction and Historical Applications of

Delayed Neutrons

Efforts have sought to develop or exploit potential signatures of fission as means

to address growing concerns regarding national security applications such as securing

against the unwanted movement of nuclear materials. Among the many approaches is

the development of signatures based on delayed neutrons. Upon inducing fission in a

target, a (small) fraction of the fission fragments produced will undergo β-decay and

produce additional neutrons on time scales much longer than that of scission. Ap-

proximately 0.3% - 5% of fissions result in the emission of delayed neutrons; although

only a small fraction of the total fission events, the potential for undesired interfer-

ences from non-fissionable isotopes is relatively small, due to the comparatively long

time scales involved. This allows one to form a strong detection method for fission

using delayed neutrons. Previous studies have demonstrated delayed neutrons to be a

robust signature of fission although only a limited number have focused on small mass

targets and/or rapid interrogation times for isotope specificity [9–12], the intents of

this study.

The end of the 1930’s saw the first observations of the emission of time-delayed

neutrons which followed the splitting of heavy atoms such as uranium and thorium,

1
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the process now understood to be fission [13, 14]. Intensive study of delayed neu-

trons as well as the general assimilation of knowledge of the fission process continued

for much of the next several decades. As the development and expansion of nuclear

energy grew into a fully fledged industry, delayed neutrons played a significant role

in reactor technology and design, as they contribute significantly to sustained fission

and criticality concerns [15, 16]. Delayed neutron counting as well as total neutron

counting became integral aspects of reactor and fuel monitoring techniques as well

as nuclear fuel assay methods [11, 17], however, the need for novel applications for

delayed neutrons dwindled. In the late 1990’s and early 2000’s the changing global

security environment led to an increased awareness of the need for new technologies to

detect potential nuclear threats, including increased safeguards measures to prevent

unwanted diversions of materials and improved detection methods to enable greater

security against the unwanted transport of materials. Delayed neutrons quickly gained

traction within nuclear safeguards and nuclear security communities as a means to

address a number of these situations [18–23]. Of specific interest to today’s security

climate are studies which (1): utilize small masses to investigate the detection thresh-

olds of a system and (2): further examine material identification tools in addition to

detection, in order to offer more rapid isotopic composition determination. This work

seeks primarily to investigate delayed neutron techniques in low mass fissionable tar-

gets in order to better understand detection limits, and to attempt to further develop

these rapid isotopic composition techniques.

1.2 Motivations for Detection Needs

There are a number of reasons to motivate further interest in the detection and

identification of small mass fissionable targets, but this discussion will be constrained

to two primary areas of interest: nuclear safeguards and nuclear forensics.

The framework of safeguards programs, whether through international oversight

such as the IAEA or through state overseen domestic policy or facility protocols,

generally speaking, all seek to do the same thing: to detect and deter the diver-

sion, misuse, or undesired proliferation of nuclear technologies or materials. The
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breadth of concerns spanned within this community is vast, and encompasses every-

thing from specific aspects of facility procedures to global transport or global moni-

toring concerns. However, there are a number of generalized difficulties of safeguards

implementations which may be pointed out. Typically, obtaining accurate and pre-

cise fission mass and/or isotopic contribution is a central monitoring desire, although

many environmental and procedural requirements complicate this goal, aside from the

technological limitations or difficulties faced. Relevant measurements within facilities

must often be performed in high radiation environments and may therefore generally

require semi-autonomous operations as well as contend with complicating background

radiation levels likely to affect instrumentation performance and measurement capa-

bilities. Many facilities, particularly in the application of reprocessing technologies

(the U.S. currently has no commercial potential for nuclear fuel reprocessing), process

extreme quantities of divertable material – systematic limitations may preclude the

immediate or near-immediate detection of unwanted diversions. Reliance on monitor-

ing techniques which require lengthy assay times present a significant and immediate

concern. The on-line or continuous monitoring and verification of the fissionable mass

in these situations is very desirable, in order to ensure continuity in deterrant systems.

However, proven science methods can fail to perform in these environments and thus

may not always provide rapid live time or near live time monitoring techniques.

The nuclear forensics community faces many of the same challenges as the safe-

guards community: the need for increased detection and identification techniques,

but for a very different situational context. The primary focus of the nuclear foren-

sics community seeks to identify the composition and therefore determine the history

and origin of nuclear materials. This includes analysis of found potentially suspect

nuclear material as well as post-detonation analysis needs [24], and often centers on

samples with minute quantities of fissionable materials or of fission products. The

ability to provide reliable information to decision makers regarding the origin or in-

tended use of any found device, or to provide additional device characterization in a

detonation response scenario, is vital to security interests. The time pressures which

would exist under such a scenario cannot be overstated, nor can the requirement of

certainty in the scientific results. The need for rapid analysis measures, which present
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immediate information or serve to confirm subsequent lengthier analysis methods in

order to provide greater decision confidence, are clear. Although it is highly unlikely

that traditional debris analysis techniques will ever give way to newly purposed ap-

proaches such as delayed signature identification, the use of these approaches may

prove useful as rough sample characterizations. Even for relatively straightforward

sample screening, or binning, alternate methods such as delayed neutron signatures

could potentially provide prioritization for much more accurate but dilatory destruc-

tive analysis methods, and thereby contribute greatly to the timeline of response and

to the broader realm of nuclear forensics.

Attempts to discern information about items with larger amounts of more readily

transportable fissile content, such as spent nuclear fuel (SNF) or nuclear warheads,

may also be hampered by environmental constraints. Many applications to SNF, in-

cluding material accountability such as ensuring storage protocols or tracking move-

ment, may be severely hampered by the intense background radiation present, limiting

capabilities. Additionally, desireable measurements of the fissile content, to inspect

for missing pins or to acquire necessary parameters for reactor burnup calculations,

may also be challenged by this background [12,25–27]. Applications to potential items

of interest for treaty verification are also of renewed interest, and many potential ap-

proaches have been suggested [28–33]. Although nuclear warhead inspection regimes

may be challenged, ensuring compliance for an arms control partner’s surety would

be paramount [34].

Adjacent to the previous nuclear material considerations are the potential ram-

ifications of unauthorized nuclear or radiological material use. The International

Atomic Energy Agency (IAEA) established the Incident and Trafficking Database

(ITDB) in 1995,

“to record and analyse incidents of illicit trafficking in nuclear and other
radioactive material. It incorporates all incidents in which nuclear and
other radioactive material is out of regulatory control.”

The IAEA ITDB 2013 Fact Sheet [35] reported that from January 1993 - December

2012, there were a total of 2331 confirmed incidents listed within the ITDB. These
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incidents include, for example, “reported theft or loss” of material, and “unautho-

rized possession and related criminal activities”, as well as “unauthorized disposal”

or “unauthorized movement” of material. The potential threat(s) presented by the

transport of illicit material is clear. The continued need for means of detection to

secure against the unwanted transport of materials is crucial to global security. In-

cidents of theft or illicit transport complicate the geo–political environment within

which the framework of security must operate. The need to detect the presence of ma-

terials, particularly at borders in order to ensure domestic securities, is paramount

to the continuing global security climate. Improved technology to help implement

detection measures is currently at the forefront of the nuclear security research com-

munity, with many avenues being simultaneously investigated. Increased detection

and identification techniques certainly are central to these research paths.

The need for screening methods for freight transport, such as the tens of thousands

of intermodal shipping containers which enter the United States each day through

numerous sea ports, became a focus of growing public scrutiny of potential U.S.

security vulnerabilities. The U.S. Department of Transportation reported more than

110 million metric tons of containerized goods entering the U.S. in the first half

of 2009 alone, accounting for more than 9% of all worldwide container traffic as

originating in or destined for the U.S. [36]. This potential vulnerability resulted in

Congressionally mandated cargo inspection to mitigate the threat [37], and spawned

precipitous study and development of technologies which could be deployed to counter

this potential nuclear security gap. Achieving inspection of every cargo container

entering U.S. seaports thorough enough to detect significant quantities of nuclear

material is a daunting prospect (IAEA standards for significant quantities, 8 kg Pu

or 25 kg 235U (HEU), [38]). Achieving these inspections in a timely fashion would

require established automated systems that rely on sensing the radiation signatures

of the nuclear material.

Development of potential methods for national cargo screening systems has had

many approaches and is the focus of many continuing research efforts [39–49]. Many

challenges emerged as the research approaches evolved. System environments ensure

that backgrounds might vary widely across port locations, thus complicating instal-
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lation and standard operating procedures, as accounting for these backgrounds could

prove critical to establishing accurate detection capabilities. Additionally, environ-

mental factors such as heat or humidity, changing with the weather or seasonally,

could have drastic impact on some of the proposed systems; development to field de-

ployability independent or auto-correcting of these effects remains challenging, even

at advanced development stages of systems. The technical expertise necessary to un-

derstand anomalies in the system and to correctly interpret results can be difficult to

automate and may require advanced training; these potential requirements strain the

consideration of monitoring personnel, and may require additional resources. Mitigat-

ing these effects by implementing larger detector arrays or multiple detector locations

in order to maximize the detected signals and reduce the potential for uncertainty in

the measured response, that is, to increase the overall probability of a clear source

detection, may serve to improve the overall system confidence but is a costly and

technically difficult solution. Establishing large area detector arrays can increase

the system hardware and signal processing requirements, as well as requiring larger

system design footprint and potentially further restricting the transit requirements

within the system. A number of large- and full-scale test systems have been con-

structed to test approaches and capabilities, but a single solution remains elusive.

However, since the late 1990’s, numerous radiation monitors have been developed for

deployment and/or deployed at strategic entry and travel points around the U.S. and

abroad, along with radiography inspection systems [50–53], in order to mitigate the

risk. Improving material detection capabilities, whether through newly developed

systems or improved sophistication of currently deployed systems, remains a current

and active point of research. Characterization of the capabilities of developed tech-

niques retains relevance for potential adaptation of historic signatures to the new and

continuing detection needs mandated today.

1.3 Active versus Passive Needs

In passive screening systems, naturally occurring decays within the screening tar-

get result in radiation which may then be detected. While there may be cases in
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which passive detection systems can do quite well [52, 54, 55], even low-level natu-

rally occurring background radiation can prove problematic, often resulting in a high

false-positive rate and therefore reducing the potential effectiveness of the system.

Fissile materials of interest such as 235U may have an undetectable rate of emission

due to very low natural (spontaneous) fission rates, impeding their detection. Ad-

ditionally, even minimal shielding can effectively defeat the system, mitigating any

passive signatures and resulting in a false-negative conclusion, a further undesirable

situation.

For an application such as cargo screening, required signal acquisition time has

direct impact on commercial goods’ transit time and therefore a high potential for

economic ramifications. Consideration of the economic impacts on commerce resulting

from delays required to accomplish lengthy scans or to resolve potentially anomalous

detections predicate rapid inspection. As the detected signal rate may be improved

by inducing fission signals in a target, rather than reliance on spontaneous event

detection, many approaches utilize radiography beam sources to induce reactions in

concealed nuclear material, in order to improve the potential signal rate.

In active interrogation systems, a probing beam of radiation (typically neutrons or

photons) is used to induce fission reactions in a target; resultant radiation may then

be detected and identified as the signature(s) of fissionable materials. Initial con-

siderations of the cargo screening application led many within the nuclear detection

and border security communities to begin to argue in favor of active interrogation

systems - passive measurement systems for desired scenarios simply prove too con-

straining and therefore inadequate. There are potential complications to the use

of probing radiation for cargo screening applications, including unintended dose de-

livery effects to any unknown stowaway passengers; established guidance regulates

common practice for active inspection system implementation. (U.S. domestic guid-

ance is governed by the National Council on Radiation Protection (NCRP) [56–58]

as well as international guidance by the International Council for Radiation Protec-

tion (ICRP) [59–61].) In the U.S., deployed cargo screening systems are operated by

(DHS) Customs and Border Protection (CBP); CBP operates radiographic systems

to screen potentially suspicious cargo through the Container Security Initiative [62].
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Many considerations may go into the design of an active inspection system, includ-

ing technical details such as type and energy of probing radiation, ideal interrogation

or detection distances, or detector system design parameters, as well as potential im-

plementation factors such as operator or environmental dose constraints. Some basic

aspects of system design and implementation, such as geometry considerations, were

utilized for establishing realizable experimental constraint for this work; however,

much of this discussion lies outside the consideration of this project: the goal of this

work is to investigate the nature of the basic signatures of fission. The performance

of these signatures, even under the basic pertubations of shielding effects considered

here, is intended as a means to better understand the signatures themselves, and is

not intended as a method to establish an inspection system. Questions of optimal sys-

tem design and implementation are left to the work of potential intended applications

and their specific requirements.

1.4 Results Overview

This dissertation presents the results of several experimental campaigns which

have been made on small masses of 238U and 232Th both in aqueous solution and

in silica matrix. The purpose of these studies was to investigate the application

and adaptation of well known delayed signatures of fission to small mass detection

and isotope identification. Understanding quantitatively the threshold of detection

is crucial in any detection scheme. The historic concept of minimal detectable level

is therefore reviewed in some detail, and adapted to provide a minimal detectable

mass which more accurately reflected and incorporated the relevant experimental

parameters pertinent to these studies. Critical to this is a detailed discussion of

assumed constants and experimental parameters, including a thorough understanding

of the background and environmental contributions to the signal. These subtleties

will be discussed in Chapter 2: Relevant Theory and touched upon again somewhat

in the experimental results sections of Chapter 4.

The experimental results can be further subdivided into two categories which will

be considered individually: near geometry results and results at standoff screening
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geometry as for cargo-screening-like distances. The first experimental phase sought to

investigate details of the delayed neutron signature response of the small mass targets,

and thus a very close experimental geometry was used in order to maximize signal.

The relevant delayed neutron results, including investigation of potential signal self-

absorption and overall delayed neutron yields, will be reviewed first, in Chapter 4. The

conclusions as to material detection and material identification techniques, including

isotopic identification of a target, will be discussed, and the experimental results

considered for a number of fissionable isotope targets.

The second phase of the experimental work investigated the delayed neutron sig-

nature in a larger geometry using near cargo-screening distances, in order to assess

the methodologies in a more real–world realizable scenario. This experimental work

further sought to investigate the effects of target shielding on detection capabilities,

seeking to understand how these perturbations affected the overall detection capabil-

ities achievable. A second signature of fission was therefore investigated within this

campaign, in order to potentially enhance detection capabilities under these circum-

stances. A limited discussion to introduce the parallel technique of delayed γ-rays

as a signature of fission will thus begin the latter campaign results, Chapter 5. A

final discussion of the comprehensive study of signature results under shielded target

effects will then be presented for both the delayed neutron and the delayed γ-ray sig-

natures. The simultaneous signature results obtained from this campaign highlights

the complimentary nature of these signatures, which will be developed and shown as

a culmination of the experimental work.



Chapter 2

Relevant Theory

The relevant signature central to this work, delayed neutrons, are a by-product

of fission. Fission may be spontaneous, or it may be induced by excitation either

by a γ-ray or through the capture of a particle, provided that the nucleus achieves

enough energy to overcome the fission barrier. Following the scission into two fission

fragments, the fragments often remain in an excited state and may undergo addi-

tional decay processes. If these neutron-rich fission products retain enough energy to

overcome the neutron separation barrier, then additional neutrons may be emitted at

relatively long times, orders of magnitude longer than the scission event. Appearing

milliseconds to tens of seconds after the fission event, these late time neutrons are

referred to as delayed neutrons.

2.1 The Fission Process

The process of fission, or the splitting of an atom, typically releases ∼ 200 MeV of

energy per fission event [63]. This energy is divided among the by–products. A simple

graphic, Figure 2.1, depicts a cartoon schematic of the fission process and emitted by–

products; the typical pair of fission fragments may be observed along with neutrons

and γ-rays. The two fission fragments are sometimes accompanied by an additional

light particle (often an alpha particle), a process known as ternary fission and first

observed in 1947 [64], which occurs roughly 2−4 times per 1000 events [65]. This alpha

10
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Figure 2.1: A simplified schematic depicting the fission process and characteristic
products, as well as typical time–scales of the fission process.

particle reduces the remaining nucleons available to constitute the larger fragments,

and alters the kinetics, but otherwise is not inherently different from a standard

scission process. Although a statistically rarer process, ternary fission products are

accounted for in databases of fission product yields.

A typical scission event on average emits 6− 7 γ-rays per fission event and 2− 3

neutrons per fission event, which come after the fragments are fully accelerated but

within ∼10−14 s of the scission, while the fission fragments carry away a great deal

of kinetic energy [65, 66]. These initial γ-ray and neutron emissions following fission

are typically referred to as prompt emissions. The unstable and energetically excited

fission fragments then continue to undergo decay processes in order to shed excess

energy as they seek stability. In the case of neutron–rich fragments, the fragments

soon reach a point where the only decay path remaining is to undergo β−–decay,

emitting an electron and a neutrino while converting an excess neutron to a proton,
A
ZN → A

Z+1N’ + e− + νe. β-decay is a weak nuclear process and thus is inherently

a slower process than reactions dominated by strong or electromagnetic forces. The

exponential decay of the delayed product precursor determines the time to continued
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decay and therefore to any further emissions, but decay constants often range from

milliseconds up to tens of seconds for delayed neutron precursors, and can reach to

hours, days, or even years for delayed γ-ray precursors. A typical fission event on

average emits an additional 6 − 7 (delayed) γ-rays per fission while ∼0.03 − 5% of

fission events result in an additional (delayed) neutron emission.

Although more complex models have evolved, two relatively simplistic historic

models which were developed to describe the fission process remain incredibly in-

formative: the liquid drop model of the fission process, and the shell model. The

liquid drop model considers the nucleus as a ‘drop’ of viscous material, with proper-

ties of a liquid such as volume and surface tension related to the amount of nucleons

(A) present in the drop, and additional properties due to the confinement of the

nucleons which compose the drop, such as Coulombic repulsion of the protons or

symmetry/pairing effects of the nucleons. A semi-empirical formula was developed

from the relative contributions of constituent properties [67]. Although the liquid

drop model serves to characterize many observed nuclear properties such as nucleon

binding energy, and can be used as a tool to understand more complex nuclear re-

actions, including oscillations resulting in a drop division or scission event, it fails to

describe observed complexities of a nuclear structure. Continuing experimental stud-

ies historically began to indicate the presence of a much more complicated nuclear

shell structure, that is, of various levels inside of the nucleus which could be filled to

achieve a much more stable state than that of a partially filled level. These magic

numbers of nucleons form the basis for the now-understood nuclear shell model of the

nucleus, which serves to further define more complex nuclear processes and has been

experimentally confirmed through numerous observations. Although much more so-

phisticated mathematics are typically used for current theoretic studies, these models

still form the fundamental basis of our understanding of the nucleus and of nuclear

processes.
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Figure 2.2: The photofission cross section shown for 238U (shown black) and 232Th
(shown red), as a function of incident photon energy. The results shown utilize
Evaluated Nuclear Data File (ENDF) database results. [1].

2.1.1 Cross Section of the Fission Process

Induced fission is inherently an energy dependent process. The excitation energy

available to initiate the fission process is due almost entirely to the incoming particle’s

kinetic energy. The availability of this energy to excite a fission reaction is directly

measurable in the probability of fission, or the cross section of the fission reaction.

Cross section is a measure of the statistical likelihood of a reaction to occur; increased

cross section means increased probability of a reaction. For fixed experimental con-

ditions (i.e. appropriate target and detection capabilities), this implies that with

increasing cross-section, increasing reactions would be observed.

The photofission cross section for two materials of interest, 238U and 232Th, are

shown in Figure 2.2 as a function of the energy of the incident photons. Cross section

is typically measured in barns, a unit of area which is representative of the cross

sectional scattering area of nuclei; a barn is defined as 100 fm2, approximately the

cross sectional area of a large nucleus such as uranium. In Figure 2.2, the photofission

cross section appears negligible below ∼6 MeV, indicating the reaction threshhold, or
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the minimum incident energy necessary for the reaction to occur. Above this value,

the cross section begins to rise for both 238U and 232Th, although the increase is much

more significant for the 238U, indicating a much higher reaction probability in uranium

as compared to thorium. The photofission cross sections peak for both isotopes near

15 MeV and then begin to fall away. This decreased probability occurs as alternate

reactions begin to be more favorable in the materials with increasing photon energy

(above 15 MeV), and thus fission is less likely to occur overall. The cross section data

shown utilize Evaluated Nuclear Data File (ENDF) database results [1].

2.1.2 Isotopic Uniqueness of Emissions

The process of nuclear fission has been very well-studied and is now understood to

be experimentally inducible in many targets using a wide array of probing radiation

sources, as well as a spontaneously occurring process observable within some isotopes.

Although each fission event is a random event, the overall statistical distribution of

the resultant fission products are predictable. This is illustrated in Figure 2.3, which

shows the expected fission product yields as a function of the A for the daughter

products, given for two fissionable isotopes of interest, 238U and 232Th. The relevant

data presented were taken from the Evaluated Nuclear Data Files (ENDF) library

records [1]; the high energy neutron fission records were utilized for 238U and 232Th.

Relevant photofission product yield libraries do not exist for both 232Th and 238U,

and even the neutron induced fission yield libraries are limited. Of the available

libraries, thermal energy, fast-pooled, and high-energy neutron fission records, the

high energy (14 MeV) neutron induced fission libraries are most representative of the

photofission excitation energies utilized for these studies [68]. Ideally neutron induced

fission libraries would be utilized for (n,f ) of 231Th and 237U as the compound nuclei

would then be equivalent to (γ,f ) of 232Th and 238U respectively; however, fast pool

fission records are unavailable for 231Th and 237U. All fission product yields utilized

throughout this work thus refer to the cumulative fission product libraries of the

ENDF high energy neutron fission records for 238U and 232Th.

Of significance, the product distributions shown in Figure 2.3 are not only statisti-
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Figure 2.3: The cumulative fission product yield distribution, as a function of the
nucleons A of the products, shown for two isotopes, 232Th (red, solid line), and 238U
(black, long dash dot line). The data utilized the ENDF cumulative yield records for
high energy neutron fission; please see text for further ENDF details and discussion
regarding the fission yield library selection.

cally predictable but are unique to each fissioning system, that is, to each parent iso-

tope. This uniqueness of fission yield product distributions (distribution of daughter

products) is incredibly paramount. These discretely characterizable differences play

a role in the resultant delayed neutron group parameters of the system, and therefore

directly impact the capability to identify and distinguish different fissioning systems.

As the distribution of daughter products is unique to each fissionable isotope, the

distribution of delayed neutrons is thus correlatable. The impact to experimentally

observable information about the fissioning system will become apparent in Chapter

4, when these distribution differences are exploited for isotopic identification.

As illustrated by the previous Figure 2.3, the fission process does not typically

result in an even ‘splitting’ into two equal mass nuclei daughter products. Rather,

light and heavy product pairs tend to be observed, characterized in Figure 2.3 by the

low and high mass peaks. This is due in large part to the influence of the shell struc-

ture of the nucleus, although defining an exact nuclear process model which explains

the product distribution still remains elusive to theoretical nuclear physics. However,

this influence may be overcome with increasing incident particle or probing radiation
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energy, resulting in more symmetric fission product pairs. As more energy is available

to instigate fission, rarer products tend to be formed, resulting in a filling-in effect

in the valley between the observed low- and high-mass peaks; a trend towards more

symmetric fragment (distribution) is thus experimentally observed with increasing

incident energy [65,66]. These filling-in effects tend to be observed for photofission at

relatively large photon energies; the photon energies utilized for these experimental

campaigns are low enough that only typical asymmetric fission will occur.

The product distributions illustrate the results of the typical high-mass/low-mass

fission product pairs, with a low-mass product centroid and a high-mass product

centroid. If, for a number of fissioning systems, the mass centroid values are plotted

as a function of the nucleons, A, of the fissioning isotope, Figure 2.4 is obtained. The

results in Figure 2.4 indicate (a) the low-mass centroid behavior and (b) the high-

mass centroid behavior, as a function of the number of nucleons A of the incident

reaction system. It is clear that the low-mass peak centroid varies with increasing A,

as indicated in Figure 2.4(a), while the high-mass peak centroid does not have such

systematic variance, Figure 2.4(b). This effect is referred to as pinning of the heavy

mass peak, and indicates that much of the observable variances utilized to distinguish

isotopic information is a direct result of the low-mass fission product distributions.

As the heavier fission product distributions remain relatively unchanged for distinct

isotopes, extrapolating unique distribution information in this region is much more

difficult.

The relative distribution of delayed neutron precursors can be seen in Figure 2.5,

which illustrates the delayed neutron precursor distributions for 238U and 232Th as

compared to the cumulative fission product yields. The weighted delayed neutron

precursor contributions shown were calculated using the values tabulated by Waldo

et al. [2,3]. It is apparent that the delayed neutron precursors tend to lie in the peaks

of the fragment distributions, and thus the photofission energy dependent region of

the valley does not tend to impact the results [69,70].
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Figure 2.4: The locations of the centroids of the fission product yield distribution,
given for a number of fissioning isotopes. The location of (a) the low-mass centroid
and (b) the high-mass centroid is shown. The distribution indicates the dependence
of the low-mass centroid location on the fissioning (or parent) system; the high-mass
centroid location in comparison is scattered, without as tight of a correlation to the
fissioning isotope, an effect known as pinning of the high-mass peak. The data utilized
was taken from ENDF records [1].
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Figure 2.5: The fission product and delayed neutron precursor yield distributions
shown for two isotopes of interest, 232Th and 238U. The results utilized ENDF cu-
mulative yield records [1]; the weighted delayed neutron precursor contributions were
calculated utilizing the emission probabilities reported by Waldo et al. [2, 3].
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2.1.3 Photofission by Bremsstrahlung

Historically, much of the early investigations into the fission process were stud-

ied using neutron induced fission. As the field progressed and experimental tools

evolved, increasing studies were performed using photon induced fission (photofis-

sion) to characterize the fission process [71–73]. Strauch’s paper of 1953, a review

of much of the field of photonuclear reactions in 1951 and early 1952, including ex-

perimental photofission studies, stated that “[t]he majority of experiments concerned

with photonuclear reactions are carried out with bremsstrahlung emitted by artifi-

cially accelerated electrons.” [72]. This utilization of bremsstrahlung continues today.

Bremsstrahlung, derived from the German origins bremsen, meaning “to brake”

and Strahlung, meaning “radiation,” thus ‘braking radiation,’ is the electromagnetic

radiation which is produced by the sudden deceleration of a charged particle due to

the field of a nearby charged particle, typically an atomic nucleus or an electron.

Modern reference to bremsstrahlung tends to often cite the radiation produced by

the interactions of electrons slowing within matter; sources of bremsstrahlung may

be generated by impinging accelerated electrons against material. In many cases, in-

cluding the setups utilized for this experimental work, an electron linear accelerator

is used for the charged particle source. In this case, the beam of electrons incident on

the radiator material results in a forward directed beam of photons (bremsstrahlung)

with maximum photon energy equal to the incident electron energy. The fraction

of energy which is converted into bremsstrahlung as electrons interact with matter

depends upon the electron energy, and increases as the energy decreases; thus a lower

energy (fast) electron is more likely to be fully slowed and stopped within a radiator,

converting all of its kinetic energy to bremsstrahlung radiation, than a higher-energy

electron to which the radiator will appear more transparent. For a mono-energetic

electron source energy, a continuous energy spread of bremsstrahlung photons will re-

sult, with characteristic shape as for that observed in Figure 2.6, a Monte Carlo calcu-

lation of the bremsstrahlung photon distribution obtained from electron parameters

similar to those utilized for the experimental campaigns, 16 MeV electrons incident

on a 2.18-mm thick tungsten target located 2.54 cm from the electron source. As can
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Figure 2.6: Bremsstrahlung energy spectrum, calculated by Monte Carlo simulation
of an electron beam incident on a tungsten radiator. Simulations were representative
of the experimental setup, and utilized 16 MeV electrons incident on a 2.18-mm thick
tungsten target located 2.54 cm from the electron source.

be observed from the simulation results, the yields of the highest high energy photons

are orders of magnitude lower than the yields for the lower energy photons, indicating

the strong favorability of the bremsstrahlung process to the lower energy photon pro-

duction. The bremsstrahlung target parameters will strongly influence the resulting

photon beam. The bremsstrahlung yield is highly dependent on the radiator mate-

rial, and is most responsive to materials of high Z which are strongly absorbing of the

electrons. To produce a strong yield, the high Z radiator should be thick enough such

that a significant fraction of the electrons interact within the material to produce

the desired bremsstrahlung photons, but thin enough to allow the bremsstrahlung

to pass through the remaining material without significant attenuation, where ‘thick’

and ‘thin’ are derived from comparison of the electron path length within the material

to the radiator thickness. Radiator requirements may be experimentally constrained;

radiator considerations and effects of the resulting bremsstrahlung due to the radiator

have been well studied [74, 75]. For the experimental series here, all bremsstrahlung

production utilized so-called thick radiators of tungsten; target specifics are covered

in the Experimental Overview, Chapter 3.
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2.2 Delayed Neutron Production

The emission of delayed neutrons occurs immediately following the β-decay pro-

cess such that the neutrons may be characterized by the precursors’ decay constant.

As overcoming the neutron separation barrier requires a fair amount of energy, the

emission of a neutron is energetically favorable to the precursor, the immediate daugh-

ter of the scission process, as it continues to move towards the valley of stability

through decay. To date, more than 271 delayed neutron precursors have been identi-

fied [5, 76]. The production of delayed neutrons from all nuclides may be considered

explicitly for pulsed irradiations.

2.2.1 Pulsed Production and Decay of Isotopes

To characterize the delayed neutron rates, the decay of isotopes following pulsed

production must first be considered. If the production rate of an isotope is defined as

P, then the rate of change in the number of isotopes N during the irradiation would

be given by
dN

dt
= P− λ ·N, (2.1)

where λ is the isotope decay constant. The number of isotopes produced for a single

pulse of width tp may be found by integrating Equation 2.1,

N =
P

λ
(1− e−λtp), (2.2)

provided that N:= 0 at t = 0 . The number of isotopes present at time t ′ measured

from the end of the pulse would be given by the decay,

N = N0e
−λt

′
. (2.3)

Substituting that t = tp + t ′, the decay may be rewritten as

N = N0e
−λ·(t−tp), (2.4)

or, combining Equations 2.4 and 2.2, the number of isotopes present at time t for a

single pulse of width tp would be given by,

N =
P

λ
(1− e−λtp)e−λ·(t−tp). (2.5)
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Expanding this result from a single pulse to many pulses, i.e. pulsed irradiation,

consider a summation over a large number of pulses η,

Ntotal = N1 +N2 + · · ·+Nη. (2.6)

For an accelerator based production of isotopes where the accelerator is operating

with repetition rate or frequency f and time ∆t = 1/f between pulses, the pulses

would occur at times t1 = t − (η − 1 )∆t (pulse 1), t2 = t − (η − 2 )∆t (pulse 2), ...

, tη = t (pulse η), or, in summation form,

N =

η−1∑
n=0

N(t− n∆t)

=

η−1∑
n=0

P

λ
(1− e−λtp)e−λ·(t−n∆t−tp),

(2.7)

where the pulse width tp is assumed to be much much smaller than ∆t and the

measurement or time t always occurs after some number of pulses and does not begin

during a pulse. Considering now the decay following the end of the irradiation period,

where time t ′ is again measured from the end of the last pulse, the total number of

isotopes would be,

N(t′) =

η−1∑
n=0

P

λ
(1− e−λtp)e−λ[(t

′
+(η−1)∆t)−n∆t−tp] (2.8)

where the time t would be defined as

t = t′ + (η − 1)∆t+ tp. (2.9)

Reindexing Equation 2.8, the number is,

N =
P

λ
(1− e−λtp)

η−1∑
n
′
=0

e−λ(t
′
+n

′
∆t)

=
P

λ
(1− e−λtp)e−λt

′
η−1∑
n
′
=0

e−λn
′
∆t.

(2.10)

A generalized geometric series such as that in Equation 2.10 may be defined as a

function,
b∑

n=a

rn =
ra − rb+1

1 + r
. (2.11)
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Using r = e−λ∆t from a = 0 to b = η − 1 , the series solution becomes

η−1∑
n=0

(e−λ∆t)n =
1− e−λ∆t·η

1− e−λ∆t
, (2.12)

and for a large number of pulses, η≫λ∆t,

lim
η→∞

1− e−λ∆t·η

1− e−λ∆t
=

1

1− e−λ∆t
. (2.13)

The expression for the number of isotopes N present at time t following the end of a

pulsed irradiation period is,

N(t) =
P

λ

1− e−λtp

1− e−λ∆t
e−λt. (2.14)

Assuming a very small pulse width tp as compared to the time between pulses ∆t

and the half-life, the above equation may be reduced,

N(t) =
P

λ

1

1− e−λ∆t
e−λt. (2.15)

2.2.2 Delayed Neutron Emission Rates

For the case of delayed neutron precursors, the relevant production rates, P, of

Equation 2.14 would be given by the integrated product of the target fission products

per fission event and the probability of emission of a delayed neutron for each fission

product. The production rate P for any i -th nuclide due to a fission rate RF is,

Pi ∝ YiRF , (2.16)

where Yi is the fission product yield for each i -th nuclide. The probability of the

emission of a delayed neutron from any i -th nuclide may be denoted as Pn. The

production rate for delayed neutrons from each i -th nuclide explicitly is thus,

Pi = PnYiRF . (2.17)

The total delayed neutron precursors may be formed by summing the result of Equa-

tion 2.14 for pulsed isotope production over all delayed neutron precursors,

NDN(t) =
∑
i:DN

PnYiRF

λ

1− e−λtp

1− e−λ∆t
e−λt. (2.18)
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For photofission, the target fission rate is,

R = N

∫
E

dΦ

dE
σ(E)dE, (2.19)

where N is the number of fissionable atoms in the target, σ(E ) is the photofission

cross–section and dΦ
dE

is the photon flux on the target.

In the case of a target which contains multiple fission isotopes, the total fission

rate can be deconvoluted to the sum of the individual isotopic contributions to the

fission rate. The fission rate for a target containing multiple isotopes is,

RF =

∫
E

dΦ

dE
[NAσA(E) +NBσB(E) + · · ·+NXσX(E)]dE, (2.20)

given that the target composition is,

Ñ = NA +NB + · · ·+NX +N ′, (2.21)

where N ′ would be the number of atoms of the isotope(s) of the target with negligible

fission contribution. The respective number of fission atoms for each target compo-

nent, Nx , can be found from the fractional target mass mx for a target of total mass

M using Avogadro’s number (NAvog) and the isotopic molar mass (Mx ),

Nx = NAvogMxmx ∋ mx := fxM, (2.22)

if fx is the fractional content of the component. Thus the total target fission rate is,

RF = NA

∫
E

dΦ

dE
σA(E)dE+NB

∫
E

dΦ

dE
σA(E)dE+ · · ·+NX

∫
E

dΦX

dE
σX(E)dE, (2.23)

or,

RF = RA +RB + · · ·+RX , (2.24)

the total fission rate in terms of each x -th component’s fission rate, Rx .

The expected delayed neutron decay rate, RDN , from any i -th precursor is de-

termined by the precursor decay rate and decay constant and by the corresponding

neutron emission probability, Pn ,

Ri
DN =

dN

dt
= λiN iP i

n. (2.25)
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The corresponding neutron emission probabilities, P i
n , may be found in the litera-

ture using experimental data and/or theoretical model predictions [5, 76]. The total

expected number of delayed neutrons for a target containing X different fissionable

isotopes can be calculated for any target at time t using the target composition,

the fission rate contributions (Equation 2.24), and the individual delayed neutron

precursor probabilities of decay,

NDN(t) =
∑

X :
A

ZX

∑
i : DN

Y
(X )
i P i

nR
(X )
F λ−1

i

1− e−λitp

1− e−λi∆t
e−λit. (2.26)

2.3 Delayed Neutron Group Representations

The work of Keepin et al. [4], published in 1957, defined the approach to studies of

the time-domain of delayed neutrons. Keepin et al. assumed that the time behavior of

delayed neutron emissions could be represented by the linear superposition of a limited

number of exponential decay periods, reducing the required number of summation

terms from the total number of delayed neutron precursors to just the i representative

terms. Through iterative optimization it was determined that six distinct time regions

were typically required to reconstruct the time decay of delayed neutron spectra,

with each time region constituting a group, categorized by decay constant λ and

abundance α. It has become conventional to categorize the precursors of delayed

neutron emissions based upon their decay process half-lives according to six groups

[7,9], although some work supports more groups [70,77–80]. The characteristic total

delayed neutron precursors can then be described by summing the individual decay

groups; the total number of delayed neutrons as a function of time, as Equation 2.18,

may instead be represented as,

NDN(t) =
6∑

i=1

αie
−λit, (2.27)

where t = 0 is the fission event, and in this case the group representation is selected

to be six. Each delayed neutron group may be characterized by the dominant pre-

cursor or emitter in each time region. Pulsed production and decay response may be
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developed for the individual groups utilizing the isotope treatment in Section 2.2.1,

resulting in a summation of terms with form as for that of Equation 2.14,

NDN(t) =
6∑

i=1

P

λ

1− e−λtp

1− e−λ∆t
αie

−λit. (2.28)

2.3.1 Delayed Neutron Groups: Selected Historic Efforts

A number of historic efforts have sought to determine the parameter values for

delayed neutron group representation. Early historic efforts utilizing neutron induced

fission included those by Keepin et al. [4], largely formalizing the group parameteri-

zations of delayed neutrons, Tuttle [81], Waldo [2, 3], and England and Brady [5, 6],

among others. The results of the work of Brady and England built on previous efforts

and sought primarily to improve the delayed neutron spectral data for application to

nuclear decay libraries; the work was widely impactful and many of the calculated

results formed the basis for the delayed neutron information which is incorporated in

the ENDF [1] libraries. The group parameter values reported in the work of Brady

and England will therefore be considered for reference; however, these results were

not reported with associated errors in the measured values and the comparability

to the later experimental results is therefore limited. The relevance of the remain-

ing neutron induced fission group parameter values is limited; comparison to results

obtained through photofission is much more appropriate. Even if the interrogation

energy differs, the compound nucleus state is reflected, e.g. 238∗U and not 239∗U, and

the delayed neutron production is likely to more closely resemble the true experi-

mental distribution, certainly as compared to neutron induced fission. A number of

more recent efforts have considered the study of delayed neutron group parameters

by photofission, including one of the more detailed efforts by Kinlaw [9] at relevant

energies. Additional photofission studies on uranium are relevant as well, including

work by Dore et al. at ∼15 MeV [8] and by Kull et al. at 8–10 MeV [7].

Reference values are summarized in Table 2.1 for relevant isotopes 238U, and 232Th;

values reported by Keepin et al. for (n, f) [4], by Brady and England for (n, f) [5,6],

by Kull et al. for (γ, f) [7], by Doré et al. for (γ, f) [8], and by Kinlaw for (γ, f)

[9], are included. This representation of delayed neutrons as groups serves several
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purposes, primary of which is that the linearized average emission regions can be

used to characterize the time spectra of delayed neutron emissions.

Table 2.1: Summary of historic group parameter values for reference. The values

shown are as reported by Keepin et al. [4], by Brady and England [5, 6], by Kull et

al. [7], by Doré et al. [8], and by Kinlaw [9], for relevant isotopes 238U and 232Th. The

appropriate authors and interrogation techniques are noted.

Isotope
Author Group

λ (s−1) α
Method Number

232Th

Keepin et al.

1957

(nfast,f)

1 0.01237 ± 0.00021 0.034 ± 0.002

2 0.0334 ± 0.0011 0.150 ± 0.005

3 0.1208 ± 0.0051 0.155 ± 0.021

4 0.321 ± 0.011 0.446 ± 0.015

5 1.21 ± 0.090 0.172 ± 0.013

6 3.29 ± 0.30 0.043 ± 0.006

238U

Keepin et al.

1957

(nfast,f)

1 0.01323 ± 0.00033 0.013 ± 0.001

2 0.03212 ± 0.00058 0.137 ± 0.002

3 0.1386 ± 0.0053 0.16 ± 0.02

4 0.359 ± 0.013 0.388 ± 0.012

5 1.41 ± 0.066 0.225 ± 0.013

6 4.03 ± 0.21 0.075 ± 0.005

232Th

Brady and England

1989

(nHE,f)

1 0.013 0.0326

2 0.035 0.0997

3 0.1307 0.1431

4 0.3274 0.5062

5 0.9638 0.1336

6 3.1667 0.0848

continued on next page
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Table 2.1 Summary of group parameters, continued from previous page

Isotope
Author Group

λ (s−1) α
Method Number

238U

Brady and England

1989

(nHE,f)

1 0.0135 0.0195

2 0.032 0.1184

3 0.1214 0.149

4 0.3142 0.3978

5 0.9109 0.2081

6 3.0196 0.1072

238U

Kull et al.

1970

(γ,f)

1 0.0126 0.021 ± 0.001

2 0.0347 0.163 ± 0.001

3 0.1386 0.167 ± 0.003

4 0.3465 0.364 ± 0.004

5 1.155 0.181 ± 0.01

6 3.465 0.105 ± 0.011

238U

Doré et al.

2006

(γ,f)

1 0.0125 ± 0 0.017 ± 0.002

2 0.0317 ± 0.0010 0.165 ± 0.005

3 0.138 ± 0.014 0.183 ± 0.007

4 0.335 ± 0.023 0.373 ± 0.007

5 1.19 ± 0.10 0.18 ± 0.004

6 3.98 ± 0.43 0.085 ± 0.008

238U
Kinlaw 2007

(γ,f)

1 0.0125 ± 0.0001 .0496 ± 0.0007

2 0.0339 ± 0.0003 0.177 ± 0.002

3 0.122 ± 0.006 0.19 ± 0.02

4 0.34 ± 0.01 0.43 ± 0.02

5 1.6 ± 0.1 0.14 ± 0.005

6 4.9 ± 0.7 0.011 ± 0.008

continued on next page
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Table 2.1 Summary of group parameters, continued from previous page

Isotope
Author Group

λ (s−1) α
Method Number

238U
Kinlaw 2007

(γ,f)

1 0.0125 ± 0.0001 0.0170 ± 0.0004

2 0.0312 ± 0.0002 0.144 ± 0.001

3 0.122 ± 0.005 0.15 ± 0.01

4 0.34 ± 0.01 0.418 ± 0.008

5 1.5 ± 0.06 0.209 ± 0.005

6 4.4 ± 0.02 0.060 ± 0.006

Table concluded

2.3.2 Linearized Decay Rates

The neutron decay rate is defined by the time derivative of the delayed neutron

precursors function,

RDN(t) =
dNDN(t)

dt

= −λNDN(t).

(2.29)

The counts C detected by a system may be found for an emitted signal rate R by

integrating over time,

C = ϵ

∫
Rdt, (2.30)

where ϵ is the detector efficiency. The total delayed neutron counts obtained for a

measurement time of width τ which occurs at time T after the fission event may

be found by integrating Equation 2.30; the relevant delayed neutron rates utilizing

pulsed production (i.e. pulsed photofission) is defined by Equations 2.29 and 2.14,

CDN = ϵP
1− e−λtp

1− e−λ∆t

∫ T+ τ
2

T− τ
2

e−λtdt

= 2ϵP
1− e−λtp

1− e−λ∆t
e−λT sinh

λτ

2
.

(2.31)

Any exponential of this form may be approximated as a linear function on very

short time scales as compared to λ−1, thus resulting in a linearized decay rate. The
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group parameter representation, as Equation 2.27, may also be utilized; the previous

equation for the expected delayed neutron counts is then simply,

CDN = 2ϵP
6∑

i=1

1− e−λitp

1− e−λi∆t
e−λiT sinh

λiτ

2
. (2.32)

In the case of group representation, a sum of linearized decay rates results, according

to the time scale of each group.

This result for the detected counts may be normalized to the initial emissions,

resulting in a common y-intercept of 1 and removing the dependency of the detector

efficiency,

dCDN

dt
=

6∑
i=1

1− e−λitp

1− e−λi∆t
· αiλie

−λiT sinh(
λiτ

2
). (2.33)

where the minus sign resulting from the derivative has been suppressed as the results

are understood to be a decay. The expected signal response decay rate for the delayed

neutron emissions may thus be found for any isotope from the time behavior of

the precursors. Experimental measurements of the delayed neutron decay rates for

materials of interest will be discussed in the results section, and contrasted to the

predicted decay rates utilizing delayed neutron group parameters.

In a mixed target where two isotopes are present, the total delayed neutron decay

rate may be developed from the constituent linearized decay rates. If the fraction f

of the total mass is defined for one of the components, then the mixed target decay

rate would be found from the contributions of each component, given by,

λmix(f1) =
f1λ

2
1C1 + (1− f1)λ

2
1C2

f1λ1C1 + (1− f1)λ2C2

, (2.34)

where the C -values indicate calibration factors which relate the measured response

of each isotope to the amount of the isotope which is present; these values may be

obtained experimentally and will be discussed in the results sections.

Beyond two components this constituent composition approach becomes exces-

sively difficult to fit, and the results are unreliable. However, if further sample knowl-

edge is available or systematics can provide a route to better sample characterization,

i.e. a third component exists in the the sample but the isotopic content can be pinned
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to the concentration of one of the two previous components, then the approach may be

applicable. As with any data fitting methodology, an increase in the free parameters

which can be fit heightens the risk of inaccuracies in the result.

2.3.3 Derivation of Dual Energy Relative Yield (DERY), an

Alternative to Linearized Decay Rate

In addition to considering the differences in the rates of delayed neutron emissions

for potential isotopic specificity of materials, consideration of the differences which

may arise at distinct interrogation energies may also be made. Specifically, it can

be seen from Figure 2.2 that the photofission cross sections of 232Th and 238U not

only vary with energy but are considerably different from each other. The target

fission rate given by Equation 2.19 represents these differences when considered for

two different fissioning isotopes, or for the same fission isotope utilizing two distinct

photon flux distributions. If a material is considered at two distinct interogation

energies, the ratio of the signature responses may be considered. This Dual Energy

Relative value would simply be,

D =
SE1

SE2

, (2.35)

where the signal response S is measured at two distinct energies E1 and E2 . If delayed

neutron emissions are considered, then the Dual Energy representation would become,

D =
RDN(t, E1)

RDN(t, E2)
. (2.36)

The photofission fragment yield distributions may be considered to be approximately

equal within the bremsstrahlung beam energy region of interest. In reality, the dis-

tributions are unlikely to be exactly equal at distinct interrogating photon energies;

given the limited fragment yield libraries available this is however a reasonable ap-

proximation. From Equation 2.26 it follows that the fission rate, RF , which changes

with the distinct bremsstrahlung energies directly effects the delayed neutron emission

rate. Thus the Dual Energy Relative value becomes,

D ∝ RF (E1)

RF (E1)
, (2.37)
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directly dependent on the distinct fission rate responses. However, the photofission

fragment yield distributions are unlikely to be exactly equal at distinct interrogating

photon energies.

2.3.4 Optimal Repetition Rate
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Figure 2.7: A pulsed interrogation timing schematic, where t=0 marks the arrival
of the probing radiation which induces fission in the target. Data is then acquired
between pulses. The length of time between interrogation pulses is determined by the
repetition rate of the system, and the arrival of the next pulse marks the end of the
acquisition time window.

In pulsed interrogation systems, fission is induced in the target of interest and

the time window available to measure the resultant decay products is determined

by the length of time between accelerator pulses, which is simply the inverse of the

system repetition rate, Figure 2.7. To form the delayed neutron signal a portion of

the early time response may be removed from the data, as these neutron responses

are not strictly delayed neutrons; this reduces the length of the acquisition time of

the desired (delayed neutron) signal. It is of course desirable to optimize the collected

signal with respect to the production window.

If the net signal count, ηS , obtained is (by definition) the difference between a

measurement of an unknown target of interest, ηU , and a background sample, ηB ,
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Figure 2.8: The measured response illustrated for a target of interest and a back-
ground. Two distinct time regions, Region 1 and Region 2 are defined, with corre-
sponding times tcut and twin, respectively, and the total time T given by their sum.

then the error in the signal rate is defined as,

σSR =

√
(σUR)

2 + (σBR)
2 , (2.38)

where the rate is simply the detected number of counts divided by the acquisition

time. The error of the rate would be related to the square root of the number of

counts, i.e. the error in the unknown target rate would be given by,

σUR =
√
ηU/T. (2.39)

If two distinct time regions of interest are defined, as Figure 2.8, then the error in

the net signal measured in the late time region of interest (twin) would be given as,

σSRR2
=

√
UR2twin

T 2 +
BR2twin

T 2 , (2.40)
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where the relative rate has been defined to be approximately constant for each

target within the region of interest, i.e. UR2 for the unknown target in Region 2,

ηUR2
= UR2 · twin , and the total time is the given by the sum T = tcut + twin . To

optimize the detection parameters, the signal rate variance is then minimized with

respect to time; taking the derivative as a function of time, it can be shown that,

twin =
1

2
Ttot (2.41)

as the optimal operating conditions. The selected accelerator repetition rate will be

further discussed in the experimental results.

2.4 Minimal Detectable Mass

Establishing the minimal sensitivity of the detection method would be very useful.

Historically, such detection limits of a system are established through the develop-

ment of “minimum detectable levels,” the statistically measurable detection thresh-

olds of a system [82, 83]. L.A. Currie [82, 84] formalized much of the methodology

and terminology for establishing the statistically reliable detection limits of activity

by a measurement system, agnostic of the technology, as determined by the associ-

ated mathematics and statistics of signal counting; a thorough review of this work is

strongly recommended to the reader for further study, as it forms the basis for the

development and treatment of the minimal detectability of targets for the remainder

of these experimental studies.

It is standard to consider any assessment of detection as the capability to distin-

guish between the desirable signature over that of the background signal. To identify

the potential for detection success, the crucial capability then becomes in establishing

the level at which this comparison is no longer meaningful; that is, at what signal

level is it no longer reasonable to compare the two measurements with confidence in

the result? The approach of L.A. Currie (and others) is first to define the detection

level in terms of this critical decision level. A similar approach follows here, which

will be expanded to the application of this methodology in later discussion regarding
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experimental results.

2.4.1 Quantitative Detection Limits

It is assumed that a Gaussian is sufficient to describe the distribution of the

measured responses, i.e. that there is sufficient acquisition time to obtain a high

number of counts and thus to form a statistically strong signal basis. For any given

detection system, the net signal (i.e. counts) is defined as the difference between the

gross signal measured from a target of interest and a companion background signal,

ηnet = ηg − ηbkg, (2.42)

and the associated error or standard deviation in this measurement would be given

by,

σnet =
√

(σg)
2 + (σbkg)

2, (2.43)

where the standard deviation of the measured gross and background values derive

directly from the data. The background signal may contain both active inspection

and passive rate contributions. Paired measurement conditions which assume that

an active background measurement is obtained for each target of interest are relevant

to these studies, and may be assumed for defining the detection limits.

Figure 2.9 illustrates the expected Gaussian probability distribution where the

distribution is shown centered at zero, as for the case where no material is present

in the system and the net signal would on average be zero. The net signal may be

compared to a selected decision level, indicated in the shown distribution figure as the

critical level, LC ; a net signal value greater than the critical level indicates a positive

conclusion. For the case illustrated, where no material is present in the system and

the background measurement is therefore equivalent to the gross measurement, the

standard deviation in the net signal reduces to,

σ′
net = σ0 =

√
2σ2

bkg , (2.44)

a function of the error in the companion background measurement which is at-

tributable to the statistical deviations of the measurement. As there is no true signal
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Figure 2.9: A gaussian distribution of measured responses where the distribution
shown is centered at zero, which represents the case where no material is present in
the system and the net signal measured would on average be zero.

present in the system for this case, any detection of a net signal above the critical level

would represent a false positive. Clearly the critical level needs to be selected such

that the false positive occurrence rate is low. Using standard Gaussian distribution

statistics, it is given that only 10% of measurements will lie outside of 1.64σ. As this

is a symmetric distribution about zero, only 5% of all measurements would represent

a false positive detection. The α-value of the system, the false positive tolerance, is

thus defined to be 0.05 in this case, which is often a standard selection. The abscissa

of the probability distribution, 1 − α, or for α =0.05, 1.64, is commonly noted as kα;

α is indicated as the integrated area under the distribution curve in Figure 2.9. Note

that only the tolerance for false positive detection rates and the standard deviation

of the measurement with a true value of zero is needed to construct the critical level,

LC = kασ0, (2.45)

where for paired measurements the standard deviation reduces to σ0 =
√
2σ2

bkg , as

in Equation 2.44.

In parallel to the definition of the allowable false positive detection rate of the
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system, a false negative tolerance rate needs to be defined. This value, β, is the

tolerance of a missed threat which is incorporated into the system. The a priori

detection limit, LD, of the system may then be defined as,

LD = LC + kβσnet, (2.46)

where the abscissa of the distribution kβ corresponds to the 1 − β probability, again

where β is the false negative system tolerance. The tolerance values are often selected

such that α = β in order to form symmetric false positive and false negative detection

tolerances within a system, but will still be treated explicitly here.

The detection limit LD represents the minimal detectable value of the system.

There are two principle measurement cases of import, the null signal with variance

σ0 which has been utilized to define LC , and the gross signal which is just equal to

the detection limit LD. The error in the net signal at this detection limit would be,

σ2
net = σ2

g + σ2
bkg ,

= LD + σ2
bkg.

(2.47)

The detection limit as defined by Equation 2.46 in this case becomes,

LD = LC + kβσnet,

= LC + kβ

√
(LD + σbkg).

(2.48)

Solving the preceding two equations yields the detection limit,

LD = LC +
k2
β

2

1 +(1 + 4LC

k2
β

+
4L2

C

k2
αk

2
β

)1/2
 , (2.49)

LC = kασ0. (2.50)

If symmetric false tolerances are defined, k = kα = kβ, under paired measurements

the previous results may be reduced,

LD = 2LC + k2, (2.51)

LC = k
√
2σbkg. (2.52)
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2.4.2 Defining Minimal Detectable Mass

The detection limit discussion to this point has considered the ability to iden-

tify detection limits for generic counting systems; the relevant intended experimental

signature of interest however concerns yield, and not counts. The previous result of

L.A. Currie for paired measurements with symmetric false tolerances which is given by

Equation 2.51 needs to be adapted to incorporate normalization factors appropriate

to the yield results for active interrogation measurements. Unlike many traditional

counting systems, an active interrogation application requires consideration of the

effects of the interrogation aspects of the measurement. In order to arrive at an ap-

propriate and logical result, the results need to be normalized to account for changes

in the induced rate of the signature; in the case of photofission, the total brems-

strahlung flux on target would be an appropriate normalization factor, as the rate

of fission would scale directly with this. Selecting appropriate active interrogation

parameters for measurements and assuming that measurements are made with corre-

sponding backgrounds, i.e. paired measurement conditions, the critical limit and the

corresponding detection limit terms will be scaled by the normalization factor,

LD =
k2

ϕ
+ 2

√
2k

σB

ϕ
, (2.53)

where ϕ is the calculated normalization factor which accounts for the signature re-

sponse to the active inspection. An unknown target mass may be extracted for a

given measured response, S , given an experimentally determined relation between

the measured response and the mass. For the case where the net signal is just equal

to the detection limit and a linear relation occurs between the measured response and

the fissionable mass, the minimal detectable mass would be defined as,

mmin =

(
dS

dm

)−1

[LD]

=

(
ds

dm

)−1 [
k2

ϕ
+ 2

√
2kσB

]
.

(2.54)

It is significant to note that the minimal detectable mass depends only upon the

fluctuations in the background. This is a logical outcome, as the environmental
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conditions should indeed dictate the system’s detection limits. A very well-known

system with low background and minimal deviations in the background signatures

would be expected to have a much lower minimal detectable mass than a system with

very high background levels and much higher deviations; the background within a

system environment directly affects the capability of the system to detect extremely

small masses of interest.

2.5 Neutrons: Interactions and Detection

The primary factor which dominates neutron interactions is the energy of the

neutron. For this discussion, the incident neutron energy may be divided into several

principle regions of interest: thermal/epi–thermal neutrons (energy 0.025-∼0.5 eV),

slow neutrons (energy 1−100 eV) and fast neutrons (energy > 1 MeV); neutrons with

energy which lies between the slow and fast energy regions are simply characterized

as intermediate energy neutrons. Further characteristic neutron energy subdivision

may often be seen, particularly with respect to specific applications such as nuclear

reactor criticality calculations, and the exact energy ranges often vary among refer-

ences and application; the somewhat simplified principle energy regions will suffice for

the purpose of this discussion. Interactions for neutrons with low energies, including

thermal and slow neutrons, are limited to scattering and neutron–induced reactions.

Scattering serves as a primary interaction of neutrons with matter. Typically, as

neutrons interact within a material, multiple scattering events take place within a

very short time window, typically microseconds – milliseconds, resulting in the loss of

much of the energy of the neutron, a process known as thermalization [16,85]. With

increasing kinetic energy, the neutron scattering probability decreases. This relation

is observed below ∼ 1 keV as scattering ∝ v−1, an inverse relation to the velocity of

the neutron; this is illustrated in Figure 2.10 which shows the total neutron scattering

and absorption cross section for a neutron on hydrogen nucleus (1H(n,*) reaction).

However, for high-energy or fast neutrons, when scattering does occur, although much

less probable, the significance is therefore greatly increased, as the neutron is able to

impart much more kinetic energy to a scattering center. Hence, the neutron is slowed
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Figure 2.10: Neutron scattering cross-section for hydrogen.

significantly, or moderated, by these scatterings to lower energies. The most effective

moderators of high-energy neutrons contain great deals of hydrogenous materials, as a

single collision of a neutron with a hydrogen nucleus can result in the total loss of the

neutron kinetic energy. Conversely, increasing atomic number in a scattering target

implies a neutron is unable to impart as much kinetic energy in a collision and more

collisions are required to thermalize or slow a neutron. These effects play a significant

role in shielding considerations of neutron emissions: a thin layer of material of very

low atomic number may result in very effective scatterings of a neutron, thus slowing

it significantly and challenging detectability, while scattering events in even a thicker

layer of material of higher atomic number will have less impact on the neutron kinetic

energy and therefore on the detectability of the neutron. The resulting subtleties of

these shielding considerations for neutrons will be considered in depth in Chapter 5

where shielded target results will be presented.

The initial development of theories and calculations on neutron scattering and

neutron slowing down effects were first reported in the early 1930’s and included

significant contributions by Bonner [86], Fermi (and Amaldi) [87–89], Dunning and

Pegram [90, 91], and Breit and Wigner [92], among others. Many of the early prin-
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ciples of neutron slowing down effects first discussed in the 1930’s survive today,

incorporating more sophisticated mathematics and advances in understanding, and

now include the study of slow neutrons, neutron thermalization effects, and slow

neutron interactions/effects on matter.

The more significant contributors to neutron detection are induced nuclear reac-

tions [83], such as (n,γ), (n,p), (n,α), or (n,f) reactions, which subsequently produce

particles that are much more readily detected. Often, (n,γ) reactions are undesir-

able detection schemes for neutron identification due to the difficulties associated

with distinguishing the resultant γ-rays. However, the production of heavier charged

particles is often much more easily detected. A huge advantage of neutron detec-

tion through secondary reactions is the relation of rapidly increasing neutron capture

cross–section to the neutron energy decrease as the neutron slows, since scattering

scales as ∝ 1
v
. This fact is illustrated by Figure 2.11 which shows the total neu-

tron scattering cross-section as a function of incident energy, for several materials

commonly used in neutron secondary reaction detection, including 3He and 7Li, as

well as for 1H and 208Pb, for comparison. In all cases, we may readily see that the

cross–section falls rapidly with increasing kinetic energy, until we begin to observe

resonances above ∼ 1 keV [66]. The significance of these resonances is outside the

scope of this work; it suffices to state that these sharp resonance peaks are discrete

and characteristic, and are indicative of the nuclear structure.

The body of the experimental work of this project relies on the reaction 3He(n, p)3H

for detection, and so the remainder of our discussion of secondary reaction neutron

detection will focus on this; however, the underlying principle is the same for any

charged particle detection and may thus be adapted accordingly. In the case of 3He a

neutron interacts with the nucleus producing a proton and a triton pair, which may

then be detected, as for any charged particle pair, in a proportional counter.

Proportional counters are gas–filled tubes which rely on the effects of gas multipli-

cation in order to amplify an incident particle charge to a detectable electronic signal.

A high electric field is applied to the gas within the tube, serving to create drift of any

charged particles to their respective electrodes. As the charged particle drifts within

the electric field, it collides with surrounding gas molecules. If the particle has suffi-
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Figure 2.11: Total neutron scattering cross-section shown for several materials of
interest, 1H, 3He, 7Li, and 208Pb.

cient energy it can further ionize additional gas molecules upon collision, introducing

further charges into the system and thus increasing the overall electric response at

the electrode. Further, charged particle energy will increase between collisions in re-

lation to the applied electric field strength. There is therefore a minimum threshold

field energy for these secondary ionization to occur, above which an avalanche effect

occurs, the Townsend avalanche effect. Shown in Figure 2.12 is the pulse amplitude

response as a function of applied voltage for a generic (theoretical) gas–filled detec-

tor. The response may be easily subdivided into six regions, as is standard for most

discussions of gas–filled detectors [83]. The first region illustrates an applied field

that is insufficient to cause the desired drift, where the ion pair simply recombines,

while with slightly increased field, region II, this effect is suppressed and ionization

occurs. As applied field increases, region III, the gas multiplication effect dominates,

and the charge collected is (linearly) proportional to the incident charge deposited

in the detector. This is the typical operating region of proportional detectors. Un-

der continued increase of applied field, region IV, the linearity of the proportional

charge effect is lost, although the detected response is still amplified in relation to

the incident charge. Above this, region V, the response is self-limiting and no longer

proportional to incident charge, or is a continuous discharge region, region VI, where
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Figure 2.12: Generic Proportional Detector Regions

no useful information is obtained and in fact damage to the detector may occur.

The principle conclusions to neutron scattering effects include (1) the impact of

multiple scatters of a neutron on its energy, a process resulting in the thermalization

of the neutron, that is as it repeatedly scatters, losing energy, it reaches thermal

(and therefore kinetic) equilibrium with surrounding matter, (2) the interaction of

thermal neutrons with matter, which results in (3) capture or secondary nuclear

reactions which may be subsequently used for detection. The lifetime of free neutrons

is therefore limited, before decay to a proton, with accompanying β and anti–neutrino

emissions, occurs. In air, where the probability of scattering is greatly diminished,

this results in a lifetime of ∼ 10.6 minutes [66], while bound neutron lifetimes may be

longer or even stable [66]. As a result, free neutrons play an often negligible role in

detection, but pertinent timing details will be discussed in the experimental results.



Chapter 3

Experimental Overview

The experimental campaigns sought first and foremost to identify the basic sig-

nature responses for the low-mass targets, and to characterize detection capabilities

potentially based on these signatures. Later phases of the project would investigate

the signature(s) in more real-world scenarios such as cargo-screening-like configura-

tions, some of the results of which will be presented in Chapter 5, Shielded Target

Investigations: Delayed Neutrons plus Delayed γ-Rays, Companion Signatures.

3.1 Experimental Geometry I

The fission reactions and competing secondary reactions were induced by brems-

strahlung photons. The bremsstrahlung beam was produced using a variable fre-

quency pulsed linear electron accelerator with a 4 µs pulse width, and experimental

end point energy adjusted from ∼ 7 MeV to 19 MeV. Electrons exited the end of

the beam line and impinged on a 4.2 g·cm−2 thick tungsten radiator. A 5.08 cm

thick aluminum scrubber was selected and placed immediately following the radiator,

in order to attenuate the photons and thus reduce the flux of undesirable very low-

energy photons in the interrogation targets, as well as to ensure conversion of any

electrons which escaped the radiator. The resultant uncollimated photon beam was

used to interrogate the targets, which were placed 33.0 cm directly downstream from

the tungsten radiator.

43
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Figure 3.1: An overhead view of the delayed neutron signature experimental geometry.
A very tight detector configuration was used in order to maximize the detected signal.

In the initial studies, a very tight geometry was employed in order to ascertain

the greatest amount of detector response information. The experimental setup is

summarized in the schematic shown in Figure 3.1. A set of six moderated 3He neutron

detectors (MHNDs) were arrayed around the interrogation target, with three detectors

placed to either side of the target at a distance of 11.1 cm from target center to

detector center. The general principles of neutron detectors were discussed in detail

in Chapter 2. This series of six MHNDs each consisted of a 10 atm 3He tube measuring

2.36 cm in diameter and 20.32 cm in active length, encased in three types of materials

for moderation; the innermost moderation layer was 2.54 cm of virgin polyethylene,

surrounded by a total of 15.85 mm of doped borated rubber, alternated between layers

of cadmium, 0.22 cm in total thickness, which served to screen already thermalized

neutrons from active detection. A detailed construction description and schematic of

the detector may be found in M.T. Kinlaw’s 2007 Ph.D. dissertation [9].
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3.2 Signal Timing Parameters
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Figure 3.2: The experimental timing schematic, where t=0 marks the accelerator
gun pulse trigger. Data was acquired between accelerator pulses. The length of time
between accelerator pulses is determined by the repetition rate of the accelerator; the
arrival of the next pulse marks the end of the time window.

Neutron time spectra were collected using a multi-parameter data acquisition sys-

tem. Results were recorded between photon pulses and summed over many accelerator

pulses. A view of the timing schematics is shown in Figure 3.2. A latched scalar start

was triggered by a signal corresponding to the electron gun pulse, and subsequent

detector responses were recorded in time-adjustable bins, with bin-width determined

by desired experimental parameters such as the accelerator repetition rate and the

desired count time between pulses. The majority of the experiments were conducted

at an accelerator repetition rate of 15 Hz with a scalar bin-width equal to 32 µs per

channel over 2048 channels, resulting in a total time spectra width of 65.5 ms, just

less than the 66.67 ms interval between photon pulses.



Chapter 3: Experimental Overview 46

3.3 Experimental Targets

The series of low-mass aqueous targets were created by dissolving actinide salts in

water, either uranyl nitrate or thorium nitrate, or a combination thereof, in order to

achieve the desired actinide mass targets. A total of six aqueous pure uranium targets

and six aqueous pure thorium targets were created, as well as four mixed aqueous

targets which contained both thorium and uranium. Relevant target information is

summarized in Table 3.1 (end of chapter), including target labels, fissionable mass

content and concentrations. In addition to the aqueous targets, a series of low-mass

oxide matrix targets were created by mixing uranium oxide and thorium oxide with

sand (silicon dioxide) to produce a similar series of sand or oxide targets. In sim-

ilar fashion to the aqueous targets, six pure uranium targets and six pure thorium

targets were created, as well as four mixed oxide targets which contained both tho-

rium and uranium content. The oxide target information is summarized in Table 3.2

(end of chapter), including target labels, fissionable mass content and concentrations.

Note that the oxide targets provide a slightly wider mass range for consideration, as

compared to the aqueous targets.

It is worthwhile to note that several general issues were observed with the targets

throughout the experimental campaigns. First, there was some experimental incon-

sistencies with target measurements which were determined to be attributable to un-

even fissionable material distribution within the targets. This was initially observed

in the aqueous targets, particularly in the higher mass targets, where expected sig-

nals measured significantly lower than anticipated, based on previous measurements

and calculations, and varied under repeated measurements. The issue was identified

as incomplete dissolution of the fissionable material within the target, likely due to

settling or salting when the target sat or remained unused for long periods of times.

Simply agitating the targets to ensure dissolution before the experimental collections

resolved the issue and variance between repeated target runs, even with months be-

tween experimental campaigns, became minute. A single exception was the with the

aqueous target labeled Th-2, which eventually failed and began to leak (thorium ‘salt’

was discovered on the exterior of the container in storage), forcing target removal.
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Further inspection of the container revealed what appeared to have been a minor

manufacturing defect (likely a pinhole or perhaps a thin spot), which then led to the

container failure. It is likely that the solution chemistry which allowed the thorium

to begin to salt out and would have been acidic, attacked this defect and degraded

the surface. All other containers were inspected, but no other issues were noted;

no further container degradation has since been observed in the series. In addition

to the noted issues with fissionable material dispersion within the aqueous targets,

some issues were observed with the oxide series as well. Due to the nature of the ox-

ides, there was concern about obtaining even distributions of the fissionable material

within the sand matrix, especially given that the particle sizes were different. Early

experimental work looked for indications of issues (utilizing signal yield, yield will

be discussed in the following results chapters); some distribution issues were noted.

Namely, in some of the early results, the observed target yield was noted to vary with

target placement; the simple rotation of a target could alter the yield by significant

amounts (10’s of percents). The variance was quickly attributed to settling of the

fissionable oxide, allowing the material to collect against a single wall or the bottom

of the target can; rotating the target adjusted the overall target fission rate and the

detected signature as the amount of fissionable material directly in the beam was

varied. Awareness of the potential for uneven distribution largely solved the issue.

By adequately mixing the target prior to use, the issue was largely resolved; however,

some of the early results obtained did not account for this, and the overall target

yields thus reflect this. In the later target studies, as for the aqueous targets, incor-

porating systematic target agitation before the interrogations seemed to alleviate any

data inconsistencies attributable to uneven fissionable mass distributions within the

targets.

3.4 Experimental Geometry II

The combined signatures’ experimental campaigns utilized the same accelerator

and similar beam parameters for interrogation as for Experimental Geometry I, but

employed much longer separation or stand-off distances. The experimental setup
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Figure 3.3: An overhead view of the experimental setup utilized for the combined
signatures studies.

is summarized in the schematic shown in Figure 3.3. The neutron response was

measured utilizing the series of six moderated 3He neutron detectors (MHNDs), which

were arrayed around the interrogation target, with three detectors placed to either

side of the target at a distance of 122 cm from target center to detector center; the

MHND specifics were discussed in Section 3.1.

A series of five bismuth germinate (Bi4Ge3O12 or simply BGO) detectors were

also deployed to detect γ-ray signatures of the targets. The BGO detector array

was heavily shielded and placed at a back angle to the forward beam direction, as

illustrated in Figure 3.3, an overhead schematic of the setup. The BGO detectors

were housed in individual channels inside of a large borated polyethylene block which

served primarily to provide shielding from the large active neutron background of the

acquisitions. Each channel of the polyethylene was lined with 5.08 cm thick lead rings,

and the BGO detectors were placed inside, with the face of the detectors in direct

line of site to the target location. The lead rings served to provide shielding of the

BGO detectors from photons arriving from directions other than the target location

and thus to reduce the measured (non-target) γ-ray background rates attributable
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Figure 3.4: A representation of the shielding array utilized for the BGO γ-ray detec-
tors in the combined signatures studies. The large rectangular borated polyethylene
structure housed cylindrical slots for 2” thick lead rings into which individual BGO
detectors are fitted.

to the environment; the BGO detectors were set back inside of the lead rings by 3”

to provide collimation. This shielding array is illustrated in Figure 3.4. To further

reduce the undesirable radiation effects on the detectors, the entire array was then

wrapped in an additional 10.16 cm of lead on all sides except for that facing the

targets (i.e. the side containing the detector faces), and an additional 10.16 cm

of borated polyethylene blocks on all sides including the detector faces. Additional

shielding walls (not illustrated) were constructed to further shield the γ-detector array

from direct view of the end of the accelerator and the radiator, in order to shield the

BGO array from view of the electrons impinging on the radiator; these shielding walls

consisted of lead and concrete.

Neutron signals were recorded exactly as for the previous measurements, Experi-
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mental Geometry I. Photon time and energy information was recorded for each of the

BGO detectors using a multi-parameter data acquisition system. Each detector sig-

nal was processed through a spectroscopy amplifier (and corresponding pre-amplifier)

and input to an ADC (analog-digital-converter) read out by the computer controlled

data acquisition system. The ADCs (and thus the gamma detectors) were triggered

by each accelerator gun pulse; data was collected in an event-by-event mode (list

mode) which recorded the time stamp and energy information of each incident pho-

ton, allowing for significant post-processing options for analysis. The BGO detectors

were uniformly gated off for a set time window of 6 msec in order to mitigate any

data acquisition during the recovery period immediately following the large photon

flash on the target, when the detectors might initially be saturated. Results were thus

acquired between photon pulses and summed over many accelerator pulses. The ma-

jority of the experiments were conducted at an accelerator repetition rate of 7.5 Hz,

resulting in a total time window of ∼133 msec between photon pulses. The timing

structure is thus as was shown in Figure 3.2.
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Table 3.1: Description of experimental 232Th and 238U aqueous targets.

Target 232Th Mass 238U Mass Concentration Relative Relative

(g) (g) 232Th 238U
232Th-1 9.8 0.0 0.95% 100% 0%
232Th-2 18.1 0.0 1.7% 100% 0%
232Th-4 37.9 0.0 3.5% 100% 0%
232Th-5 59.6 0.0 5.2% 100% 0%
232Th-7 83.4 0.0 7.0% 100% 0%
232Th-9 109.7 0.0 8.7% 100% 0%
238U-1 0.0 10.0 0.98% 0% 100%
238U-2 0.0 16.2 1.6% 0% 100%
238U-3 0.0 33.6 3.1% 0% 100%
238U-5 0.0 52.2 4.7% 0% 100%
238U-6 0.0 72.3 6.3% 0% 100%
238U-8 0.0 94.0 7.8% 0% 100%

Mixed-A 11.4 30.8 3.9% 27.0% 73.0%

Mixed-B 23.4 31.7 4.9% 42.5% 57.5%

Mixed-C 32.5 21.1 4.8% 60.6% 39.4%

Mixed-D 34.6 10.4 4.1% 76.9% 23.1%
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Table 3.2: Description of experimental 232Th and 238U silicon oxide (sand) targets.

Target 232Th Mass 238U Mass Concentration Relative Relative

(g) (g) 232Th 238U
232Th-0.5 8.25 0.0 0.5% 100% 0%
232Th-1 16.59 0.0 1.0% 100% 0%
232Th-2 33.56 0.0 2.0% 100% 0%
232Th-4 68.73 0.0 4.0% 100% 0%
232Th-6 105.61 0.0 6.0% 100% 0%
232Th-8 144.34 0.0 8.0% 100% 0%
238U-0.5 0.0 8.25 0.5% 0% 100%
238U-1 0.0 17.21 1.0% 0% 100%
238U-2 0.0 34.81 2.0% 0% 100%
238U-4 0.0 71.35 4.0% 0% 100%
238U-6 0.0 109.74 6.0% 0% 100%
238U-8 0.0 150.14 8.0% 0% 100%

Mixed-A 21.17 84.66 6.0% 20.0% 80.0%

Mixed-B 42.31 63.47 6.0% 40.0% 60.0%

Mixed-C 63.43 42.29 6.0% 60.0% 40.0%

Mixed-D 84.54 21.14 6.0% 80.0% 20.0%

Table 3.3: Summary of experimental 239Pu and 235U targets in oxide (sand).

Target Mass
239Pu 2.0 g
235U 2.73 mg



Chapter 4

Delayed Neutron Results:

Detection and Identification

This chapter begins the review of the experimental results achieved. The results

presented in this chapter will focus on the delayed neutron signature, investigated

through the use of the series of low–mass aqueous and oxide targets summarized

at the end of Chapter 3. These results were obtained primarily through compact

detector configuration around the target, in order to maximize the signal to noise

response. It is appropriate to begin first by analyzing how the delayed neutron signal

is defined.

4.1 Delayed Neutron Time Response

As noted in Figure 3.2 from the preceding chapter, the accelerator gun pulse marks

the t = 0 position in our experiment. Consider now the detector response as a function

of time after the incident bremsstrahlung pulse, Figure 4.1, where the detector is the

array of six MHNDs and results are summed over many accelerator pulses. The yield

responses are shown for three targets, two targets containing fissionable material, 238U

or 232Th, and a pure water target utilized for an active background measurement;

responses for each target have been normalized by the time bin width and the total

charge incident on the radiator, as a proxy for the bremsstrahlung intensity.

53
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Figure 4.1: The detector response, indicating neutron yield, as a function of time
after the incident bremsstrahlung pulse, t = 0. The data shown were recorded for
∼300 s per target with beam parameters of 16 MeV and 7.5 Hz, with the results
summed over all accelerator pulses. Results for each target have been normalized by
the time bin width and the total charge incident on the radiator as a proxy for the
bremsstrahlung intensity.

Even when only relatively small amounts of fissionable material are present, the

neutron response is elevated for long periods of time. The actinide targets shown in

Figure 4.1 contain only ∼100 grams of material, and yet the responses remain elevated

by at least three orders of magnitude above that of the pure water target throughout

the entire time collection shown, extending to 133 ms or the end of the window

defined by the accelerator pulse rate. In contrast, the yield falls rapidly for the non-

fissionable water target, dropping several orders of magnitude within the first few tens

of milliseconds; a factor of more than 4400 is observed between the water response

at just 0.6 ms as compared to 30 ms. The early time neutrons may be attributed to

fission as well as to additional reactions. The target and the surrounding environment

produce neutrons which then scatter back to the detectors, either directly or through

indirect processes such as scattered photons resulting in (γ,n) reactions in the case of

a non-fissionable target; these effects clearly fall away as the time from the incident

bremsstrahlung pulse increases. Note that the target containing only water is used
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Table 4.1: Summary of the delayed neutron yield results shown in Figure 4.1.

Target Fissionable Mass Yield Comparison to Pure

H2O Target

(g) (nC−1) (factor)

1 L H2O – (4.851± 4.222)×10−4 –

Th-5 109.7 g 232Th 2.799 ± 0.127 5751

U-5 94.0 g 238U 6.480 ± 0.194 13358

as an active background target for all of the aqueous solutions in these studies.

This distinct time–response of the neutrons may be exploited. By selecting an

appropriate time window over which to sum the neutron counts, one may form a

raw yield signature. In the case shown, selecting a delayed time region from 30 ms

and beyond is appropriate, as the background signal indicated by the pure water

target has subsided to near–passive rates; summing from 30 ms forward to just prior

to the next accelerator pulse forms the raw delayed neutron yield. The yield values

obtained for the targets shown in Figure 4.1 are summarized in Table 4.1. The delayed

neutron yield constitutes the basis of this signature of fission, and is used as defined

here throughout the remainder of this work.

This elevated raw yield may itself be used as a signature to detect the presence of

fissionable materials. In the case of the targets shown in Figure 4.1, the fissionable

yields are more than 5700 (232Th) and 13300 (238U) times the equivalent active back-

ground yield value obtained; more than three orders of magnitude greater. Although

this result clearly represents detection of the presence of fissionable material in the

system, more sophisticated methods may also be formed.

4.1.1 Repetition Rate

Section 2.3.4 showed the optimal delayed neutron window to be half of the to-

tal available acquisition time window determined by the accelerator repetition rate

(Equation 2.41, page 33). This indicates that for the experimental campaigns a higher
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repetition rate could be used – for the case of tcut = 30 msec this would indicate a max-

imum repetition of ∼16 Hz, nearly doubling the tolerable accelerator pulses within a

defined interrogation time window. A lower repetition rate was selected for several

reasons. First and foremost were considerations of the length of the discard window

(i.e. the prompt window); if higher bremsstrahlung energies or greater beam current

was desired for later portions of the experimental campaign, then the width of the cut

window might need to be increased accordingly. In that case, the remaining signal

window and accompanying count statistics might then prove impractical for analysis.

As the risk of this potential was unknown, it was much more prudent to err on the

side of experimental caution and utilize a lower repetition rate, in order to incorpo-

rate tolerance; however, given typical environmental neutron behavior, it is unlikely

that the discard window length would need to increase by more than an additional

∼10 ms – the undesirable effects have a limited lifetime. Even in environments with

higher bremsstrahlung energy resulting in material activation with significant (γ,n)

contributions, the greatest potential cause for extending the time cut, it is unlikely

that these contributions would survive longer than several tens of milliseconds.

More significantly, a longer time window enables greater acquisition of the delayed

signature at late times far from the fission event. This allows for better fitting of the

delayed neutron time series, which will be discussed in later sections. As this fitting

was of primary concern for isotopic identification, incorporating the late time data

proved of great benefit. The utilization of a longer time window, extending the count

region to >∼80 msec, enables more accurate inclusion of the long-lived Group 1

delayed neutron precursor contributions. It can be noted from Table 2.1 that the

Group 1 α-values differ by nearly a factor of three for 232Th (0.0496 ± 0.0007) as

compared to 238U (0.0170 ± 0.0004), as defined by Kinlaw’s Ph.D. dissertation, [9];

this indicates significant variation in the contribution rates to the long-lived group for

these materials of interest. Inclusion of all of the delayed neutron group information

differences allows for greater certainty in the isotopic identification. A repetition rate

of 7.5 Hz was therefore utilized for the experimental campaigns. This selection of

repetition rate also allows for direct comparison of the data which resulted from the

combined signatures campaign, the results of which are the subject of Chapter 5.
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Further considerations for potential application of the signature may benefit from

additional investigation of the improved signal strength likely obtainable with in-

creased accelerator repetition rate; additional reading of relevant work which directly

investigated signature effects due to repetition rate would be strongly suggested [9,93].

Certainly, applications which might utilize a high repetition rate and short interroga-

tion time window for initial screening, followed by lengthier interrogation at a lower

repetition rate for characterization of any targets of further interest could be imag-

ined to be a foreseeable interrogation structure. However, for the research purposes

of this work a single repetition rate was maintained for all results.

4.2 Mass-Yield Relation

A significant consideration when forming any signature of fissionable material is

whether it is reliable to quantify the amount of material present upon detection. The

potential for reabsorption of neutrons within the target itself exists and such effects

could pose serious consequences for material quantification. To examine this, the

series of varying mass targets were further investigated at two of the bremsstrahlung

end–point energies, 11 MeV and 16 MeV. The results are presented in Figure 4.2 and

Figure 4.3. All data was collected at a repetition rate of 7.5 Hz and results were

recorded on each target for a period of ∼ 5 minutes; these parameters were selected

to represent a reasonable inspection time, while providing sufficient time between

accelerator pulses to collect an optimal signature. Delayed neutron time regions were

selected to be 30 ms and beyond.

Figure 4.2 illustrates the results for the aqueous uranium and aqueous thorium

target series at two inspection energies of 11 MeV and 16 MeV. All yields are formed

by integrating the neutron rates, like those presented in Figure 4.1, for the delayed

region of 30 ms and beyond, are normalized to the total acquisition accelerator charge,

and are active background subtracted. In all cases, the yield responses shown as a

function of the fissionable mass present in the target appears to be highly correlated

to the mass. Least squares linear regressions were obtained for each target series

at each energy, and the fits are indicated in the figures; the fits show very little
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Figure 4.2: The delayed neutron yields shown as a function of fissionable target
mass for two target materials, 238U and 232Th, in aqueous solution. The yields were
investigated for the targets at (a) a bremsstrahlung beam end–point energy of 11 MeV
and (b) a bremsstrahlung end–point energy of 16 MeV.
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Figure 4.3: The delayed neutron yields shown as a function of fissionable target mass
for the two given series of target material, uranium oxide and thorium oxide, in silicon
oxide (sand) matrix. As for Figure 4.2, yields were investigated for the targets at (a)
a bremsstrahlung beam end–point energy of 11 MeV and (b) a bremsstrahlung beam
end–point energy of 16 MeV.
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discrepancy. The linear regression values obtained are summarized in Table 4.2.

Figure 4.3 illustrates the results for the second target matrix, silicon oxide, or sand.

As for Figure 4.2, the responses are shown for two target mass series, uranium oxide

and thorium oxide, at the two inspection energies, bremsstrahlung beam end–point

energies of 11 MeV and 16 MeV. As compared to Figure 4.2, there is slightly more

scatter observed in the individual mass yield points for the mass range, however

there is still very high correlation observable between the measured yield responses

and the target masses. Additionally, the oxide data indicated represents some of

the earliest experimental silicon oxide results obtained; thus, awareness of the issues

due to fissionable material distribution within the target was limited (discussed in

Chapter 3). Much of the scatter observed in Figure 4.3 is likely attributable to an

uneven distribution of fissionable material within the target. Least squares linear

regressions were obtained for each of the target series at each energy, and the fits

are also indicated in the figures. The R2 -values obtained again indicate very strong

correlation between the fissionable oxide target masses and the yields obtained. The

linear regression values obtained are again summarized in Table 4.2.

In this target mass region of interest, there is no appreciable self-attenuation of the

neutron signature, and delayed neutron signals form a strong candidate for fissionable

mass quantification. Note however that the linear response rate is dependent on

both the probing beam energy and on the fissionable material of interest. The yield

responses are stronger at the higher 16 MeV beam energy for both uranium and

thorium independent of the target matrix, i.e. as compared to their respective 11 MeV

responses; this is to be expected. As the photofission cross–section is greatly increased

for both materials from 11 MeV to 16 MeV, it follows that the fission rate of the target

material will be increased and thus that the delayed neutron production rate would

also be greatly increased. The dependence of delayed neutron yield on the probing

energy will be discussed further in the next subsection.

Also of note in Figures 4.2 and 4.3 are the relative differences in observed delayed

neutron production rates between the uranium and thorium targets. The materials

have distinguishable rate responses which are correlated to the specific isotopes, as

indicated by Equation 2.33. This will be further investigated during the discussion
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Table 4.2: Summary of the least squares linear fits shown in Figures 4.2–4.3.

Target Intercept Slope Error R-value

nC−1 · g−1 nC−1 · g−1 nC−1 · g−1

11 MeV

Th: H2O Targets (5.37± 3.45)×10−3 3.93× 10−3 5× 10−5 0.9993

U: H2O Targets (8.07± 2.90) ×10−3 8.05× 10−3 5× 10−5 0.9998

16 MeV

Th: H2O Targets (2.61± 1.51) ×10−2 2.50× 10−2 2× 10−4 0.9997

U: H2O Targets (6.75± 4.19) ×10−2 6.85× 10−2 7× 10−4 0.9996

11 MeV

Th: Oxide Targets (1.16± 0.79) ×10−2 4.67× 10−3 8× 10−5 0.9982

U: Oxide Targets (3.83± 7.70) ×10−2 8.80× 10−3 8× 10−5 0.9649

16 MeV

Th: Oxide Targets (−1.25± 2.55) ×10−1 3.70× 10−1 3× 10−3 0.9715

U: Oxide Targets (2.34± 1.66) ×10−1 7.71× 10−1 3× 10−3 0.9878
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in later sections regarding the isotopic specificity of signatures.

4.3 Yield as a Function of End Point Energy

The response of the target series may next be considered as a function of changing

bremsstrahlung end–point energies. The previous section illustrated the rate differ-

ences which result from the two different end–point energies of 11 MeV and 16 MeV.

As the photofission cross section changes as a function of energy (i.e. Figure 2.2,

page 13), investigating responses for many beam energies allows one to probe this

dependency. However, the probing bremsstrahlung beam will have an associated dis-

tribution of photon energies; results will therefore be a convolution of the effects of

the cross section energy dependence and the probing energy spectrum.

Figure 4.4 shows the recorded delayed neutron yields for a number of bremsstrahl-

ung end–point energies from ∼6 MeV to 19 MeV, for two subsets of targets, in the

aqueous and oxide matrix. For each of the aqueous and oxide target sets, a uranium

and thorium target were selected along with the corresponding active background

target for all measurements of interest. Each spectra was recorded for ∼ 5 minutes

and the delayed neutron response results summed. An overall increase in yields is

observed in the target responses with increasing probe energy. The fissionable tar-

get yields rise rapidly, increasing approximately two orders of magnitude per target

response from 7 MeV to 15 Mev, until they begin to plateau. Again recalling the

photofission cross section, this increasing fission response is an expected result; as

the end–point energy continues to rise beyond the photofission cross section peak, an

increased fraction of the resultant bremsstrahlung photons are able to induce fission,

and the overall probability and therefore the rate of observed fission events increases.

In contrast, the background target would be expected to remain fairly stable, per-

haps rising slowly with energy given the increased probabilities of additional reactions

such as photoneutron production or activation of materials in the surrounding envi-

ronment, which may then interfere via artificial signals. However, the results clearly

illustrate that the active background yield begins to rise above 16 MeV, the response

increase dramatic. A secondary reaction which is specific to the background target(s)
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Figure 4.4: The delayed neutron yields as a function of the bremsstrahlung end–
point energy, for (a) the aqueous targets and (b) the silicon oxide (sand) targets.
The bremsstrahlung end–point energy was varied from ∼7 MeV to 19 MeV; data was
recorded for each target for a 5 minute inspection at 7.5 Hz. A pure water target
and a pure sand target were utilized as respective active background targets for all
measurements of interest.

seems highly likely, contributing to the delayed neutron yield in the high-energy re-

sults; this is indeed the case.
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4.3.1 Background Increase Due to Oxygen

The 17N isotope is a delayed neutron precursor with a half-life of 4.17 seconds. This

is produced by the 18O(γ, p)17N reaction, which has a threshold energy of 15.9 MeV;

as the end point energy of the electron beam increases, more of the bremsstrahlung

photons have enough energy to initiate this reaction and oxygen containing targets

will begin to contribute increasing neutrons to the signal, which may interfere with the

delayed neutron signature from fissionable isotopes. Oxygen contains only∼0.2% 18O,

and a distribution of photon energies exists rather than a monoenergetic interrogation

beam energy; the contributions will therefore begin to increase at beam energies above

the threshold but may only become pronounced at higher interrogation energies. As

the interrogation energy increases to the higher beam end point energies, a significant

increase in the production of the 17N delayed neutron precursor should be expected.

This complicates the observed delayed neutron response due to fission isotopes. As

the interrogation energy increases to the higher beam end point energies, a significant

increase in the delayed neutron fission signature should also be expected, relative to

the observed signal at lower energy.

Figure 4.5 illustrates the overlap of the photofission cross section for two fission-

able isotopes, 232Th and 238U, with the simulated bremsstrahlung photon distribu-

tion shown for three relevant electron end point energies, 11, 16, and 19 MeV; the

bremsstrahlung distributions were calculated with MCNP approximating the radia-

tor setup. At 11 MeV the photofission cross sections are already reasonably large,

and delayed neutrons can be utilized as a signature of fissionable materials within a

target; however, the intersection of the bremsstrahlung photon distribution and the

photofission cross section has not yet been maximized. The delayed neutron pro-

duction will continue to rise as the electron beam energy is increased, due to the

increasing photofission events. As the rise to higher beam energies continues, addi-

tional reaction paths will begin to turn on, competing with the desired photofission

reactions or simply producing additional detectable reaction products; the distinct fis-

sion signature formed through delayed neutrons will become obscured and no longer

be identifiable. The 17N reaction is an example of such a case. The time–dependence
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Figure 4.5: The 238U and 232Th photofission cross sections shown alongside the cal-
culated bremsstrahlung photon spectra for three different beam end point energies,
11 MeV, 16 MeV and 19 MeV. The differences in overlap are reflected directly by dif-
ferences in photofission rates, experimentally observed through differences in delayed
neutron production rates in the targets of interest, as observed in Figure 4.4.
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Figure 4.6: The measured delayed neutron rate responses shown for (a) 16 MeV and
(b) 19 MeV for aqueous 238U and 232Th solutions and for a pure water target, utilized
for active background. The values shown in Table 4.3 summarize the pertinent total
delayed neutron yields obtained.
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Table 4.3: Summary of the 16 MeV and 19 MeV delayed neutron yield results shown
in Figure 4.6.

Target Fissionable Mass Yield Comparison to Pure

H2O Target

(g) (nC−1 · sec−1) (factor)

16 MeV

1 L H2O – (4.852± 0.406)×10−4 –

Th-5 59.6 g 232Th 1.364 ± 3× 10−3 2811

U-5 52.2 g 238U 3.237 ± 3× 10−3 6671

19 MeV

1 L H2O – (2.242± 0.025)×10−2 –

Th-5 59.6 g 232Th 2.586 ± 3× 10−3 115

U-5 52.2 g 238U 6.134 ± 4× 10−3 273

behavior observed in Figure 4.6(a) shows the response of several targets at 16 MeV.

Contrasting this to the results of 19MeV, Figure 4.6(b), there is much less distinc-

tion between fissionable target yields and non-fissionable target yields at these higher

energies; the delayed neutron yields shown are summarized Table 4.3, which makes

the comparison clearer. Although the total yield has increased by moving to higher

energy, the ability to draw conclusions about the target is reduced. For example, the

total yield from the fissionable aqueous targets is increased by a factor of ∼2 between

16 MeV and 19 MeV, however, the background target yield has increased by a factor

of nearly 50. Thus, at the lower 16 MeV probe energy, the delayed neutron yield

due to the 238U target was a factor of more than ∼6671 times the active background,

but at the higher 19 MeV energy, the 238U target yield is now only 273 times higher

than the active background. This greatly increased background level jeopardizes the

potential for the detection of small amounts of material. As the detection threshold

is determined by the ability to separate elevated responses due to fissionable material

from background levels, this reduced separation challenges that process. The higher
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probe energies are thus not ideal for interrogation.

This is further illustrated in Figure 4.7, which shows the delayed neutron response

as a function of energy for the two very low-mass fissile material targets, 239Pu and
235U in sand.

6 8 10 12 14 16 18 20

10-4

10-3

10-2

10-1

Fissile
Targets

Background
(Sand)

235U

 

 

D
el

ay
ed

 N
eu

tro
n 

Yi
el

d 
(n

C
-1
)

Energy (MeV)

239Pu

Figure 4.7: The delayed neutron response as a function of the bremsstrahlung end
point energy for two very low-mass fissile targets, 2.0 g of 239Pu in sand and 2.73 mg
of 235U in sand; the pure sand target utilized as an active background is also shown.
The bremsstrahlung end point energy was varied from ∼7 MeV to 19 MeV; data was
recorded for each target for a 5 minute inspection window at 7. Hz.

The plutonium target is clearly detectable, as the measured signal is nearly two

orders of magnitude above the active background yields at all but the highest 19 MeV

bremsstrahlung end point energy; as illustrated, even the 2 grams of material present

is quite apparent. In contrast, the much smaller fissile mass 235U target is clearly

more difficult to detect; note that the target contains only 2.73 mg of 235U. At low

probe energies, there is not a distinguishable separation of the uranium target and

the measured background rates; the targets are well within the measured errors of

each other. At 15 MeV and 16 MeV, the measurements appear to become distin-

guishable from the active background target yield; the yield is a factor of just 1.199

or 3.478σ above active background at 15 MeV, and a factor of just 1.249 or 4.461σ
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above active background at 16 MeV. These values are distinguishable from the active

background sand target, but just barely, and might be likely to fall within systematic

error tolerances. At the highest probe energies the separation between the targets

is again reduced, due to the increasing background effects. Large masses of non fis-

sionable material may result in an even higher background rate, further reducing the

separation between a background signal and small fissionable masses of interest.

4.3.2 Conclusions Regarding End Point Energy

Consideration of the tradeoff between increased desired photofission signal and in-

creased background signal is paramount, particularly if designing towards a detection

system with the anticipated ability to induce a true or false conclusion regarding the

presence of fissionable material in the target, i.e. real–world threat detection. Indeed,

it is perfectly reasonable to infer that a large enough non fissionable target could have

an equally observed signal to that of a small fissionable mass target; this would then

result in a false positive detection by the system. Conversely, if a detection system

threshold is set too high in attempting to avoid these issues, then false negative results

may be unintentionally allowed. A discussion of detection threshold related aspects

of a system will be presented in the following Minimal Detectable Mass subsection.

Given the initial end dependence results, it is worthwhile to highlight several re-

garding key inspection parameters. First, with respect to timing, the representative

five minute interrogation window and 7.5 Hz repetition rate utilized clearly can result

in a suitable signal and reasonable statistics for the purposes of material detection.

Having reviewed the results for several interrogation energies, it is apparent that if

the beam energy is too low, then the differential fission signature rate will be insuf-

ficient to produce conclusive target evidence; although increasing the interrogation

window could potentially overcome this, for this case it is instead optimal to utilize a

higher beam energy. Given the results of the end point energy target studies, a lower

threshold of 11 MeV may be defined as a suitable parameter for the given inspection

constraints. Similarly, in order to avoid the complications introduced by the use of

higher end point energies, a maximum recommend energy of 16 MeV may be defined
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for the remaining work.

4.4 Minimal Detectable Mass: Results

The delayed neutron yield has been shown to be a signature capable of detecting

gram–level amounts of material of interest, including uranium, thorium, and pluto-

nium, as demonstrated by the preceding experimental results. Given the demon-

strated detection capability of even the very low mass (2.73 mg) 235U target, it is

apparent that this delayed neutron signature might be utilized to detect very minute

amounts of material of interest. The minimal detectable mass results from Chapter 2

may be utilized to consider the detection limits of the system.

The detection limit discussion of Chapter 2 concluded with a relation of a mea-

sured signal response to mass and a result which was normalized to account for the ac-

tive inspection response of the signature of interest, Equation 2.54. It was noted that

for photofission, this normalization factor would be equivalent to the bremsstrahlung

flux, as that has direct affect on the fission rate and thus on delayed neutron signal

production. Further, the delayed neutron yield response has been demonstrated to

be linearly proportional to target fission mass in the mass region of interest. In these

experimental campaigns, the averaged accelerator charge on the radiator is utilized as

a proxy for the bremsstrahlung flux. Thus for experimental parameters which result

in an average charge Q, the minimal detectable mass may be defined as,

mmin =

(
dY

dm

)−1

[LD]

=

(
dY

dm

)−1 [
k2

Q
+ 2

√
2k

σB

Q

]
.

(4.1)

It is important to again highlight that the minimal detectable mass depends only

upon the fluctuations in the background. In the case of delayed neutrons, it can be

easily understood that a well-characterized interrogation construct which allows for

paired measurements with limited background interferences would lend much stronger

detection capabilities than a poorly studied system for which the potential background

contributions and fluctuations were not well understood. A very well-known system
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with low background and minimal deviations in the background signatures would be

expected to have a much lower minimal detectable mass than a system with very

high background levels and much higher deviations; the background within a system

environment directly affects the capability of the system to detect extremely small

masses of interest.

The minimal detectable mass can be calculated using Equation 4.1 and the mea-

sured yield response values of any known mass target. For the minimal detectable

mass calculations and results presented here, operational parameters of ∼ 100 nC of

charge per pulse for a 300 s inspection time at 7.5 Hz were selected. The calculated

MDMs for each target are shown as a function of inspection energy in Figure 4.8 for

(a) aqueous targets (b) for silicon oxide (sand) targets containing either 238U or 232Th.

The aqueous and silicon oxide targets are again treated as distinct sets in order to

compare the fissionable detection capabilities.

A minimum in the detection limits is observed across all targets at the mid-range

energy values. Increasing the inspection energy from 7 MeV to 16 MeV decreases

the minimal detectable mass, or MDM, for all materials of interest. The aqueous

uranium target for example decreases from 315.1 mg at 7 MeV to 3.70 mg at 16 MeV,

a factor of more than 85. The aqueous MDM values decrease slightly more as the

energy increases to 17 MeV (3.30 mg, ∼ 10%) before rising rapidly with increasing

energy. This upturn in values, as for all of the target MDMs, is due to the increasing

background effects, the 18O(γ,p)17N reaction previously discussed. In contrast, the

silicon oxide uranium target has a minimal detectable mass minimum at 16 MeV of

2.87 mg, versus 155.5 mg at 7 MeV, a decrease by a factor of only 17.5.

For the subset of targets of interest here, the thorium targets have a greater MDM

value than the companion uranium targets, and the oxide MDMs are smaller than the

corresponding aqueous targets. The variations in the MDM values is a direct result

of the differing yield to mass responses of the target sets. The uranium targets have

a stronger yield to mass response, that is, the increase in the yield due to increasing

target mass is greater for uranium targets than for thorium targets, as observed in

Figures 4.2 and 4.3. This results in slightly improved sensitivity of uranium targets

as compared to thorium targets. Similarly, the silicon oxide target response are
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Table 4.4: Summary of the calculated minimal detectable masses obtained, shown in
Figure 4.8.

Target Inspection Minimal Detectable

Energy Mass

(MeV) (mg)
232Th (H2O) 7 MeV 348.8 mg

11 MeV 35.23 mg

16 MeV 9.969 mg

17 MeV 9.040 mg

19 MeV 34.42 mg
238U (H2O) 7 MeV 315.1 mg

11 MeV 17.29 mg

16 MeV 3.679 mg

17 MeV 3.298 mg

19 MeV 12.65 mg

232Th (sand) 7 MeV 192.2 mg

11 MeV 25.35 mg

16 MeV 7.97 mg

19 MeV 28.13 mg
238U (sand) 7 MeV 155.5 mg

11 MeV 12.69 mg

16 MeV 2.870 mg

19 MeV 8.884 mg
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Figure 4.8: The calculated minimal detectable masses are shown as a function of
the interrogation energy for (a) the aqueous targets and (b) the silicon oxide (sand)
targets. Table 4.4 summarizes the minimal detectable mass values obtained. The
calculations assumed experimental parameters of 7.5 Hz repetition rate with∼ 100 nC
charge per pulse for a 5 min inspection. The notable upturn at high energies is due
to a competing background reaction and is discussed in detail in the text. The
optimal operating energy was chosen to be 16 MeV where the detection thresholds
are 9.970 mg for aqueous 232Th, 3.679 mg for aqueous 238U, 7.970 mg for oxide 232Th,
and 2.870 mg for oxide 238U.
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improved as compared to the aqueous responses, directly comparable using the least

squares fit data summarized in Table 4.2. The stronger moderation of the neutrons

within a water target results in decreased detection efficiency and thus decreased

measured yield as compared to a silicon oxide target, and the MDM value is inversely

proportional to dY /dm. The stronger yield response to target mass therefore results

in decreased detection limits, and thus a lower minimal detectable mass is observed

in the oxide targets as compared to the aqueous targets.

The optimal operating energy was chosen to be 16 MeV where the detection

thresholds are 9.97 mg for aqueous 232Th, 3.70 mg for aqueous 238U, 7.97 mg for oxide
232Th, and 2.87 mg for oxide 238U. To clarify, these values conclude that the system

and configuration utilized has a 95% probability of detecting a mass at this limit. In

the case of the aqueous targets, this represents detection limits of 768 ppb 232Th and

278 ppb 238U. Although these values are incredibly low, it is reasonable to expect

very sensitive detection capabilities for this system, given the very close experimental

setup; the geometry utilized for these experiments is in large part responsible for

the incredible sensitivity, and care must be taken that false conclusions regarding

detection capabilities are not universally extrapolated. It is important to remember

that these results are specific to the background measurements obtained and thus

to the environment and experimental geometry of the measurements. The second

experimental results chapter will focus on signature capabilities at greater stand off

distances which more closely resemble real-world constraints for applications such as

cargo inspection.

These detection limits clearly indicate the potential for successful application to

the detection of materials. However, for many potential applications, material origin

or attribution is desirable. This requires material identification; the previous ap-

proaches have not shown isotopic preference. Having identified a detection approach

and quantified the potential limits to the detection capability, the experimental fo-

cus may now shift to the identification of the the materials detected, or of means of

isotopic specificity of the target.
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4.5 Isotope Specificity

The ability to detect nuclear materials is of principle concern, but beyond detection

lies a principle desire to identify the material. Determining the isotopic specificity of

an interdicted material has implications for origination determination or for informed

decisions regarding the potential use intent of materials. Alternate potential scenarios

such as material control or accountability may require explicit material composition

information in addition to detection. Additionally, many post–detonation nuclear

forensics capabilities rely first and foremost on isotopic content identification. The

ability to improve rapid isotopic content identification capabilities, even in deter-

mining coarse content estimates for principle sample isotopics, is therefore of keen

interest. Thus, beyond the established use of delayed neutron signatures to detect

fissionable material, the application of delayed neutrons to the identification of nu-

clear materials is of significant interest; specifically, reference to identification for the

remainder of this work will refer to the ability to identify isotopic content information

about a target.

It is clear that the fission fragment distributions are unique to the fissioning sys-

tems or isotopes from which they originate, and thus the differences in the delayed

neutron precursor distributions will be as well. Indeed, if the distribution differences

are observable, then it should be expected that distinct temporal behaviors, distin-

guishable for isotopics, may be utilized to form a robust signature. Reexamining

the time–response behavior as for the first results from the start of this Chapter,

Figure 4.1, the detector responses to different fission isotopes, highlights additional

information which may be utilized to form a more sophisticated signature.

4.5.1 Linearized Yield

Figure 4.9 illustrates the time response for two fissionable isotope targets, with

behavior as for that shown in Figure 4.1, but utilizing smaller target masses, ∼50 g.

Each measured response has been normalized by the initial rate response at t = 0,

resulting in a common y-intercept of 1; the early time responses have been removed,
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Figure 4.9: The time–responses for two aqueous targets containing fissionable iso-
topes, 59.6 g of 232Th and 52.2 g of 238U. E from Figure 4.1 shown normalized to the
total signal yields. Each measured response is normalized by the total signal yield
resulting in a common y-intercept of 1; the early time responses have been removed
and the remaining results have been rebinned by a factor of 32 to improve the fitting
and visual acuity. Data was recorded for a minimum of 1800 sec at 7.5 Hz.

and the remaining results have been rebinned by a factor of 32 in order to improve the

fitting and visual acuity. The data clearly indicate linear rates of change in the yield

on the measurement time scale; simple linear regression fits have been performed for

each of the fissionable targets shown. The results of the regression fits obtained are

summarized in Table 4.5. The fissionable targets exhibit distinct linear rates, even if

it was not readily apparent in the initial time response view, Figure 4.1. As shown,

the uranium target has a faster decay than the thorium target. Again, although

this distinct isotopic time–response behavior is not surprising, the differences in the

measured rates is clearly illustrated; the linearized decay rates are separated by more

than 12.7σ̄ . The fissioning isotopes result in unique fission product distributions, in-

cluding the delayed neutron precursors, and thus in distinct delayed neutron emission

rates, characterized by the distinct decay rates observable. These linearized decay

rate values are incredibly strong indicators of the fissioning isotope(s) present in the

system. Examining the sand targets provides an independent data set which can be
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used to validate the results.

Table 4.5: Summary of the experimental 232Th and 238U linearized decay rate infor-
mation obtained for aqueous targets shown in Figure 4.9.

Target Decay Slope Error % Error

s−1 s−1

232Th 0.4252 ± 1.23× 10−2 2.90%
238U 0.6456 ± 8.1× 10−3 1.26%

4.5.2 Comparison to Calculated Decay Rates from Group

Parameters

The expected decay rate values may be calculated for any isotope from delayed

neutron group parameters by considering the response behavior of the delayed neu-

tron emissions utilizing group parameter representation, Equation 2.33, within the

acquisition time window. Delayed neutron group parameter values from a number of

literature sources were cited in Chapter 2, Table 2.1. The results for the calculated

decay rates utilizing group parameters from these sources are compared to the mea-

sured experimental values in Figure 4.10, treating the aqueous and sand targets as

independent sets.

The measured experimental results indicate correlation to previously reported

group parameter values. The indicated results show strong correlation between the

measured linearized decay rate and the group parameters from photofission efforts, the

results of Kull et al. and the results of Kinlaw. This is very logical, as the compound

nucleus states and resultant fission fragment distributions are likely to be much nearer

to these experimental studies than those of alternative neutron fission studies; the

measured delayed neutron parameters under photofission conditions are the strongest

against which to gauge the experimental linearized decay results. Although the results

of Brady and England [5, 6] appear to differ from the experimental results obtained,

error for the reference decay group group parameters are not reported; establishing
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the true separation between these responses is not possible. Also detrimental, the

Brady and England results are from emissions following neutron induced fission and

not photofission production.
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Figure 4.10: The calculated delayed neutron linear decay rates expected for a number
of group parameter representations, Table 2.1, for the two isotopes of interest, 232Th
and 238U. The measured experimental results for are shown for the aqueous targets
and the silicon targets, in close agreement. The experimental data was collected at
16 MeV at a repetition rate of 7.5 Hz for ∼75 minutes for each target; the results
are as for the linear decay rates in Figure 4.9 where least squares linear fits were
performed to determine the linear decay rates of the targets.

4.5.3 Further Linearized Decay Rate Results

Using the optimally selected interrogation energy of 16 MeV as defined in previous

results, further study was made on a subset of targets. Of interest are of course the

series of pure component and mixed or bi–component targets identified at the end of
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Table 4.6: Summary of the linear decay rate information obtained by least squares
linear regression for each of the aqueous mixed component targets and the single
component the 4.7% mass 238U and 5.2% mass 232Th targets. Data and the corre-
sponding regression fits are shown for the 238U, 232Th, Mixed B, and Mixed D targets
in Figure 4.11. Negative signs have been suppressed as the results are understood to
be decays and thus decreasing yield responses as a function of time.

Target 238U content Linear Decay Rate Error R2-Value

% λ : s−1 s−1 –

U − 5 100 0.6423 9.2× 10−3 0.9908

Mixed A 73.0 0.6309 1.25× 10−2 0.9826

Mixed B 57.5 0.6070 9.43× 10−3 0.9893

Mixed C 39.4 0.5870 9.95× 10−3 0.9872

Mixed D 23.1 0.5496 1.55× 10−2 0.9656

Th− 5 0 0.4287 1.23× 10−2 0.9645

Chapter 3. However, in order to be able to achieve good regression fits, long data

acquisition times are needed, typically on the order of 30 minutes or more. Although

much longer than is preferable for the detection of material presence, these acquisition

times are more tolerable for obtaining isotopic information of targets known to contain

fissionable material.

Figure 4.11 shows the results for the aqueous 238U and 232Th targets with two of

the bi-component targets, again normalized to a common y-intercept of 1. Results

were obtained for the full set of four mixed component aqueous targets, however,

results for two of the targets are withheld from the figure to ease visual identification

of the materials in the plot. Least squares fits were performed to determine the

linear decay rate of each targets. The accompanying Table 4.6 summarizes the linear

regression fit results for the mixed component aqueous targets.

As for the previous results, it is apparent that the uranium target has a faster decay

rate than the thorium target. For the mixed component targets, this effect dominates

as the content of uranium is increased; the decay rates accordingly increase for the

mixed targets with increasing uranium mass. Consideration of how the decay rates
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Figure 4.11: The normalized linearized delayed neutron responses shown for four
aqueous targets of interest, the 4.7% mass 238U target and the 5.2% mass 232Th
target, and two of the mixed targets containing differing combinations of 238U and
232Th, identified as Mixed B and Mixed D. Data was collected at 16 MeV at a
repetition rate of 7.5 Hz for ∼75 minutes; data has been rebinned by a factor of 32
to reduce statistical spread of the responses and improve the fitting. Results were
obtained for the full set of four mixed component aqueous targets, however, results
for two of the targets are withheld to ease visual identification of the materials in the
plot. Least squares linear fits were performed to determine the linear decay rates of
the targets; results are summarized in Table 4.6.

change as a function of the uranium content of the targets results in Figure 4.12.

The normalized rates of the single component aqueous targets may be utilized to

predict the expected decay rate for a given bi–component solution. The fit shown

is a function of the fraction f of one of the components, chosen in this case to be

the fraction of the uranium content. The function would be given explicitly by the

results of Equation 2.34, where the calibration factors are derived from the dY /dm

values, which relate the delayed neutron yield to the fission mass of each isotope; the

experimental dY /dm values for the aqueous targets are summarized in Table 4.2.

Denoting the terms by the isotopic A as subscripts, this result would be given by,

λmix(f) =
f dY

dm238
λ2
238 + (1− f) dY

dm232
λ2
232

f dY
dm238

λ238 + (1− f) dY
dm232

λ232

, (4.2)
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Figure 4.12: The normalized linear decay rates shown as a function of the fraction f
of the 238U component for the four aqueous mixed component targets and the single
component 238U (U -5) and 232Th (Th-5) targets. The function shown is the predicted
linear decay rate for a bi–component solution using the single component decay rate
values obtained experimentally; the function form is given by Equation 4.2. Data was
collected at 16 MeV at a repetition rate of 7.5 Hz for ∼75 minutes. Least squares
linear fits were performed to determine the linear decay rates of the targets; results
are summarized in Table 4.6. Error bars indicate 1σ for each target.

where f is again the fraction of the uranium content in the mixed isotopes target.

Note that either isotope could be used for reference; for consistency, the 238U isotope

is maintained as the principle indicator throughout the remainder of the discussion.

In the case of the aqueous targets shown, there is strong separation between the

composite targets, indicating isotopic identification capabilities. The single com-

ponent targets have unique decay rates separated by more than 20σ. The mixed

targets with the closest decay rate values are Mixed A and Mixed B, which are

still separated by an average of 1.67σ from each other. For all of the bi-component

targets, the decay rate may be predicted using the pure component rates; the curve

shown is a fit of the date with functional as for Equation 4.2. The predicted de-

cay rate may be utilized to estimate the minimal target separation which would

be distinguishable. Utilizing the average experimental decay rate error for the re-

sults of Table 4.6, ∆λ = (9 .86 ± 1 .89 )× 10−3 s−1, the 1σ minimal separation be-
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tween for example the thorium target and a low-mass uranium target would be

fU238 = (1 .33 ± 6 .03 )× 10−2 or 1.33±6.03%. The statistical deviation in the de-

cay rates obtained by regression clearly dominate the target separation capabilities,

even at the long measurement times utilized for these results. A limitation ∼7.5%

for isotopic concentration separability may well be acceptable in some scenarios. The

implementation of a system for which very accurate isotopic content information is

required should anticipate lengthy target measurement times.
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Figure 4.13: The normalized linear delayed neutron responses shown for four oxide
matrix targets of interest, the U -6 238U target, the Th-6 232Th target, and two of the
mixed targets, identified as Mixed C and Mixed D. Data was collected at 16 MeV
at a repetition rate of 7.5 Hz for ∼75 minutes and has been rebinned by a factor of 32.
Results were obtained for the full set of four mixed component oxide targets, however,
results for two of the targets are withheld to ease visualization. Least squares linear
fits were performed to determine the linear decay rates of the targets; results are
summarized in Table 4.7. Error bars indicate 1σ for each target.

Similar linear decay rate analysis may be performed on the series of oxide targets.

Figure 4.13 shows the results for the oxide 6.0% fissionable mass 238U and 232Th tar-

gets along with two of the bi-component oxide targets, again normalized to a common

y-intercept of 1. Results were obtained for the full set of four mixed component oxide

targets, but results are again suppressed for two of the targets to ease the visual

identification of the materials in the plot. Least squares linear fits were performed to
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Table 4.7: Summary of the oxide target linear decay rate information obtained; a
subset of the targets indicated were shown in Figure 4.13. Negative signs have been
suppressed as the results are understood to be decays, and thus decreasing yield
responses as a function of time.

Target 238U content Linear Decay Rate Error R2-Value

% λ : s−1 s−1 –

U -5 100% 0.6579 8.3× 10−3 0.9924

Mixed A 80.0 0.6539 1.02× 10−2 0.9884

Mixed B 60.0 0.6236 9.8× 10−3 0.9882

Mixed C 40.0 0.5810 9.1× 10−3 0.9883

Mixed D 20.0 0.5307 1.21× 10−2 0.9755

Th-5 0 0.4539 1.33× 10−2 0.9603

determine the linear decay rate of each targets. The accompanying Table 4.7 sum-

marizes the linear regression fit results for the mixed component oxide targets. As

for the aqueous targets previously, Figure 4.14 illustrates the oxide linear decay rates

as a function of the relative uranium content in the targets, where a fit of the data is

performed.

Comparison of the two sets of results indicates good agreement, well within error

bars of each other, for the mixed component target series, as shown in Figure 4.15.

The responses indicate that there is strong isotopic content identification. The decay

rate is strongly correlated to the relative uranium content, and appears to be inde-

pendent of the form of fissionable material or of the matrix material of the fissionable

mass.

The linear decay rate results present an incredibly promising capability to identify

isotopic information of fissionable material targets. However, the required acquisition

times necessary to achieve discrepancy in the decay rates may prove too constraining

for some applications. Thus, a more rapid analysis method for isotopic content is

highly desirable. An alternative approach may be developed through the use of

comparator yields.
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Figure 4.14: The normalized linear decay rates shown as a function of the fraction
f of the 238U component for the four oxide mixed component targets and the single
component U -6 238U and Th-6 232Th targets. The function shown is a fit of the
linear decay rate for a bi–component solution using the single component decay rate
values obtained experimentally; the function form is given by Equation 4.2. Data was
collected at 16 MeV at a repetition rate of 7.5 Hz for ∼75 minutes. Least squares
linear fits were performed to determine the linear decay rates of the targets; results
are summarized in Table 4.7. Error bars indicate 1σ for each target.

4.5.4 An Alternative Method to Specificity:

Dual Energy Relative Yield (DERY)

Consideration of the delayed neutron response at distinct energies enables an

analysis technique which takes advantage of the energy dependant photofission cross-

section, observed in the Figure 4.4 experimental results. By comparing the yield

at a selected inspection energy relative to a second fiducial energy, distinct isotope

dependent behavior of the cross-section response may be highlighted and used to

identify the material of interest.

In this case, a high end point inspection energy may be considered relative to a

lower fiducial energy, and delayed neutron yield may be utilized for the signature.

The Dual Energy Relative Yield, or DERY values, may then be considered. Since

the yield response is linear to mass, at least for the target mass region of interest to
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Figure 4.15: The normalized linear decay rates shown as a function of the fraction f
of the 238U component for the aqueous and oxide targets containing 238U and Th −
6, shown previously in Figures 4.11 and 4.13; regression values are summarized in
Table 4.6 (aqueous targets) and Table 4.7 (oxide targets). The linear decay rates show
close agreement for the responses for the two distinct matrix materials. This indicates
strong isotopic identification capabilities, independent of the fissionable material form
or of the matrix material. Error bars indicate 1σ for each target.

these results, the yield is a direct measurement of the target’s fissionable mass. The

fission response of a target is due essentially to the product of the fission mass and the

photofission cross section; identical measurements of the fission response of a target

at two distinct energies therefore assesses two unique photofission probabilities. The

ratio of the yield at different energies thus directly extrapolates information about

the ratio of the cross section at these energies.

The DERY responses for the mixed component target series were again inves-

tigated for both the aqueous and oxide target matrices. The DERY value may be

calculated for any bi–component target utilizing the single component DERY values,

as for the predicted linear decay rates previously. In the case of two pure fissioning

isotope materials, where no background is present, the total yield would be given

by the sum of the two isotopic yield contributions. The predicted DERY value for

a target containing two materials, A and B , adopted from Equation 2.36, may be
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defined as,

DERY =
[YA + YB](Einsp)

[YA + YB](Efid)
, (4.3)

where the subscripts indicate the material yield at either the inspection energy or the

fiducial energy. The bicomponent solution fissionable masses may be defined by their

isotopic contributions; the 238U mass would be given by,

m238 = fM , (4.4)

where M is the total fissionable mass of the target and f is again the fraction of the
238U content of the target. The yield for a mixed component target at a given energy

E is,

YTotal(f) = fM
dY

dm238

+ (1− f)M
dY

dm232

. (4.5)

The DERY value then becomes a function the of the extracted mass-yield relations

at two energies, and for mixed isotope solutions, a function of the fraction f of one

of the components. With f as the fraction of the 238U content, the mixed isotopic

DERY value would be given as,

DERY (f) =
[f dY

dm238
+ (1− f) dY

dm232
](Eins)]

[f dY
dm238

+ (1− f) dY
dm232

](Efid)
. (4.6)

A fiducial energy with near identical cross-section values for any material of in-

terest would be ideal. For the relevant materials of these studies, 232Th and 238U,

this would indicate a very low probe energy, as observed by the photofission cross-

sections given in Figure 2.2. However, earlier studies of the measured delayed neutron

response indicated the minimum recommended interrogation energy of 11 MeV. This

value was therefore selected as the fiducial or reference energy in order to ensure

sufficient statistics so as not to avoid systematic error. The higher inspection energy

was selected to be 16 MeV, due again to the earlier results which suggest this as the

maximum recommended inspection energy.

The yield responses for a 5-minute inspection window at each of the energies were

utilized to analyze specificity by yield; thus a single target’s identification constitutes

a total of 10 minutes, much shorter than the required inspection times for specificity



Chapter 4: Delayed Neutron Results: Detection and Identification 86

0 20 40 60 80 100

6.5

7.0

7.5

8.0

8.5

 

 

D
ER

Y 
(a

rb
. u

ni
ts

)

Relative 238U (%)

10
0%

 U

Oxide Targets

10
0%

 T
h

Figure 4.16: The predicted Dual Energy Relative Yield values for the aqueous target
bi-component series, U -5 238U, Th-5 232Th, as a function of the relative 238U content
which they contain. DERY values are unitless and arbitrary. The data shown utilized
a 5 min (7.5 Hz) inspection at each energy, 16 MeV and 11 MeV, for a total target
inspection time of 10 minutes.

through linear decay rate values. Figure 4.16 shows the experimental DERY values

obtained for the series of aqueous targets of interest as a function of the fraction f of
238U content of the targets; the fit of the DERY values obtained is also indicated. It

is clear from the results of Figure 4.16 that although there is more scatter between

the relative uranium content and the experimental DERY values as compared to the

linear decay rate results, there is still strong correlation and DERY still provides a

strong means of isotopic identification despite the scatter in the observed results, with

much shorter target inspection requirements. The DERY values for any bi-component

compositions can be predicted utilizing the pure component DERY values; the fit

obtained is indicated in the figure. The shape of the fit shows similar fit behaviour

as observed for the linear decay rate responses, with a fairly rapid change in the

predicted values with initial small relative contributions of uranium content, and

decreasing impact to the predicted DERY value at high relative uranium contents.

Although the DERY approach represents a coarser means to isotopic content

identification, it still presents a very rapid means for isotopic content estimate, and
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may be employed in areas where significant deviations in relative concentration are

of primary concern, or where rough isotopic composition can be utilized to determine

further analysis steps.

4.5.5 Conclusions Regarding Specificity

Linear decay rates have been shown to be a strong approach to isotopic identifi-

cation. Even dominated by fitting errors due to the limited experimental statistics

observed, this approach still presents a capability for non-destructive isotopic content

information to within ±∼7% of the relative content, for targets on the order of 10’s

of grams. The application of these techniques may be wide, especially for detection

times on the order of 1.25 h needed to obtain the results shown here. For applications

where shorter means to identification may be desirable, the alternative Dual Energy

Relative Yield or DERY analysis method has been presented as a potential solution.

This technique has also been shown to present a reasonable approach to isotopic

identification, although there is more deviation from the predicted response. These

observed scattering effects are likely due to experimental fluctuations not previously

accounted for; fluctuations in the beam current during the data acquisition would

for example have significant impact and may be neglected given the normalization

parameters utilized. Further study would likely improve the predictability obtainable

with this methodology.

Obtaining specificity for targets containing beyond two components may prove

challenging. Although the linear decay rate and DERY approaches have been demon-

strated as readily pertinent to two component targets, addition of a third component

would increase the number of fitting parameters, potentially reducing confidence in

results. However, it is possible that utilization of an additional inspection energy

could overcome this challenge, taking advantage of different unique photofission cross-

section responses, as demonstrated for the Dual Energy yield method. This would be

particularly relevant for consideration of isotopics with vastly different cross-section

responses at several energies. For example, in a three-component target, it may

be possible to highlight one contributor at a probe energy where its cross-section
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is reasonably substantial, but where the remaining two components have negligible

photofission probability. Having obtained relative content information regarding one

of the components, it becomes much easier then to potentially resolve the remaining

two components. Alternately, distinct time regions of the delayed neutron response

could be analyzed to provide further content information; this essentially attempts

to directly capture delayed neutron Group information. However, this may prove

challenging in a pulsed environment, especially when attempting to count between

the photon flashes as for these studies, as this produces such a high environmental

background, which may challenge the capabilities to distinguish unique time region

responses. Leveraging time region effects would prove highly challenging utilizing the

detector array as constructed for these studies, as neutron moderation effects dis-

tort the time responses of the dectectors, typically shifting µsec event time lengths

to msec; capturing subtle differences well enough to distinguish isotopic information

is highly improbable for this detector array. Further study with faster detector re-

sponse utilizing this approach would be necessary, but may prove capable of resolving

time region effects, and thus of identifying distinct neutron Group information. Fit-

ting across multiple Groups could again reduce the number of free fitting parameters

required and thus prove able to resolve targets with greater numbers of components.

4.6 Summary

The unknown composition of any uranium-thorium target may now be extrapo-

lated from measured delayed neutron results on any well-characterized system, using

the above specificity approaches. Measurement of the linearized decay rate or of the

DERY response would indicate composition information, i.e. the U-Th ratio. The

overall target mass can then be extrapolated from the measured yield values using

calibrated system mass-yield curves. Thus, these techniques now present a way to

detect the presence of fissionable material within a system, and then to identify both

the isotopic content and the mass of that material. The adaptation of these tech-

niques to varied security applications is clearly pertinent. Although many potential

use-scenarios are relevant, the remaining focus of this work will be limited to consid-
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eration of cargo–screening–like applications. While previous works have undertaken

full-scale implementation studies [19, 94], this work seeks rather to limit studies to

a more generic implementation, and to assess the performance of the characteristic

signature results in this potential application scenario. The remaining experimental

results will therefore consider the measurement of delayed neutrons at greater standoff

distances from targets of interest, the subject of Chapter 5.



Chapter 5

Shielded Target Investigations:

Delayed Neutrons plus Delayed

γ-Rays, Companion Signatures

The remainder of this work will focus on signatures in a larger detection geometry,

and will also utilize delayed γ-ray signatures. The first step is to begin by defining

the detection approach and signature characteristics for the γ-ray signal.

5.1 Detection of γ -Rays

An array of five bismuth germinate (Bi4Ge3O12 or simply BGO) detectors was

utilized for the detection of the γ-rays which forms a second signature of fission.

Bismuth germinate is an activated inorganic scintillation material which emits light

following interaction with ionizing radiation; light is then captured and amplified

by a photomultiplier tube (PMT) coupled to the crystal, in order to result in a

large detectable electronic signal, indicative of the incident radiation. There are a

wide variety of scintillating materials, and the development, characterization, and

optimization of scintillating detectors represents an enormous subset of detection

science and industry, which is a well-defined field more than a century old [95]. A

great deal of detectors are readily available commercially and are considered to be

90
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standard for spectroscopy needs.

The selection of BGO detectors in this case was motivated by a number of deci-

sion factors, including but not limited to availability, cost, resolution needs, and rate

capabilities. A principle concern of detector selection is the environment in which

the signatures will be acquired. As even the large-scale geometry of these campaigns

require tolerance of a high-rate and high-background environment, potential activa-

tion of the scintillation material was an early experimental design concern. Perhaps

the mostly widely used scintillation material, sodium iodide with thallium iodide

activator, or NaI(Tl), considered a standard within detection applications, was con-

sidered. It is not only readily available (and typically at relatively low-cost), but also

has excellent light output (from Knoll’s “Scintillation Detector Principles” overview,

NaI(Tl) light output is given as 38k photons/MeV, [83]); the use of NaI(Tl) in this

case however would be severely limited by the use environment constraints [96]. The

crystal may become neutron activated, resulting in severe distortion of the spectral

data; as the detectors would be deployed in an active neutron environment where even

aggressive shielding designs could not ensure the elimination of activation, sodium io-

dide detectors were not a prime candidate. While BGO detectors have lower light

yield, (again from Knoll’s “Scintillation Detector Principles”, BGO light output is

given as 8200 photons/MeV, [83], a factor of 4 less than the reported NaI(Tl) light

yield), in the case of a high–rate environment, this could potentially pose significant

advantage over sodium iodide detectors. This comparatively low light yield value is

driven primarily by the high refractive index of BGO as a scintillation material [83]

which greatly restricts capacity for efficient light collection, but which makes BGO a

desirable selection for the consideration of high count–rate needs, where saturation

resulting in decreased detection performance is a significant potential concern. BGO

energy resolution may not be optimal in the case of high–rate collections, but provided

that discrete peak information is not required, the limitations of energy resolution

are not a driving decision factor. Parallel studies have investigated the utilization of

discrete γ-ray signatures for material identification, with results which have indicated

an impressive resource for inspection object characterization [68]. A final aspect of

BGO detectors which should be acknowledged as extremely advantageous for this ap-
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plication is the overall stopping power of the material. In comparison to other widely

available scintillation materials, BGO has a very large density (nearly twice that of

sodium iodide), and provides much greater attenuation for γ-rays, thus greatly im-

proving the odds of detecting the full energy of an incident high–energy γ-ray within

a given crystal volume. All of these aspects combine to make BGO detectors a prime

candidate for the given experimental constraints.

5.1.1 Review of Experimental Set Up

As noted in Chapter 3, these studies utilize much greater stand–off distances, for

both the radiator-to-target distance and the target-to-detector distances, than for the

previous delayed neutron campaigns. Please reference Figure 3.3 (page 48) if needed;

the standoff separation between the target and the BGO array is 2.38 m while the

standoff separation between the target and the MHND array is 1.22 m, where the

MHND array was divided into two symmetric sections arrayed to either side of the

target. Recall that the BGO array is heavily shielded, with the detectors housed

inside of borated polyethylene and lead, as well as added shielding wall features, in

order to mitigate the high-field accelerator hall environment.

Series of targets of interest were also discussed previously, and summarized in

Tables 3.1 and 3.2. As these experimental campaigns focus on the potential appli-

cation of signatures for detection scenarios such as cargo inspection, relevant vetting

includes investigation of target shielding impacts on the signatures. Special efforts

were made to investigate these effects. A selected subset of targets which were chosen

to facilitate study of both low fission mass targets, on the order of grams, and higher

fission mass targets, on the order of kilograms, while facilitating experimental time

constraints, were investigated in a number of shielded target configurations. Two

materials, borated polyethylene and lead, were used to shield the target, where each

target was surrounded by the chosen material on all sides in successive thicknesses

from 0 cm to up to 30.48 cm, in order to evaluate the shielding effects as a function

of the increasing thickness of shielding materials. Further discussion regarding the

shielding follows in subsequent sections.
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5.2 A Delayed γ-Rays–Based Signature of Fission

Just as when constructing the delayed neutron signature of fission, consideration

of the dynamic behavior of the γ-ray response is of principal interest. However, unlike

the neutron response where only time information is acquired, the gamma signature

is much more sophisticated: energy information is also acquired for each detection

event. Recalling from the Experimental Overview description that all data is recorded

in an event-by-event (list mode) approach, acquisition data analysis requirements are

minimized, allowing for great flexibility in post-processing analysis of the results. This

flexibility is primarily due to the desire to maximize the research analysis potentials;

a deployed system would not be constrained to these same needs and could thus be

operated with greatly decreased data handling requirements.

Figure 5.1 illustrates several introductory energy spectra, which compare the γ-ray

response for the passive (background) nature of a target of interest and the response

of the same target under active interrogation. The recorded responses are shown for

the BGO detector array, normalized to the energy bin width and the detector array

acquisition time as a function of the photon event energy. Spectral responses were

recorded for a large metal fissionable material target, consisting of 2.6 kg of depleted

uranium. The passive background measurement is shown in black (dashed line),

for the spectra recorded in the experimental setup devoid of any photon beam for

∼60 minutes. An active measurement of ∼5 minutes on the depleted uranium target,

with inspection beam parameters of 16 MeV and 7.5 Hz, is shown in red (solid line).

As discussed in section 3.2, the acquisition system was triggered by the accelerator

gun trigger and results are thus summed over many pulses; the BGO detector array

was gated off for the immediate 6 ms following any gun pulse so as to prevent γ-ray

acquisition during detector recovery from the large photon pulse in the experimental

hall; the active spectra acquisition time is therefore calculated as the inspection time

minus the total time for which the detector array was gated off.

A difference is clearly observed in the spectral response under active interrogation.

The passive response essentially ends with a peak centered around 2.6 MeV, a back-

ground line which is the result of the isotope 208Tl (2614.53 keV), found in the thorium
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Figure 5.1: The recorded γ-ray spectra for a metal depleted uranium target (2.6 kg),
shown for a passive measurement, target in situ but with no accelerator current,
recorded for 60 minutes (black), and for an ∼5 min active inspection of the target,
with beam parameters of 16 MeV and 7.5 Hz (red). The spectra have been rebinned
for visual acuity and normalized by the energy bin width and the total detector array
acquisition time.

decay series and very common in many environments as well as potential targets of

interest. The active measurement however records a significant number of events well

above this energy, the results of the decay of many short-lived fission products which

are created in the target during the interrogation measurement. Although there is

significant yield recorded for the passive measurement up to nearly 3 MeV, including

characteristic peaks observed around 1 MeV, the yield is dramatically increased even

for the much shorter active measurement. The difference in measurement times is a

factor >10 for the passive measurement, although the spectra have been normalized

so as to account for the acquisition times. The overall yield is significantly higher in

the measured active spectra, a direct effect from the photon signature due to fission

events induced in the target (238U). Discrete peaks are more readily observed in the

passive measurement, while the overall increased response of the active spectra makes

distinct peaks difficult to observe, at least given this detector array’s resolution. The
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measured active inspection response is at least a factor & 10 higher than the passive

spectra shown in Figure 5.1, across all recorded energies. This response indicates that

the readily induced photon response rate is much more significant in active interro-

gation as compared to passive measurement of the target of interest. Of particular

significance is the response difference in γ-rays with energy greater than ∼ 3 MeV;

there are a considerable number of recorded high-energy events in the active mea-

surement, a marked difference as compared to this region in the recorded passive

spectra. Forming an overall yield by summing the total responses, the active spectra

has a yield of 1.53 × 103 s−1 as compared to the passive spectra which has a yield

of just 9.23 × 101 s−1, a factor of 16.6; this indicates that the recorded passive yield

is only 6.0% that of the active measurement yield. In contrast, a high-energy yield

may be formed by integrating the response in the region of interest. Integrating the

spectral response from 3 MeV and above, the active measurement has a high-energy

yield of 5.94 × 101 s−1, while the passive measurement has a high-energy yield of

just 1.97 × 10−1 s−1. This is a drastic difference as compared to the overall yield.

The difference between the high-energy active and passive yields is a factor of 302,

indicating that for the high-energy yield, the recorded passive target response is just

0.33% that of the active inspection high-energy γ-ray response. The response dif-

ference of this high-energy region as compared to the full energy range indicates a

potential for a signature with increased sensitivity utilizing a measurement formed

from the high-energy γ-ray response, and will be revisited momentarily. These results

are summarized in Table 5.1.

As for the neutrons, the nature of the time response of the γ-rays is of interest

in constructing a viable signature of fission. Figure 5.2 shows the detected response

for three targets. Figure 5.2(a) illustrates the time response for all photons recorded

following the bremsstrahlung pulse (incident on the target at time t = 0 s), for three

targets, a 2.6 kg depleted uranium target (spectral data shown previously in Figure

5.1), a 1.5 kg thorium target, and a non-fissionable metal target, 6.0 kg of lead; the

corresponding recorded energy spectra for each of the targets are also shown together,

Figure 5.2(b). The high density lead target exhibits comparable scattering properties

as the large fission targets of interest, and is therefore utilized as an active background
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target for the metal depleted uranium and thorium targets. The targets utilized are

summarized in Table 5.4, following further target discussions.

As for the previous neutron results, a rapid decrease in the response is observed

for all targets within the first few tens of milliseconds, but the yield remains ele-

vated for the 238U and 232Th targets throughout the remainder of the time window,

as compared to the lead response, which is utilized for an active background target.

Although an elevated yield is observed for the fissionable materials, it is not as strong

as the sensitivity observed in the delayed neutron responses studied previously, par-

ticularly as these results utilize very large target masses as compared to the previous

aqueous targets. Realizing that significantly smaller signals overall would be expected

in comparison to the previous studies, due to the experimental geometry, does not

diminish an expectation of greater potential sensitivity in distinguishing fissionable

targets of interest from background. As the detectors are at much greater distances

here than for the previous studies, it is expected that the detectable target emissions

will diminish with the decreased solid angle (the emitted flux at the detector will

decrease as 1/R2 with increasing separation), so too will the beam on target and

thus the induced fission events. However, the corresponding decrease in measurable

response will affect all targets, and is a distinguishable issue from the capability of the

signature to differentiate the presence of fissionable isotopes within the target. This

ability to identify the presence of isotopes of interest is a reflection of the sensitivity

Table 5.1: Summary of the yield responses for the active and passive measurements
shown in Figure 5.1; the yields are formed utilizing the full energy response of the
spectra, and using only high-energy γ-rays , Eγ ≥ 3 MeV.

Active Yield Passive Yield Ratio of Active to

(s−1) (s−1) Passive Responses

Total Yield

1.529× 103±2.5× 101 9.230× 101±1.32× 100 16.56

High-Energy Yield

5.944× 101±2.029× 101 1.972× 10−1±7.36× 10−2 301.5
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Figure 5.2: (a) The time response behavior of all recorded photons for three metals
targets, depleted uranium (2.6 kg), thorium (1.5 kg) and lead (6.0 kg), normalized
to the total acquisition charge and the time bin width. The BGO detector array
was gated off for the first 6 ms of data acquisition, indicated in the Figure. (b) The
corresponding recorded energy spectra are shown for the three targets, with spectra
normalized to the total charge on target and the energy bin width; spectra have
been rebinned for visual presentation. The 3 MeV energy relevant to the discussion
is indicated, although there is no energy cut of the data. Data was recorded for
∼5 minute inspection windows on each target with beam parameters of 16 MeV and
7.5 Hz. The targets utilized are summarized in Table 5.4.
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of the signature.

Integrating the γ-ray responses of Figure 5.2(a) from 30 ms and beyond results in

a yield of 2.359 nC−1 for the depleted uranium target and a yield of 3.123×10−1 nC−1

for the lead target, the depleted uranium response a factor of 7.55 times greater than

the background; the thorium target has a yield of 7.638 × 10−1 nC−1, a factor of

just 2.45 times the lead targets active background response. Although a discernable

difference in the yields of these targets, a stronger separation of results for fission

isotopes is clearly desirable. It is relevant to consider the high–energy γ-ray response

as discussed regarding Figure 5.1. Figure 5.2(b) further indicates that the active ura-

nium response is significantly stronger than the active lead response, even extending

to the very high energies where there is considerably less yield in the targets. In the

low energy region, distinct peaks are observed in the active background (lead) target.

Although characteristic peaks would be expected in the uranium spectral response as

well, in this case they are obscured by the high yield across the entire energy spectra

and by the relatively poor resolution of the BGO detectors; some discrete peaks are

observable in the thorium target spectra, attributable to the natural decay chain of

thorium and not to discrete fission fragment emissions. It should be noted that the

BGO resolution is significantly reduced as compared to other solid state detectors

such as high purity germanium (HPGe) detectors, which have been utilized for ac-

tive inspection discrete peak identification studies [68]; improved detector resolution

greatly enhances the experimental capability to identify discrete peaks of interest

within high rate spectra. However, for these studies, yield alone suffices to provide

relevant signatures, and peak identification is therefore not relevant, beyond noting

the significant background contributors. For consideration of defining a high-energy

region of interest, the most potentially problematic background contributor is the

commonly observed 2.6 MeV 208Tl peak from the thorium natural decay chain and is

found in many common materials. The presence of the 2.6 MeV 208Tl decay peak is

often indicative of naturally occurring radioactive material (NORM); avoiding inclu-

sion of this peak within the signature definition may prevent false anomalously high

responses in otherwise uninteresting targets of inspection. Any target containing sig-

nificant amounts of fissionable isotopes, even NORM, would be expected to produce
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Figure 5.3: The time response behavior of the recorded high-energy γ-ray spectra;
data is as for Figure 5.2 but with only photons 3 MeV to 6 MeV selected. Again, data
was recorded for ∼5 minute inspection windows with beam parameters of 16 MeV and
7.5 Hz for three metals targets, depleted uranium (2.6 kg), thorium (1.5 kg), and lead
(6.0 kg); results have been normalized to the total acquisition charge and the time
bin width. All BGO detectors are gated off for the first 6 ms, and the delayed region
of 30 ms and beyond is indicated in the Figure. The Yield axis has been clipped and
indicates a linear scale below the axis break and a logarithmic scale above it, in order
to better view the results.

significant delayed neutron signal or higher energy delayed γ-ray responses so as to

be otherwise detectable.

Given the spectral responses discussed above, a signature can be considered uti-

lizing only high-energy γ-rays. Selecting 3 to 6 MeV as the energy region of interest,

in order to give the 2.6 MeV 208Tl background peak a wide berth, the time response

of these high-energy γ-rays may be analyzed. Figure 5.3 shows the time response

behavior of the high-energy γ-rays for the same pair of metal targets shown previ-

ously; to be explicit, these are the same measurements shown in Figure 5.2, but only

incident γ-rays with energy ≥ 3 MeV are now considered.

In the case of the high-energy γ-rays, there is now a much stronger partition

observed between the fissionable and non-fissionable target time responses. As previ-
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ously, following the initial very rapid early time decay, the 238U and 232Th responses

remain sustained through the extent of the acquisition time window; the active back-

ground lead response now falls away by several orders of magnitude. Thus, by again

defining an appropriate time window, a signature of fission may be formed through

the use of time–delayed high–energy γ–rays [68,96–99]. In contrast to the full energy

range yields obtained with reference to Figure 5.2(a), there is now significantly more

separation between the isotopes of interest and the active background responses, due

principally to the significant reduction in the background rate utilized. The total

delayed γ-ray yield of the lead background target of 3.123× 10−1 nC−1 amounts to a

background count rate of approximately 260.4 counts per second; by comparison, the

high-energy delayed γ-ray yield is 2.110×10−4 nC−1, which amounts to a background

count rate of just 1.759× 10−1 s−1, a change in the signal’s background rate by more

than three orders of magnitude. The greatly reduced background signal translates

to significantly improved detection sensitivity. Integrating the high-energy γ-ray re-

sponses from 30 ms and beyond results in high-energy yield values of 7.151×10−2 nC−1

for 238U, 1.566× 10−2 nC−1 for 232Th, and 2.110× 10−4 nC−1 for lead; this represents

a 238U signal 338.8 times stronger than that of the active background and a 232Th

signal 74.19 times stronger than that of the active background, an improvement in the

overall detection sensitivity by a factor of 30.33 for thorium and 44.86 for uranium,

or of at least 3000%.

The delayed γ-ray signature utilized for the remainder of these results employs the

use of these high-energy γ-ray responses, and is defined as all recorded γ-rays with

energy 3 – 6 MeV occurring at time t ≥30 ms, as the delayed γ-ray time window was

selected for these measurements to be 30 ms and beyond.

Further characterization of the delayed γ-ray signature of fission is of clear interest.

Additional experimental studies outside of this work have been completed in parallel

within the academic group of this dissertation’s advisor, Dr. Alan Hunt. The detailed

thesis outcomes of these studies are recommended for further reading as relates to

the study of the high-energy delayed γ-ray signatures of fission. The Master’s thesis

of E.S. Cárdenas, Idaho State University (2009) [96], focused on the detection of

fissionable materials utilizing bismuth germanate and sodium iodide detectors for
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high-energy delayed γ-ray signatures. The Master’s thesis of E.T.E. Reedy, Idaho

State University (2011) [68], utilized discrete delayed γ-rays for isotopic identification

relevant to nuclear forensics applications.

5.3 Signature Responses to Mass

Further characterization of the signature is of clear interest. The inference of po-

tential detection capabilities built on delayed signatures requires assessment of the

relevant signal strengths, in order to determine the feasibility of measurements. Es-

tablishing the signature response dependencies on changing target mass is of principle

importance in establishing whether or not the delayed signatures may be utilized to

extract target information, beyond the detection of fissionable isotopes.

5.3.1 The Mass-Yield Relation of the Delayed γ-Ray

Response

The aqueous targets defined in Table 3.1 were utilized to study the delayed

γ-ray yield response as a function of the fissionable mass of the target within the

low mass region of interest. Data was acquired on each target for a ∼10 minute

inspection window with beam parameters of 16 MeV and 7.5 Hz, and all BGO de-

tectors were gated off for the first 6 ms following the accelerator gun trigger; the

delayed γ-ray yield has been defined previously to be Eγ ≥ 3 MeV, t ≥ 30 ms. All

yield responses have been normalized to the total acquisition charge and are active

background subtracted, using either a water target response for the aqueous solution

targets or a lead target response for the metal targets. The response of the aque-

ous uranium targets are shown in Figure 5.4(a), where a very linear yield increase

is observed with increasing 238U target mass; a least squares linear regression value

of dY /dm = 7.121 × 10−5 nC−1·g−1 ± 5.7 × 10−7 nC−1·g−1 with R2 = 0.9997 were

obtained, and the fit is indicated in the figure. Similarly, the response of the aqueous

thorium targets are shown in Figure 5.4(b), where a very linear yield increase is again

observed with increasing 232Th target mass; least squares linear regression value of



Chapter 5: Shielded Target Investigations: Delayed Neutrons plus Delayed γ-Rays,
Companion Signatures 102

Table 5.2: Summary of the high-energy delayed γ-ray target yield response to fis-
sionable mass, results of Figure 5.4. Results for the aqueous uranium series were
obtained from the linear regression illustrated in Figure 5.4(a), and results for the
aqueous thorium series were obtained from the linear regression illustrated in Figure
5.4(b).

Isotope Intercept dY /dm σdY /dm R2

nC−1 · g−1 nC−1 · g−1 nC−1 · g−1

232Th (5.625 ± 7.534)×10−5 2.893× 10−5 ± 1.05× 10−6 0.9948
238U (0.834 ± 3.589)×10−5 7.121× 10−5 ± 5.7× 10−7 0.9997

dY /dm = 2.893 × 10−5 nC−1·g−1 ± 1.05 × 10−6 nC−1·g−1 with R2 = 0.9948 were

obtained, and the fit is indicated in the figure. However, extending the mass-yield

response to the high target mass region of the metal targets clearly illustrates devia-

tions; at high mass, the observed yields are no longer linearly correlated to the target

mass. The low mass uranium targets and extended dY /dm fit obtained from Fig-

ure 5.4(a) are shown with the metal depleted uranium target yield in Figure 5.4(c),

where the uranium metal target yield is observed to be significantly lower than would

be calculated using the dY /dm value obtained. A yield of 1.852 × 10−1 nC−1 ±
1.5× 10−3 nC−1 would be expected for a target mass equal to 2.6 kg, but a net yield

of just 7.333×10−2 nC−1 ± 5.3×10−4 nC−1 was observed, only 39.6% of the expected

value. A similar effect is seen when the thorium metal target is considered. The low

mass thorium targets and extended dY /dm fit obtained from Figure 5.4(b) are shown

with the metal thorium target yield in Figure 5.4(d), where the thorium metal target

yield is also observed to be significantly lower than the extended dY /dm value; a

yield of 4.346× 10−2 nC−1 ± 1.58× 10−3 nC−1 would be expected for a target mass

equal to 1.5 kg, but a net yield of just 1.575 × 10−2 nC−1 ± 2.6 × 10−4 nC−1 was

observed, only 36.2% of the expected value. The dY /dm values obtained from the

linear regression fits are summarized in Table 5.2.

The attenuation of photons within the target is significant, and results in the

observed reduced yield values. The mass attenuation coefficient for uranium, given
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Figure 5.4: The net delayed γ-ray yields shown as a function of the fissionable mass
present in the target, for two isotopes of interest, (a), (c) 238U and (b), (d) 232Th. (a)-
(b) The low mass aqueous targets, as defined in Table 3.1, were utilized to study the
delayed γ-ray yield response as a function of the fissionable mass of the target. Very
linear correlations are observed between the yields and the target masses for both (a)
238U and (b) 232Th; least squares linear fits were obtained for each and are indicated
in the respective Figures. (c)-(d) Extending the dY /dm linear fits obtained from
the aqueous targets to the high mass regions presents a notable issue: the observed
delayed γ-ray yield is much lower than would be expected, indicating non-linear yield
response to mass, with suppressed yield observed in both (c) a 2.6 kg metal 238U
target and (d) a 1.5 kg metal 232Th target. All yield responses have been normalized
to the total acquisition charge and have been active background subtracted, using a
water target for the low mass solutions and a lead target for the metal fissionable
targets. Data was acquired on each target for a ∼10 minute inspection window with
beam parameters of 16 MeV and 7.5 Hz, and all BGO detectors are gated off for the
first 6 ms following the accelerator gun trigger; the delayed γ-ray region was defined
previously to be all Eγ ≥ 3 MeV at t ≥ 30 ms.
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by the NIST Standard Reference Database 126 [100], would indicate an average half-

depth of only 0.61 cm for even 15 MeV photons. The depleted uranium target utilized

for these measurements consisted of two 9.1 cm square plates, placed back to back to

form a single target, calculated to be approximately 1.64 cm thick; this target thick-

ness connotes low probability that even high-energy bremsstrahlung photons would

penetrate the full target thickness to induce fission, thus reducing the overall fission-

able mass available for detection. Further, resultant ‘deep-target’ γ-rays would be

shielded from the detector array by attenuation within the target itself. Using as an

example 5 MeV delayed γ-rays and the corresponding mass attenuation coefficient,

the calculated probability of escaping 1.64 cm of depleted uranium is only ∼ 24.7%.

The additional metal targets considered, thorium and lead, are also very high den-

sity materials, and similar attenuation effects are encountered in these targets. As

these potential effects were well know prior to the experimental execution, some ef-

forts were made to mitigate their impact. The large mass plate targets, lead and

depleted uranium, were placed at a 45◦ angle with respect to the beam, exposing a

target face to the BGO detector array, and minimizing the combined reaction pen-

etration and escape distances involved. The thorium target consisted of a series of

cylinders, so modification of their physical placement was not required. Although

these self-shielding effects likely contribute the large fraction of the reduced yield re-

sults observed, it is also possible that the overall photon flux available to the target

may be insufficient at the distances involved. If the photon beam flux is unable to

saturate the target then the overall fission rate within the target would be quenched,

reducing the total fissionable mass available for detection. The potential contribution

of photon flux effects was not investigated as part of these experimental campaigns,

although it seems unlikely that this would be a significant contributor. Further stud-

ies monitoring the photon flux utilizing an array of beam flux monitors or activation

foils placed at various points with respect to the target could prove informative, but

are not central to the desired outcomes of these studies.

The delayed γ-ray signal responses are linear and strongly correlated to the fis-

sionable target mass in the low mass region, up to ∼100 g. Although the delayed

γ-ray signal responses are not linearly correlated to fission mass in the high mass
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Table 5.3: Summary of the delayed neutron target yield response to fissionable mass,
results of Figure 5.5. Results for the aqueous uranium series were obtained from
the linear regression illustrated in Figure 5.5(a), and results for the aqueous thorium
series were obtained from the linear regression illustrated in Figure 5.5(b).

Isotope Intercept dY /dm σdY /dm R2

nC−1 · g−1 nC−1 · g−1 nC−1 · g−1

232Th (7.0 ± 6.0)×10−5 6.286× 10−5 ± 8.3× 10−7 0.9993
238U (3.1 ± 1.5)×10−4 1.735× 10−4 ± 2.4× 10−6 0.9992

region beyond this, there is still a strong signal, indicating the presence of both fis-

sion isotopes considered, 238U and 232Th. Thus the signal may clearly be utilized for

detection, but extrapolating fission mass information beyond the low mass regime is

compromised. This presents evidence to consider the shielded target studies as two

distinct scenarios, separating low mass target detection and high mass target detec-

tion, but does not diminish the capability of the delayed γ-ray signal to infer the

presence of fissionable material.

5.3.2 The Mass-Yield Relation of the Delayed Neutron

Response

As for the previous γ-ray results, the aqueous targets defined in Table 3.1 were

utilized to study the delayed neutron yield response as a function of the fissionable

target mass. All yield responses have again been normalized to the total acquisi-

tion charge and active background subtracted, using either the water target response

for the aqueous solution targets or the lead target response for the metal targets.

The response of the low mass uranium targets are shown in Figure 5.5(a), where a

very linear yield increase is observed with increasing 238U target mass, as was ob-

served for the previous delayed neutron results, in the much tighter experimental

geometry; least squares linear regression values of dY /dm = 1.735 × 10−4 nC−1·g−1

± 2.4 × 10−6 nC−1·g−1 with R2 = 0.9992 were obtained, and the fit is indicated
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Figure 5.5: The net delayed neutron yields shown as a function of the fissionable mass
present in the target for two isotopes of interest, (a), (c) 238U and (b), (d) 232Th. (a)-
(b) The low mass aqueous targets, as defined in Table 3.1, were utilized to study
the net delayed neutron yield response as a function of the fissionable mass of the
target. The yield responses have been normalized to the total acquisition charge and
background subtracted, utilizing the water target as the active background. Very
linear correlations are observed between the delayed neutron yields and the target
masses for both (a) 238U and (b) 232Th; least squares linear fits were obtained for
each and are indicated in the respective figures. (c)-(d) Just as was observed in the
delayed γ-ray signature, extending the neutron dY /dm results obtained from the
aqueous targets to the high mass regions presents a notable issue: the observed yields
are lower than expected, indicating non-linear yield response to mass, with suppressed
yield observed in both (c) a 2.6 kg metal 238U target and (d) a 1.5 kg metal 232Th
target. Metal target responses have been normalized to the total charge on target and
active background subtracted using a 6.0 kg lead target for the background. Data was
acquired on each target for a ∼10 minute inspection window with beam parameters
of 16 MeV and 7.5 Hz; the delayed neutron region was defined previously to be all
t ≥ 30 ms .
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in the figure. The response of the low mass thorium targets are shown in Figure

5.5(b), where a very linear yield increase is also observed with increasing 232Th target

mass; least squares linear regression values of dY /dm = 6.286 × 10−5 nC−1·g−1 ±
8.3×10−7 nC−1·g−1 with R2 = 0.9993 were obtained, and the fit is again indicated in

the figure. Extension of the yield per mass response to the high mass region indicates

nonlinear deviation in the yield response, as for the delayed γ-ray signal, although

the suppression in expected results is not as significant. The results for the uranium

dY /dm response is shown together with the metal depleted uranium target yield in

Figure 5.5(c); an expected yield of 1.852×10−1 nC−1 ± 1.5×10−3 nC−1 may be calcu-

lated for the 2.6 kg target mass, while a yield of 7.333×10−2 nC−1 ± 5.3×10−4 nC−1

was observed, approximately 70.9% of the expected yield. The results for the metal

thorium target prove to be similar. Figure 5.4(d) indicates the extended dY /dm fit

obtained from Figure 5.4(b) with the metal thorium target yield; an expected yield

of 9.44 × 10−2 nC−1 ± 1.3 × 10−3 nC−1 is calculated for the 1.5 kg target, while

a net yield of 6.772 × 10−2 nC−1 ± 2.6 × 10−4 nC−1 was observed, approximately

71.8% of the expected yield. Thus it is clear that although the non-linearity effects

observed are not as significant as for the delayed γ-ray response, they still serve to

prevent direct correlation between the total observed delayed neutron yield and the

fissionable target mass beyond the well-characterized low mass regions. As for the de-

layed γ-ray discussion previously, target self attenuation is culpable for the non-linear

response of the delayed neutron signal to fission mass. Thus the delayed neutron sig-

nature may be utilized to elucidate the presence of fissionable isotopes of interest, but

care should be taken when trying to extrapolate further target information, at least

in the case of suspected large mass objects.

5.4 Signature Responses Under Shielding Effects

Two distinct yet parallel signatures of fission have now been defined, utilizing

delayed neutrons and high-energy delayed γ-rays to construct the approaches. Al-

though further characterization of the γ-ray signature could prove of interest, as these

methods of detection and identification would be redundant to the delayed neutron



Chapter 5: Shielded Target Investigations: Delayed Neutrons plus Delayed γ-Rays,
Companion Signatures 108

characterization methods previously defined, a study contrasting the detection capa-

bilities as defined by these signatures was preferred. Further, as applications such as

cargo screening are of clear interest, an experimental campaign which focused on the

potential shielding of detection signatures was undertaken.

Two materials were chosen for the target shielding studies, a low-Z material, bo-

rated polyethylene, and a high-Z material, lead, to highlight the contrasting natures

of potential shielding concerns due to neutron and γ transport effects in material. The

low-Z shielding material, polyethylene, has high hydrogen content and thus serves as a

fairly opaque scattering target for neutrons, but has a low density which ineffectively

scatters high-energy γ-rays. In contrast, the high-Z shielding material, lead, much

more effectively scatters high-energy γ-rays, but results in a relatively large neutron

interaction path length. These two materials were selected to provide information

for extreme limiters of each signature for potential shielding considerations. Further

study of other materials which may serve to provide simultaneous signature modera-

tion for both gamma and neutron effects, or a study of mixed or alternated shielding

material effects, would be warranted for system specific characterization, and likely

would be optimally studied under through simulation. However, the potential for

these combined shielding effects lies beyond the scope of this experimental campaign

and will not be discussed further.

Signature responses were studied at a number of thicknesses for each shielding

material. Standard beam parameters of 7.5 Hz at 16 MeV for 5-minute interrogation

windows were selected for each target, as determined by previous studies. Lead shield-

ing thicknesses of (0 cm), 2.54 cm, 5.08 cm, 10.16 cm, 15.24 cm, and 20.32 cm were

utilized, and borated polyethylene thicknesses of (0 cm), 5.08 cm, 10.16 cm, 15.24 cm,

20.32 cm, 25.40 cm, and 30.48 cm were utilized. At each shielding configuration, six

targets were investigated. Three aqueous targets were utilized to investigate low-

mass signatures, a pure water target for active background measurements, and two

solutions containing fissionable mass, 59.6 g of 232Th (target Th − 5) and 72.3 g of
238U (target U − 6). Three additional metal were utilized to investigate a higher

mass region, consisting of a 6.0 kg lead target for active background measurements,

and two fissionable mass targets, 2.6 kg of depleted uranium and 1.5 kg of thorium
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Table 5.4: Summary of experimental targets utilized for shielded signature studies.

Target Isotope of Interest Fissionable Mass

Aqueous Targets

Th-5 232Th 59.6 g

U-6 238U 72.3 g

H2O

Metal Targets

Th cylinders 232Th 1.5 kg

DU plate 238U 2.6 kg

Pb brick (6.0 kg)

metal. As greater fissionable mass results in increased signature response, simulta-

neous investigation of low-mass targets (i.e. gram levels of fissionable material) and

high-mass targets (i.e. kg levels) under shielding allows a systematic probe of the

effects of shielding on signatures for two distinct scenario studies. Although high-

mass material may potentially pose more illicit transport risk, the resultant signature

levels are likely to be much more readily detectable. In contrast, the low-mass tar-

gets have smaller signature. However, the previous results (delayed neutron studies)

have indicated strong detection capabilities; testing these potential capabilities under

shielding pertubations is pertinent to the applicability of the signature. The shielded

target campaign targets which were utilized are summarized in Table 5.4.

5.4.1 Effects of Shielding on the Delayed γ-Ray Signal

The high-energy delayed γ-ray yield responses are shown as a function of shielding

thickness for several scenarios in Figure 5.6(a)-(d). The delayed γ-ray responses are

indicated for the high mass metal targets as a function of target shielding thickness

for 5.6(a) borated polyethylene shielding and 5.6(b) lead shielding. Figures 5.6(c) and

5.6(d) indicate the delayed γ-ray response for the low mass aqueous targets, again

shown as a function of target shielding thickness for 5.6(c) borated polyethylene
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Figure 5.6: The high-energy delayed γ-ray yield responses shown as a function of
thicknesses for two shielding materials, in each of two target scenarios, high mass
metal targets and low mass aqueous solution targets. (a)-(b) The delayed gray yield
responses for three metal targets, 1.5 kg of 232Th, 2.6 kg of 238U and a 6.0 kg lead
target utilized for active background, shown as a function of the shielding thickness
for (a) borated polyethylene shielding and (b) lead shielding. (c)-(d) The delayed
γ-ray yield responses for three aqueous targets, solutions containing 72.3 g of 238U
and 59.5 g of 232Th, and a pure water target utilized for active background, shown
as a function of the shielding thickness for (c) borated polyethylene shielding and (d)
lead shielding. The delayed γ-ray yields are obtained for each target configuration by
summing the high-energy delayed γ-ray response for the detector array, normalized to
the total charge incident on the radiator, as a proxy for the bremsstrahlung intensity.
Data was recorded for inspection windows of ∼5 minutes on each target with beam
parameters of 16 MeV and 7.5 Hz.
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shielding and 5.6(d) lead shielding. It is clear from these figures that the delayed

γ-ray signature survives quite well through even significant amounts of polyethylene,

but falls off dramatically with lead shielding. The characteristic behavior of the

responses is consistent between the high mass and the low mass targets. At 0 cm

of shielding, the metal yields are 238U: (6.871 ± 0.054)×10−2 nC−1, 232Th: (1.673 ±
0.026)×10−2 nC−1, and Pb: (1.971 ± 0.291)×10−4 nC−1. The lead responses are

included to provide clear representation of the background environment, rather than

active background subtracting the fissionable mass responses. The yield response of

any target without shielding may be denoted as Υ0 and will be referenced for the

comparison of further shielding results against these values. By 10.16 cm of borated

polyethylene shielding, the yield values have dropped to 52.4% of Υ0 for 238U, 52.6%

of Υ0 for 232Th, and 68.8% of Υ0 for Pb. At even 30.48 cm of borated polyethylene

the yield values are still strong indicators of the presence of fissionable material,

measuring 17.8% of Υ0 for 238U, 16.6% of Υ0 for 232Th, and 75.2% of Υ0 for Pb; the

measured yield for the uranium target is still a factor of 82.6 or 52.94σ above the lead

background, and the thorium signal a factor of 18.79 or 23.18σ above background. The

drop in signal with respect to increasing polyethylene shielding is a slow and steady

decrease, with a separation which is still differentiable even at significant thicknesses.

The response of the low mass targets to the borated polyethylene shielding is similar.

At 30.48 cm of shielding the measured yield values are 22.7% of Υ0 for 238U, 25.0% of

Υ0 for 232Th, and 107% of Υ0 for H2O (H2O: 1.96× 10−4 nC−1 ± 2.8× 10−5 nC−1);

the uranium solution in this case is a factor of 5.458 or 12.60σ above the background

yield, the thorium solution a factor of 2.526 or 5.916σ above the background yield.

Fissionable material detection can also be considered in terms of the critical deci-

sion level, as defined in Equation 2.51. For the cases relevant to this discussion, the

error in the water and lead target active backgrounds define the detection limits; the

background may be considered in each case as the average of the series of recorded

backgrounds at each shielding configuration, σbkg , in order to better account for the

spread of the measured background response. Utilizing symmetric false tolerances of

95% confidence levels, the calculated detection limits are LD = 1.702 × 10−4 nC−1

for water and LD = 1.787 × 10−4 nC−1 for lead. These calculated values define the
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threshold for the detectable yield of the system with a 95% confidence in the detec-

tion capability. The experimentally measured yield responses to shielding thickness

may be fit utilizing an exponential decay form; this is the known γ-ray attenuation

form and corresponds to the visual linear correlations which Figure 5.6(a) and Fig-

ure 5.6(c) indicate. These fit parameters can then be utilized to extrapolate the

shielding thickness at which the signal strength would be just equal to the calculated

detection limit, establishing system detection constraints. The maximum borated

polyethylene shielding thickness at which detection of the 2.6 kg 238U metal target

with a 95% confidence could be ensured would be ∼103.9 cm; this confidence limit

would be reached at ∼77.2 cm of borated polyethylene for the 1.5 kg metal 232Th

target. The maximum borated polyethylene thickness at which a 95% confidence in

the detection response could be ensured would be ∼68.29 cm for the 238U solution

and ∼51.7 cm for the 232Th solution. To be clear, this result indicates that under

these measurement conditions, using a stand off distance of ∼2.38 m, there is a 95%

confidence in detecting the 72.3 g solution of 238U surrounded by ∼68.3 cm of bo-

rated polyethylene utilizing the defined high-energy delayed γ-ray signature. Thus,

the delayed γ-ray signature clearly survives very well against borated polyethylene

shielding.

In contrast, at just 2.54 cm of lead shielding the delayed γ-ray yield appears to

be already significantly compromised. The metal target yields have fallen to just

4.48% of Υ0 for 238U and 4.93% of Υ0 for 232Th, while the lead background signal

is ∼132% of Υ0 , or a value of (2.60 ± 0.32)×10−4 nC−1. The metal targets, shown

in Figure 5.6(b), are already within 1σ of the measured active background target at

10.08 cm of lead shielding; beyond this thickness of target shielding, there is no visible

difference discernable between any of the targets. At 5.08 cm of lead shielding, the

measured yield responses have fallen to 0.871% of Υ0 for 238U, 1.90% of Υ0 for 232Th;

the measured active background lead target measures ∼120% of Υ0 . These results

indicate very strong suppression of the delayed γ-ray signal.

Given their low fission mass and thus smaller signature to begin with, the aqueous

targets prove difficult to discern at even 2.54 cm of lead shielding, using the delayed

γ-ray responses. At 2.54 cm of lead shielding, the uranium solution has a measured
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value of 9.17% of Υ0 , and lies within 1.47σ of the measured background response

at 2.54 cm of shielding with a pure H2O target; this background is ∼182% of the

measured Υ0 water response. The thorium solution yield, 13.62% of Υ0 , is indistin-

guishable from background. From the results of the small mass solutions, it is clear

that the background yield responses increase from 0 cm to 2.54 cm of lead shielding,

indicating higher detection rates of delayed γ-rays; this was also observed to be the

case in the metal background lead target response, although it was a smaller fraction

and therefore more difficult to discern. However, this small effect could be indicative

of the increase of the bremsstrahlung scattering target, due to the lead target shield-

ing placed upstream of the target; drawing any strong conclusions is challenging,

given the small number of total counts involved. For example, the water target has a

high-energy delayed γ-ray count rate at 0 cm of shielding of just 0.145± 0.022 sec−1,

compared to the high-energy delayed γ-ray count rate of 0.257±0.029 sec−1 at 2.54 cm;

this is a rate difference of a factor of 1.77, but a difference of only 34 total counts for

the two different acquisitions. The delayed regions do not appear to be compromised,

as can be seen in Figure 5.7, which shows the time response of the active background

measurements, the water target at 0 cm, 2.54 cm, and 5.08 cm of lead shielding, and

the lead target at 0 cm and 2.54 cm of lead shielding, for (a) the full acquisition

time width and (b) the acquisition time width to 60 ms, to better illustrate the early

time response; the spectra are not rebinned so as to convey the few counts nature

of the late time region, where many zero count bins are observed. Given the small

numbers of counts involved though, it is possible that some of the delayed time region

events originate from events due to the increased scattering target of the lead shield-

ing, such as (γ, n) to (n, γ) events which result in high-energy γ-rays at times longer

than 30 ms; capturing even a small number of these events could plausibly affect the

background count rates significantly enough to be noticeable, while further increases

of shielding would mask this occurrence. Further investigation of lead shielding ef-

fects at thinner steps than 2.54 cm may be warranted in order to expand on potential

ramifications of these effects.

A consequence of the lead shielding is the significant attenuation of the brems-

strahlung beam, which decreases the induced fission rates of the targets. As the
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Figure 5.7: The delayed γ-ray time response behavior shown for a number of active
background measurements, the water target at 0 cm, 2.54 cm, and 5.08 cm of lead
shielding and the lead target at 0 cm and 2.54 cm of lead shielding. The responses are
shown for (a) the full acquisition window of ∼ 133 ms and (b) the acquisition window
to only 60 ms, with 30 ms indicated. The delayed time region does not appear to be
compromised. Data was recorded for ∼ 5 minute inspection windows on each target
with beam parameters of 16 MeV and 7.5 Hz.

shielding surrounds the target on all sides, the probing radiation must penetrate the

increasing thicknesses of shielding material before reaching the interrogation target.

Attenuation of the interrogation beam was expected to greatly challenge the detec-

tion capabilities; the effects were observed in the significantly decreased target yields

at even the first 2.54 cm step of target shielding. Given that the mass-attenuation

coefficient (for lead) is energy dependent, the beam attenuation varies with energy,

but is sufficiently strong across the entire photon energy range so as to be problem-

atic. At 2.54 cm of lead shielding, the approximate photofission threshold energy of

6 MeV (for 238U, 232Th) would have a photon intensity reduced by more than 70%; at

15 MeV the photon intensity is reduced by at least 80%. Nonetheless, fission events

are still induced in the target, resulting in detectable delayed signals. Although these

results seem daunting for potential detection scenarios, the delayed γ-ray response

is only one of the fission signatures considered. It is beneficial to next consider the
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delayed neutron yield responses to the target shielding materials.

5.4.2 Effects of Shielding on the Delayed Neutron Signal

The delayed neutron yield responses are now considered as a function of shielding

thickness for the same shielded target scenarios, Figure 5.8(a)-(d). The responses are

indicated for the high mass metal targets as a function of target shielding thickness

for 5.8(a) borated polyethylene shielding and 5.8(b) lead shielding. Figure 5.8(c) and

5.8(d) indicate the delayed neutron response for the low mass aqueous targets, again

shown as a function of target shielding thickness for 5.8(c) borated polyethylene

shielding and 5.8(d) lead shielding. The figures indicate that the delayed neutron

signature exhibits a steep decrease in response to both shielding materials; however,

closer inspection of the data is clearly warranted.

Figure 5.8(a) illustrates the delayed neutron response of the metal targets to

increasing borated polyethylene thickness; although the targets remain clearly de-

tectable above background at 15.24 cm of shielding, by 20.32 cm of shielding the

uranium lies only 1.891σ above the lead background and the thorium target response

is no longer separable from background; beyond the 20.32 cm of target shielding,

there is no discernable difference between any of the target responses. At 15.24 cm

of borated polyethylene, the measured metal target delayed neutron yields are just

0.533% of Υ0 for 238U, only 0.789% of Υ0 for 232Th, and ∼135% of Υ0 for lead; the

depleted uranium target is a factor of 17.2 or 4.64σ above the measured background,

the thorium metals a factor of 5.00 or 2.16σ above the measured active background.

Beyond this, at 20.32 cm of borated polyethylene, the depleted uranium target yield

is just 0.135% of Υ0 , and a factor of only 5.96 or 1.89σ above the background yield;

the measured active background lead target yield is ∼99.23% of the Υ0 obtained for

lead; neither metal target is reasonably distinguishable from an active background

measurement beyond 20.32 cm of borated polyethylene shielding. These results con-

cur with the extrapolated shielding thicknesses at which the critical decision level

threshold occurs, 26.69 cm of borated polyethylene for a 95% confidence of the 2.6 kg

metal 238U detection and 24.30 cm of borated polyethylene for a 95% confidence of the
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Figure 5.8: The delayed neutron yield responses shown as a function of thicknesses for
two shielding materials, in each of two target scenarios, high mass metal targets and
low mass aqueous solution targets. (a)-(b) The delayed neutron yield responses for
three metal targets, 1.5 kg of 232Th, 2.6 kg of 238U and a 6.0 kg lead target utilized for
active background, shown as a function of the (a) borated polyethylene shielding and
(b) lead shielding thicknesses. (c)-(d) The delayed neutron yield responses for three
aqueous targets, solutions containing 72.3 g of 238U and 59.5 g of 232Th, and a pure
water target utilized for active background, shown as a function of the (c) borated
polyethylene shielding and (d) lead shielding thicknesses. The yields are obtained for
each target configuration by summing the delayed neutron response of the detector
array, normalized to the total acquisition charge. Data was recorded for ∼5 minute
inspection windows on each target with beam parameters of 16 MeV and 7.5 Hz.
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1.5 kg metal 232Th detection. The aqueous target responses are quenched even more

rapidly by the target shielding due to their lesser fissionable masses. At 10.16 cm of

borated polyethylene the measured uranium solution yield is just 2.78% of Υ0 , only

5.12 times higher or 2.60σ above background; the shielded active background response

at 10.16 cm was ∼55.9% of Υ0 . The thorium solution yield, 3.76% of Υ0 , lies only

1.64σ above the active background, seen in the figure where the 1σ errors are indi-

cated. Neither of the aqueous targets are distinguishable from an active background

measurement beyond 10.16 cm of borated polyethylene shielding. Figure 5.8(b) and

Figure 5.8(d) illustrate the delayed neutron signal responses to lead shielding of the

target. In the case of the metal targets, Figure 5.8(b), it is clear that although the

recorded results decrease rapidly with increasing shielding thickness, the detection of

the depleted uranium target actually survives even 20.32 cm of lead target shielding;

the thorium target does as well. At 20.32 cm of lead shielding the measured yield

results for the metal targets are 1.44% of Υ0 for 238U, 1.55% of Υ0 for 232Th; the

measured active background lead target response is ∼156% of Υ0 . At this maximum

lead shielding thickness the depleted uranium target yield is still a factor of 40.15

or 116.7σ above the measured active background yield, and the thorium target is a

factor of 8.498 or 23.14σ above the measured background yield, significant separa-

tion, and certainly quantifiable as detectable. Note that each of the delayed neutron

yield values for the metal targets measured at 20.32 cm of lead shielding are in fact

higher than the corresponding target yields measured at just 15.24 cm of borated

polyethylene shielding. Thus, it is clear that the neutron signal succumbs to effects

of borated polyethylene shielding much more rapidly than for lead shielding.

The aqueous target detection does not fare quite as well as the smaller yield

responses are quenched more rapidly by the increasing target shielding, although the
238U solution target response is still separable from the active background even at the

full 20.32 cm of lead shielding. At 20.32 cm of lead shielding the measured aqueous

target yields are 3.38% of Υ0 of 238U and 2.66% of Υ0 of 232Th; the active background

is 86.77% of the H2O Υ0 . This correlates to a uranium solution yield which is a

factor of 4.01 or 9.48σ above the measured active background, although the measured

thorium solution yield is approximately equal to the active background measurement
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and therefore indistinguishable. The thorium target is in fact indistinguishable from

background beyond 10.16 cm of lead shielding, where the yield measures (1.46 ±
0.33)×10−4 nC−1 as compared to the active background water yield, which measures

(9.57±2.88)×10−5 nC−1, a separation of the thorium target above active background

by a factor of only 1.53 or 0.651σ.

It is important to highlight again the significant effect which the lead shielding has

on the induced fission rate within the target. The lead shielding’s attenuation of the

interrogating bremsstrahlung beam is the principle reason behind the reduced delayed

neutron responses, rather than a shielding of the target neutron emissions. Even

given a severe amount of lead target shielding, 20.32 cm surrounding the target on

all sides, it is significant to reiterate that these results indicate that the metal targets

of 2.6 kg 238U and 1.5 kg 232Th remain clearly detectable. The lower mass targets,

the aqueous solutions, also remain detectable in the 238U response although not in

the 232Th response. As to concerns for potential application space, consideration of

significant target shielding is of clear relevance. However, a significant reduction in

the photon flux would be expected to be strongly visible downstream of the target in

the case of the presence of significant high-Z target shielding within the interrogation

beam.

5.4.3 Direct Comparisons of the Delayed γ-Ray and Delayed

Neutron Signal Responses to Shielding

It is useful to directly compare the results of the delayed signature responses to

each other. The measured yield responses are indicated, where each delayed signature

response has been normalized to the total solid angle subtended the detector array.

Figure 5.9 indicates the responses of the metal targets to borated polyethylene for

(a) the delayed γ-ray yield responses and (b) the delayed neutron yield responses,

shown as a function of the shielding thickness. These figures elucidate the survival

of the delayed γ-ray signature, with nearly two orders of magnitude in separation

between the depleted uranium target and the lead target at the maximum 30.48 cm

of shielding; in contrast, the delayed neutron signature is strongly quenched by the
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Figure 5.9: A comparison of the delayed signature responses shown as a function of
the borated polyethylene shielding thickness for three metal targets, 1.5 kg of 232Th,
2.6 kg of 238U, and a 6.0 kg lead target utilized for active background, indicated for
(a) the delayed γ-ray responses and (b) the delayed neutron responses. All yields
are normalized to the total acquisition charge and the detector array solid angle;
1σ values are indicated for each measurement. Data was recorded for ∼5 minute
inspection windows on each target with beam parameters of 16 MeV and 7.5 Hz.
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Figure 5.10: A comparison of the delayed signature responses shown as a function
of the borated polyethylene shielding thickness for three aqueous targets, 72.3 g of
238U, 59.5 g of 232Th, and a water target utilized for active background, indicated
for (a) the delayed γ-ray responses and (b) the delayed neutron responses. All yields
are normalized to the total acquisition charge and the detector array solid angle;
1σ values are indicated for each measurement. Data was recorded for ∼5 minute
inspection windows on each target with beam parameters of 16 MeV and 7.5 Hz.
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Figure 5.11: A comparison of the delayed signature responses shown as a function of
the lead shielding thickness for three metal targets, 1.5 kg of 232Th, 2.6 kg of 238U,
and a 6.0 kg lead target utilized for active background, indicated for (a) the delayed
γ-ray response and (b) the delayed neutron response. All yields are normalized to the
total acquisition charge and the detector array solid angle; 1σ values are indicated
for each measurement. Data was recorded for ∼5 minute inspection windows on each
target with beam parameters of 16 MeV and 7.5 Hz.
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Figure 5.12: A comparison of the delayed signature responses shown as a function
of the lead shielding thickness for three aqueous targets, 72.3 g of 238U, 59.5 g of
232Th, and a water target utilized for active background, indicated for (a) the delayed
γ-ray response and (b) the delayed neutron response. All yields are normalized to the
total acquisition charge and the detector array solid angle; 1σ values are indicated
for each measurement. Data was recorded for ∼5 minute inspection windows on each
target with beam parameters of 16 MeV and 7.5 Hz.
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borated polyethylene shielding. The aqueous target responses show similar qualitative

behavior responses; results are shown in Figure 5.10 for the three aqueous targets as a

function of the borated polyethylene shielding thickness for (a) the delayed γ-ray yield

responses and (b) the delayed neutron yield responses.

Figure 5.11 indicates the responses of the metal targets to lead shielding for (a)

the delayed γ-ray yield responses and (b) the delayed neutron yield responses, shown

as a function of the target shielding thickness. These figures indicate the detection

capability of the delayed neutron response at even 20.32 cm of lead target shielding,

where nearly two orders of magnitude of separation are observed between the depleted

uranium target yield and the active background lead target yield; in contrast, the

delayed γ-ray response decreases rapidly with the first few target shielding steps, and

no separation is discernable between the target responses beyond 5.08 cm of shielding.

The aqueous target responses show similar qualitative behavior responses; results are

shown in Figure 5.12 for the three aqueous targets as a function of the lead shielding

thickness for (a) the delayed γ-ray yield responses and (b) the delayed neutron yield

responses.

These results highlight the contrasting nature of the two delayed signal responses

to the selected shielding materials. For a target shielded by lead, the detection of

the fissionable material by delayed γ-ray signal is compromised, but the detection

of the material using delayed neutrons survives, even against significant amounts

of shielding. Conversely, for a target which is shielded by borated polyethylene,

the delayed neutron signal is compromised but the γ-ray signal survives. Thus, the

incorporation of both signatures for detection can be leveraged to provide improved

detection of fissionable materials.

5.5 Conclusions Regarding the Delayed γ-Ray and

Delayed Neutron Signal Responses

It is clear from this investigation that that the delayed γ-ray signature and the de-

layed neutron signature present nearly orthogonal responses to the selected shielding
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materials. Although delayed neutrons and delayed high–energy γ-rays have both been

previously studied and are often proposed for detection studies, their complementary

nature is not generally considered nor exploited for potential implementation. These

results would certainly argue that combined detection utilizing both signatures should

be strongly considered as it not only provides dual confirmation of the presence of

fissionable material, but may also serve to enhance detection in potentially obscured

target scenarios.



Chapter 6

Conclusions

Signatures for the detection and characterization of fissionable materials have been

presented. Results were shown for a number of targets, using distinct geometries to

investigate several scenarios. Delayed fission neutrons from induced reactions have

been shown to be an incredibly effective means to detect the presence of fissionable

material, and results were investigated at a number of different bremsstrahlung end

point energies. Figure 6.1 illustrates the results of the delayed neutron yields for sev-

eral small mass aqueous targets utilizing a detection array which was deployed very

close to the inspection objects of interest, shown as a function of the bremsstrahlung

beam end point energy for interrogation energies from 6 MeV to 19 MeV. The fission

rate of the target increases with the congruence of the bremsstrahlung beam energy

spectra and the photofission cross section, resulting in the rising delayed neutron re-

sponses observed with increasing beam energy. This greatly enhanced delayed neutron

yield, which increases by nearly three orders of magnitude from the bremsstrahlung

beam end point energies of 6 MeV to 19 MeV, prescribes higher interrogation energies

for improved fissionable target response. However, the rapid rise of the response of

a water target utilized as active background is noted at the higher bremsstrahlung

beam energies; this response is due to a competing reaction on 18O that produces

delayed neutrons and which has a threshold energy of 15.9 MeV and. Maintaining

the interrogation parameters to avoid production of these non-fission delayed neu-

trons is crucial to ensuring overall system sensitivity. Thus, an optimal interrogation

123
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Figure 6.1: The delayed neutron yield for three aqueous targets of interest, U-5,
Th-5, and a pure water target utilized for active background measurements, shown
as a function of the bremsstrahlung end–point energy for inspections from 6 MeV
to 19 MeV. Data was recorded for ∼5 minutes on each target with an accelerator
repetition rate of 7.5 Hz.

energy was determined to be 16 MeV. At selected operating parameters of 16 MeV

and 7.5 Hz for 5 min inspections, an aqueous target which contained just 52.2 grams

of 238U was shown to have a yield a factor of more more than 6671 or 982σ above an

active background measurement, while an aqueous target containing just 59.6 grams

of 232Th was shown to have a yield a factor of 2811 or 540σ above the measured active

background yield; these results infer strong signals of fissionable material and thus

incredibly strong detection capabilities.

The time response of the delayed neutron signal was utilized to extrapolate a

linearized decay rate of the target, which was shown to be correlated to the fission

and neutron emission rates and thus a unique isotopic identifier. The results for a

series of aqueous targets of interest are shown in Figure 6.3 The measured linearized

decay rates are shown for a 238U target, a 232Th target, and a series of four targets

which contained both 238U and 232Th in various combinations; the extrapolated linear

decay rates showed strong agreement with the predicted response for any isotopic

ratio of 238U and 232Th, indicated as the solid curve in the figure. Although this
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approach indicated a strong capacity for the identification of the isotopic composition

of targets, it was noted that relatively long inspection times were needed to acquire

enough statistics for accurate fits. In the case of these results, target inspection times

∼75 minutes were used for target identification, as opposed to target detection times

of just 5 minutes.
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Figure 6.2: The normalized linear decay rates shown as a function of the fraction f of
the 238U component for the four silicon oxide mixed component targets and the single
component U -6 238U and Th-6 232Th targets. The function shown is the predicted
linear decay rate for a bi–component solution using the single component decay rate
values obtained experimentally; the function form is given by Equation 4.2. Data was
collected at 16 MeV at a repetition rate of 7.5 Hz for ∼75 minutes. Least squares
linear fits were performed to determine the linear decay rates of the targets; results
were summarized in Table 4.7. Error bars indicate 1σ for each target.

An alternative, much more rapid method of identification which utilized the ratio

of delayed neutron responses at a standard inspection energy and a lower fiducial

inspection energy was defined. The Dual Energy Relative Yield, or DERY value, was

defined for these experimental campaigns to be the ratio of the yield from a standard

5 minute inspection at 16 MeV (7.5 Hz) and the yield from a 5 minute inspection at

11 MeV; thus target identification utilizing DERY requires only 10 minutes of total

inspection time. Although significantly more scatter was observed in the identifi-

cation of the isotopic composition of targets utilizing this method, Figure 6.3, the
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greatly reduced measurement time still makes DERY a strong candidate, particularly

if determining rough isotopic content may be determine further target analysis steps.
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Figure 6.3: The DERY values shown as a function of the fraction f of the 238U
component for the four aqueous mixed component targets and the single component
U -5 238U and Th-5 232Th targets. Data was collected at 11 MeV and 16 MeV at
a repetition rate of 7.5 Hz for ∼5 minute inspection windows. Least squares linear
fits were performed to determine the linear decay rates of the targets; results were
summarized in Table 4.6. Error bars indicate 1σ for each target.

Further, the delayed neutron yield response was determined to be linearly corre-

lated to the target fission mass of investigated targets in a mass range up to 150 grams,

for both silicon oxide targets and aqueous solutions which contained either 238U or
232Th in varying amounts. Thus, an unknown mass of a target can be extrapolated

from the measured delayed neutron yield, allowing further characterization of fis-

sionable material detected. Utilizing either the linearized decay rate or the defined

much more rapid Dual Energy Relative Yield (DERY) value to identify the isotope(s)

present in an unknown sample, both the isotopic composition and mass of a sample

can be deduced.

The sensitivity of the delayed neutron signature’s detection capabilities was quan-

tified through the use of minimal detectable mass, or MDM, determined to be directly

dependent on the error of a corresponding background measurement for any given
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target. Thus the threshold for detection of a system can be thought of as being deter-

mined by the fluctuations within the measurement system due to all responses other

than those from fission, a logical outcome. In an environment where many neutrons

are present at late times in the measurement system, whatever the reason, the detec-

tion capability for small masses will be greatly reduced. If however the environment

is well-controlled, and very limited background effects are present, the system would

be expected to be much more sensitive to small fission masses. Minimal Detectable

Mass values were calculated for the measured energy responses for several targets,

the results of which are presented in Figure 6.4.

A second signal of fission was identified through the use of high energy delayed

γ-rays, defined to be all Eγ≥3 MeV at t ≥ 30 msec; detection results investigated

the parallel signal responses to target shielding utilizing borated polyethylene or lead

shielding which surrounded the target on all sides. Results of the inspections are

summarized for the delayed neutron detector array and the delayed γ-ray detector

array as a function of shielding thickness for the two shielding materials in Figure 6.5

through Figure 6.8.

These results indicate the success of the signals for fission detection, even in cases

of significant target shielding. The potential benefits of combined signals as a basis

for fissionable material detection are readily apparent.
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Figure 6.4: The calculated minimal detectable masses are shown as a function of the
interrogation energy for (a) the aqueous targets and (b) the oxide targets. Table 4.4
summarized the minimal detectable mass values obtained. The calculations assumed
experimental parameters of 7.5 Hz repetition rate with ∼ 100 nC charge per pulse
for a 5 min inspection. The notable upturn at high energies is due to a competing
background reaction and is discussed in detail in the results. The optimal operating
energy was chosen to be 16 MeV where the detection thresholds are 9.970 mg for
aqueous 232Th, 3.679 mg for aqueous 238U, 7.970 mg for oxide 232Th, and 2.870 mg
for oxide 238U.
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Figure 6.5: A comparison of the delayed signature responses shown as a function
of the borated polyethylene shielding thickness for three aqueous targets, 72.3 g of
238U, 59.5 g of 232Th, and a water target utilized for active background, indicated
for (a) the delayed γ-ray responses and (b) the delayed neutron responses. All yields
are normalized to the total acquisition charge and the detector array solid angle;
1σ values are indicated for each measurement. Data was recorded for ∼5 minute
inspection windows on each target with beam parameters of 16 MeV and 7.5 Hz.
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Figure 6.6: A comparison of the delayed signature responses shown as a function of
the borated polyethylene shielding thickness for three metal targets, 1.5 kg of 232Th,
2.6 kg of 238U, and a 6.0 kg lead target utilized for active background, indicated for
(a) the delayed γ-ray responses and (b) the delayed neutron responses. All yields
are normalized to the total acquisition charge and the detector array solid angle;
1σ values are indicated for each measurement. Data was recorded for ∼5 minute
inspection windows on each target with beam parameters of 16 MeV and 7.5 Hz.
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Figure 6.7: A comparison of the delayed signature responses shown as a function
of the lead shielding thickness for three aqueous targets, 72.3 g of 238U, 59.5 g of
232Th, and a water target utilized for active background, indicated for (a) the delayed
γ-ray response and (b) the delayed neutron response. All yields are normalized to the
total acquisition charge and the detector array solid angle; 1σ values are indicated
for each measurement. Data was recorded for ∼5 minute inspection windows on each
target with beam parameters of 16 MeV and 7.5 Hz.
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Figure 6.8: A comparison of the delayed signature responses shown as a function of
the lead shielding thickness for three metal targets, 1.5 kg of 232Th, 2.6 kg of 238U,
and a 6.0 kg lead target utilized for active background, indicated for (a) the delayed
γ-ray response and (b) the delayed neutron response. All yields are normalized to the
total acquisition charge and the detector array solid angle; 1σ values are indicated
for each measurement. Data was recorded for ∼5 minute inspection windows on each
target with beam parameters of 16 MeV and 7.5 Hz.
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