¢

LAWRENCE
LIVERM ORE
NATIONAL
LABORATORY

LLNL-TR-635876

A heuristic approach to rapid, automatic
identification of uranium in high-resolution
gamma-ray spectra

T. Gosnell

April 30, 2013



Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
government. Neither the United States government nor Lawrence Livermore National Security, LLC,
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States government or Lawrence Livermore National Security, LLC. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United States government or
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product
endorsement purposes.

This work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore
National Laboratory under Contract DE-AC52-07NA27344.



B Lawrence Livermore
National Laboratory

Lawrence Livermore National
Laboratory is operated by Lawrence
Livermore National Security, LLC, for
the U.S. Department of Energy,
National Nuclear Security
Administration under Contract
DE-AC52-07NA27344.

A heuristic approach to rapid,
automatic identification of
uranium in high-resolution
gamma-ray spectra

Thomas B. Gosnell

April 2013




Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
government. Neither the United States government nor Lawrence Livermore National Security,
LLC, nor any of their employees makes any warranty, expressed or implied, or assumes any
legal liability or responsibility for the accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States government or Lawrence
Livermore National Security, LLC. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States government or Lawrence Livermore
National Security, LLC, and shall not be used for advertising or product endorsement purposes.



Table of Contents

HPGE ID: A rule-based eXPErt SYSLEIM ... mrererseessmeessseesssesssessssssssssesssssesssssesssssesssssssssssessssssssssssssens 4
THE USET EXPETIEIICE ..eueerieureeueenreeeeeseeseeeseessesssesssessse e s b b s s s s e bR R e b 6
{00 L= 1 7
Qualitative deSCriptions Of UNCEITAINLY ......ccwerreenmeeroseersessisessisssesssesassesissssasssessssesassssassssssssssssssssssssassssenss 7
Misidentification and miSSed iIdENEIfICALION ........cveeorrerereerreerseserseerssesssesissasissssisssessssesassssassssasssssssssssseses 8
Advantages and disadvantages Of XPEIrt SYSTEITLS ...cerorerossssismsessssesssesissesissssassssssssessssssasssssssssssses 9

Natural uranium

|80 ar= o 00 0 0 0 ) P
D500 g Lol 6016 B D0 4721 0D 10 o o O

Reprocessed uranium
The uranium decay series
The thorium decay series
Thorium-228: Nexus nuclide—a ubiquitous and ambiguous signature
Fluorine in uranium—Uranium hexafluoride and uranyl fluoride .........onennennenecneenes

The uranium contribution to background SPECITA.....c.uuereererreensernseesserseee s s sasesssesssenns

More observations about background interference in field measurements

Key full-energy peaks from uranium isotopes and collateral nuclides.........cconmeneereerecereennes 18
Uranium-235—The only fissile primordial NUCHAE: ...t 19
IMASKING 235U.co.tveereerereresecuseesscesassssssesssesssesassssssesssesssssassssssesssesssesssssassesssesssesssssassssssesssesssssssessssesssesasssassssssssssesssssanes 20

Identification of 238U in natural uranium

Uranium-234—Naturally occurring, not primordial—another decay series nexus................ 21

Uranium-232—Possible HEU signature, parasitic impurity ......ceeseneessesseessesseens

Uranium-233—Looking to the future and the thorium fuel cycle

Uranium-236—Reactor poison and oceanic fallout tracer ......orenmeenseenseeneeesesssessseesseesesseens
Uranium-236 as a reactor poison in @ ClOSEd fU@l CYCIE ....woreorirreerssrersserssersssrissssssssesssesiness
Investigating ocean currents using uranium-236.........coruwconeen.

Uranium-237— Fissions with fast neutrons, production of heat-source 238Pu........ccccccuuuereeneens 25

Minimum enrichment estimation by peak-area ratio........ s 26

Detecting HEU when no 238U signal iS Manifest.....cocneneceneesessseesseissessssessssssssssesssssssssesssees 31

Detecting Shielded HEU ...ttt ssse e s st sesssessses s s s bbb senasees 31



Uranium-232: grasping at straws to detect Shielded HEU. ...........onceosserossesismssesismsessonsses 31

Distinguishing between 232U AN 232TN......ccuwerceronmeersonmsessomssesismssessmsessnssessnssessssssssssssssanssssssssssssesinns 37
Further distinguishing between natural U and processed U.........ccccccerveeicrreencrrennncnnns 39
The 609/1001 PEAK-AI€a FALIO ..vvereerueerrersreereesseessesesseesssessssess s sesssssssss s ses s sessssessssssssssmsessaseesas 39
The 1001/766 PEAK-AIEa FALIO ..vverereeerrersseerreesseessesesseesssessssess s ssessssssssssssssssssesssssssessssessssssssssssessaseenas 39
Uranium-232 and apparent uranium-238 in plutonium ........cccccoveeiiirieccrneenccrneenennes 41
232U N WeAPONS-BLAUE PU oo sss s sesssssessssssesssses s ssssssssssssssesssssssenes 41
232U 1N FEACLOT-BIAE PU...ceeceeerreesecrseereersess s sessssess s sss s sessssesssssssesssses s sssssssssssssssssssessenes 41
Heat-SOUICE PIULONIUITL coouueeererseeseeesseessesssesseessseesseessessssesssess s ssess s sesssssesssss s ssses s s sssessssesssssessenes 41
Plutonium-238—Plutonium masquerading as 238U .........ceeeeeeseesessesssessssssssesssessssesenes 42
0o T Vol [T o T o N 44
AcCKkNOWIEdZEMENLS .....cceeeiiiiiiiiieccrreieerrreccrreneesreneeerennsssenssssenssesrenssessennssssenannnns 44
Appendix: Signal-to-noise ratio computation ........c.cceeceirieiiiiiirciriniinrercerreee e 45
Single-peak signal-to-N0iS@ TATIO ... wucererees e ss s sssns s 45
Effective signal-to-noise ratios for provisional nuclide identification .........oneeneenneennens 47
Effective signal-to-noise ratio for individual findings ... 48
Confidence in the HPGE ID fINAINGS.....ccerrereermeereesresssessseessesssssssesssssessess s ssesssssssssssssssssessssssssenes 48
=T = =T T =L 49



A heuristic approach to rapid, automatic identification of
uranium in high-resolution gamma-ray spectra

Abstract

Our rule-based expert system, HPGe ID, is used to rapidly and automatically identify well
over 200 radioactive sources in less than one second from their gamma-ray signatures in
high-resolution gamma-ray spectra. One of the most important sources, uranium, is the
most complex in terms of natural or processed form, enrichment grade, and even reactor
fuel cycle. To determine these attributes, HPGe ID does not require knowledge of the
detector efficiency, the source-to-detector distance, or the geometry of the inspected
radiation source—including any shielding. Here we discuss the approach taken with
HPGe ID to detect and determine these uranium attributes.

Introduction

Every gamma-ray spectrum tells a story and, like a book, it can be read if you understand
the language. A book in good condition with crisp print can be easily read. A book in poor
condition, such as a tattered ancient biblical scroll with voids in the document, can only be
read with imprecision. Similarly, a gamma-ray spectrum acquired in the field for a brief
period of time and smeared by a detector with poor energy resolution is likely to be read
with similar imprecision, sometimes resulting in nuclide misidentification [1].

Gamma-ray spectra collected by nuclear incident first responders are obtained in the field,
usually under suboptimal conditions, for short periods of time, and can result in sparse data
that cannot reveal the finest details. Nevertheless, the superior energy resolution of HPGe
spectra provides considerably greater information content than is found in commonly
employed scintillation detectors, such as Nal(T1) [1]. For this reason, HPGe excels in the
analysis of complex spectra from sources of mixed radionuclides [2] such as uranium. This
is true even for spectra from high-resolution detectors where only the most intense
gamma-ray full-energy peaks can regularly be observed with confidence.

Even under these conditions, one can frequently, with reasonable confidence, exploit the
energy resolution of HPGe to detect uranium, discriminate between natural and processed
uranium, and obtain a rough estimate of minimum uranium enrichment. In this paper we
describe our approach to achieving these goals for uranium with HPGe ID, a rule-based
system that assists the gamma-ray spectrometrist with rapid analytical results (in about
one second) for uranium and the wide variety of other radionuclides that can be found in
commerce.



Rapid automatic nuclide identification

HPGe ID: A rule-based expert system

Excellent quantitative computer programs for automated laboratory analysis of high-
resolution gamma-ray spectra from samples of known provenance have been in existence
for nearly half a century. In contrast, our computer code, HPGe ID performs qualitative
analyses. [t must be able to successfully apply heuristics to analyze field spectra from a large
number of nuclides and mixed sources of nuclides, taken with HPGe detectors of widely
varying and uncertain efficiency. Though not originally developed as an expert system,
HPGe ID now contains all of the classic features of an expert system.

The radioactive items to be measured are usually in containers of widely varying size and
unknown construction. The containers lightly or heavily shield the item, attenuating and
scattering its radiation before it reaches the detector. The spectra are taken at source-to-
detector distances that are varied and usually inexact and spectral data are typically
acquired for only a relatively short duration.

Because of the nature of field spectra and the heuristic nature of radionuclide identification
and characterization, we have chosen to implement HPGe ID as a rule-based expert system
[3, 4], a knowledge-based approach rather than a strictly procedural approach. As
experience with these field spectra deepens, we need to incorporate newly gained
knowledge of their characteristics in a painless manner. An expert system differs from
traditional programs by having a unique structure. It is modular, divided into two parts: a
knowledge base or rule base that can be easily modified or expanded and an inference
engine that remains fixed and reasons from the knowledge base in much the same manner
as a human expert.

Another characteristic of expert systems is that they are heuristic—like humans they reason
with expert judgmental knowledge, rules of thumb, as well as formal established
knowledge. As such HPGe ID follows the typical reasoning process used by gamma-ray
spectrometrists. Here we sketch elements of HPGe ID that are characteristic of expert
systems as applied to nuclide identification.

e User interface: HPGe ID employs a graphical user interface expressed in two windows,
augmented by a third utility window for energy calibration adjustment.

o Feature extraction: The code extracts a number of features such as the presence or
absence of key peaks, their net counts, regions of interest, and ratios. These features
form the working database examined by a binary decision tree that evaluates which of
several hundred potential results fit a particular sample.

o Explanation facility: An explanation facility ideally can present a chain of reasoning
that led to a certain conclusion. HPGe ID does log the execution of the rule set for each
analysis that is an essential tool for debugging the knowledge base but is sufficiently
complex, arcane, and tedious to be of no value to the spectrum analyst who requires a
rapid preliminary physics analysis. Instead, the user interface provides graphical and
textual information that aids the experienced analyst in determining the validity of the



conclusions or if they are mistaken. Of greatest importance, spectral templates are
available for comparison to candidate nuclides or complex sources, such as uranium,
for comparison to the unknown spectrum for line matching. Additionally, the
knowledge domain of HPGe ID encompasses some rarely encountered radionuclides
that may be unfamiliar to the analyst. Spectral information is rarely context free. The
user interface provides source usage information, which combined with contextual
information provided with the spectrum, can provide analytical confidence. For
example, if a radiation source appears to be within a person who claims to have had
medical radiation treatment and HPGe ID identifies it as 67Ga, the usage pane provides
the following information: 3.2612 d half-life, Used in humans for imaging of abdominal
infections, (...) Can be detected for 2-3 weeks.

o Knowledge base: A rule-based system is a knowledge-based system where the
knowledge base is represented in the form of a set of rules. Rules are an elegant,
expressive, straightforward, and flexible means of expressing knowledge [4]. Facts in
the form of IF-THEN-ELSE yield Boolean values that can become conditions for use by
rules that follow in the decision tree, leading to swift execution. For example,
fundamental facts include the existence of key gamma-ray lines, line ratios with
thresholds, and integrated counts in selected spectrum energy regions.

¢ Inference engine: Coding that decides which facts are germane to the analysis, which
rules are satisfied by these facts, and executes the rules. Typically, the presence of a
nuclide will be reported when line combinations for that nuclide are present and,
usually, some further conditions must be satisfied to prevent nuclide misidentification
and to report additional findings beyond simple nuclide identification.

o Findings: The inference engine prepares a list of findings, prioritized by effective
signal-to-noise ratio (defined in the appendix). The rules that generate the list must be
satisfied by the facts in the working database. Once the inference engine establishes
that all of the conditions in a rule and its antecedents are satisfied, it then adds the rule
to its appropriate rank in the findings to be reported once the journey through the rule
set reaches a conclusion.

Fig. 1 is a block diagram showing the relationships between the expert system’s elements.

Explanation <
facility
Expert knowledge

R

Knowledge —>
e Inference engine
Users €<——> User interface G

Fig. 1. Expert system block diagram



The user experience

Launching HPGe ID reveals its primary window. An example is shown in Fig. 2.
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Fig. 2. The HPGe ID primary window. In this figure, the user has dragged and dropped a
spectral data file in the pulse-height analyzer’s proprietary format into the primary viewer
pane. HPGe ID translated the proprietary format into a common internal format and displays
it in the primary viewer pane. Abbreviated and prioritized result findings appeared in the
upper middle pane, indicating that the spectrum is from weapons-grade uranium, and a
number of candidate spectral templates appeared in the upper right-hand pane for the user to
compare with the data. Spectral thumbnails of the candidates are on the left-hand side, shown
in yellow, with the exception of the currently displayed template shown as a green thumbnail.
These events unfolded within less than one second. The user has since zoomed the primary
view to the first 250-keV of the spectrum and sampled a variety of candidate templates for
comparison to the measured data, finally settling on a template of unshielded 93% 235U,
shown in green.

Most user analyses are for benign sources with commonly encountered radionuclides such
as medical 99mTc or Naturally Occurring Radioactive Material (NORM and TENORM
(Technologically Enhanced NORM) [5, 6, 7]). For these spectra, the results in the Primary
window may well suffice. For unusual or complex data, additional information can be
obtained from the Details window chosen from the menu bar in the primary window. Fig. 3
shows the Details window.
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Fig. 3. The HPGe ID Details window. In this figure the detailed findings appear in the bottom
pane. These include expanded textual results from the primary window. They are prioritized
by descending effective signal-to-noise ratio, S/N, as defined in the Appendix. Finally, they are
followed by summary results indicating the presence or absence of uranium, plutonium,
neptunium, common neutron activation activity, common alpha-n activity, and other common
alpha-x activity. A thumbnail display of the entire spectrum appears in the upper left pane.
The upper center window reveals the 600+ lines that HPGe ID searches for and lists them
alphabetically by associated element and mass number. Small boxes to the left of the line
descriptions contain checks if the line is an initial candidate for identification. Below this
window is a button that will re-sort the lines by gamma-ray energy. A close-up single-line view
is shown in the upper right pane for the 205-keV 235U line, chosen by the user from the isotope
line list. The green shading indicates the spectral region used for identification of this peak.
Below the line-view pane is a description of the nuclide’s provisional identification, its half-
life, categorization (e.g. medical, industrial, fissile, research, or impurity) and, usually, its
uses/applications or other raison d’étre.

Caveats

Qualitative descriptions of uncertainty

Problem solving concerns the search for a solution. The principal role of the inference
engine is to search for the most appropriate item of knowledge at a given moment [4]. For
HPGe ID, achieving search efficiency necessitated the reliance on heuristics.



“A heuristic is a rule of thumb, strategy, trick, simplification, or any other kind of device
which drastically limits search for solutions in large search spaces. [8].”

When we report out the findings, some of the rules can produce results of dubious certainty
or, on occasion, incorrect results. HPGe ID is now sufficiently mature that unrecognized
incorrect results have become increasingly rare. When dubious results occur and are
recognized by the inference engine, we indicate a subjective judgment of uncertainty in the
rule findings report. This may be expressed as a word or one or more question marks:

e No caveat = near certainty

e Likely

e Probable

o ? => Possible

o 7?7 => Doubtful

o 777 = Very doubtful

The HPGe ID inference engine begins its search by looking for key candidate full-energy
peaks. To become candidates, peaks must be very close in energy, according to the
spectrum energy calibration, to key peaks of interest and strong enough to be declared
manifest by exceeding a prescribed signal-to-noise threshold as defined in the Appendix.
The threshold setting is a compromise set high enough to minimize excessive false peak
presence identification and low enough to capture most peaks of interest. Because HPGe ID
does not have the visual peak recognition capability, or the contextual awareness of an
experienced gamma-ray spectrometrist, it will occasionally fail to identify the presence of
weak peaks that would be obvious to the spectrometrist’s eye.

We have specified the energies of over 600 peaks for identifying more than 200 sources. In
spite of the high resolution of HPGe, multiple peak energies, especially at low energies, can
fall within the resolution width of the detector. For example, in Fig. 3 the green shading at
the base of the peak in the peak window defines the resolution width for the 205-keV peak
from 235U. Not shown in the figure is the tentative identification of the 204.1-keV peak from
medical 255Fm as well as the 204.12-keV peak from fission product and medical 95Nb.
Moreover, complex spectra, such as from plutonium, will have gamma-ray lines that are
sufficiently close to many of the 600+ key lines, that they become candidate peaks.

Bogus candidate peaks begin to be winnowed out with the search for candidate nuclides
that usually require the presence of two or more candidate peaks. Further winnowing is
typically required to achieve nuclide identification by attaching additional conditions, such
as appropriate ratios of the areas of winnowed peaks. Attributes associated with nuclides,
for example uranium enrichment estimates, require nuclide identification followed by
additional conditions.

Good spectral energy calibration is essential for HPGe ID to produce useful results.
Application of HPGE ID to a poorly calibrated spectrum will invariably produce a
hodgepodge of fantasy identification results. Although HPGe ID possesses an energy
calibration capability, chosen by the ECal tab shown in Fig. 2, highly precise energy



calibration over a wide energy range cannot be expected of the spectra presented to
HPGe ID. Therefore HPGe ID is necessarily forgiving of small errors in energy calibration,
even though such errors exacerbate the peak identification search.

Missing legitimately present nuclides is a much smaller problem than misidentification. It
can, however, occur when weak sources are present. To limit the number of radioactive
sources that HPGe ID has to address, we have concentrated on those likely to be found in
commerce with a primary focus on identifying illicit fissile material. Within these
boundaries, HPGe ID has evolved into a useful tool that continues to be refined.

Expert systems are designed to operate within a narrow, well-defined domain of
knowledge. Their advantages include:

e Creation of efficiencies and reduction of the time needed to analyze a spectrum,

e A modular database of expert knowledge that is independent of the inference
engine and is more easily modifiable than conventional programs,

e Within the domain of the knowledge base, a different problem can be solved using
the same program without reprogramming efforts,

e The ability to reason heuristically. The human mental process is internal, and it is
too complex to be represented as an algorithm. However, most experts are capable
of expressing their knowledge in the form of rules for problem solving.

Expert system disadvantages include:

e Lack of common sense. For example, expert systems have difficulty in recognizing
domain boundaries. When given a task different from the typical problems (for
example when a complex and unusual unknown spectrum, such as mixed nuclear
waste, is presented to HPGe ID), an expert system might attempt to solve it and fail
in rather unpredictable ways,

e Lack of creativity. Human experts can respond creatively to unusual situations, expert
systems cannot,

e Problems with excessive scope expansion of the knowledge base: for example adding
new nuclides in HPGe ID, can create conflicts with existing rules, increasing the
difficulty of knowledge-base maintenance,

e Toerris human. Even a brilliant expert is only a human and thus can make
mistakes. This suggests that an expert system built to perform at a human expert
level should also be expected to make occasional mistakes. Errors and omissions in
the knowledge base can lead to incorrect findings. Expanding and debugging the
HPGe ID knowledge base has been in progress for nine years. It is now valued by its
users but still remains a work in progress. Remaining errors in its conclusions have
proven to be readily detectable by its users—experienced gamma-ray
spectrometrists, experts themselves. As such, HPGe ID is a tool to assist experienced
gamma-ray spectrometrists, not replace them. It provides rapid preliminary results
for the analyst but is not a tool intended for use by those unfamiliar with gamma-ray
spectrometry.



About uranium

Volumes have been written about uranium. Here we concentrate on those aspects of
uranium that can be revealed by rapid automatic nuclide identification and attribution by
high-resolution gamma-ray spectrometry.

Natural uranium

Uranium is a primordial radioactive element found in trace amounts in all rocks and soil, in
water and air, and in materials made from natural substances. Nevertheless, it is one of the
more common elements in the Earth’s crust, roughly some 40 times more common than
silver and 500 times more common than gold [9, 10, 11].

Uranium appears naturally in the form of a vector of three isotopes, 234U, 235U, and 238U. By
mole fraction their natural isotopic abundances are 0.000054(5) for 234U, 0.007204(6) for
primordial 235U, and 0.992742(10) for primordial 238U [12] but variation does exist in
uranium isotope ratios (for example, [13]). Uranium-234 is not primordial but appears as
one of the decay daughters of 238U.

Uranium ore

While uranium typically occurs in trace amounts in the earth’s crust, it is also found
concentrated in a range of minerals [14, 15, 16]. Some are quite beautiful and a few are
found in extensive deposits that are economically recoverable—these are the uranium ores.

Uranium occurs in nature as a mixture of numerous uranium oxides. The most common
forms of uranium oxide are triuranium octaoxide (U30sg) and uranium dioxide (UO3).
Triuranium octaoxide is the most common form found naturally and can remain in the soil
for thousands of years without moving downward into groundwater [17]. Both oxide forms
are solids, have low solubility in water, and are relatively stable over a wide range of
environmental conditions.

Unsurprisingly, both triuranium octaoxide and uranium dioxide are commonly found in
uranium ores [18, 19]. The two primary uranium ores are uraninite and pitchblende.
Uraninite contains both UO; and Uz0g, with UO; dominating. Uraninite usually forms black,
gray, or brown crystals that are moderately hard and generally opaque. A variety of
uraninite ore that is dense and found in granular masses with a greasy luster is called
pitchblende, in witch U3;0g dominates [20].

Enriched uranium

When processed, uranium is chemically purified, removing the daughters of 235U and 238U,
except for its 234U daughter. Processed uranium is typically enriched in the isotopic fraction
of 235U. If not enriched, the processed uranium can be made into heavy-water reactor fuel. It
will have retained its natural isotopic vector and, although processed, is confusingly
referred to as natural uranium (NU). The tailings of the enrichment process, depleted
uranium (DU), are reduced in their 235U content. Uranium enrichment grades are shown in
Table 1.
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Table 1. Uranium enrichment grades

Grade Percent 235U Typical uses
Depleted uranium (DU) <0.711 [21] Radiation shielding, armor-
piercing bullets, ballast
Natural uranium (NU) 0.711 [21] Heavy-water reactor fuel
Low-enriched uranium (LEU) 0.711% < LEU< 20% [21]  Light water reactor fuel
Highly enriched uranium >20% [21] Naval and fast neutron
(HEU) reactor fuel, medical
radionuclide production
Weapons-grade uranium >85-90% [22, 23] Nuclear explosives, Naval
(WGU)! reactor fuel [24]

Reprocessed uranium

Reprocessed uranium (RepU) is the uranium recovered from nuclear reprocessing, as done
commercially in France, the UK, Japan, and by nuclear weapons states’ military plutonium
production programs. This uranium actually makes up the bulk of the material separated
during reprocessing. Commercial light-water reactor spent fuel contains on average
(excluding cladding only four percent plutonium, minor actinides, and fission products by
weight. Reuse of reprocessed uranium has not been common because of low prices in the
uranium market of recent decades, and because it contains undesirable isotopes of uranium

[25].

During its irradiation in a reactor, uranium is profoundly modified. The uranium that leaves
the reprocessing plant contains all the isotopes of uranium between 232U and 238U. Uranium-
237, with only a 6.75-day half-life, decays rapidly to 237Np [26].

The composition of reprocessed uranium depends on the initial enrichment and the time
the fuel has been in the reactor [27]. A typical vector of uranium isotopes in reprocessed
uranium, with attributes, is listed in Table 2.

Table 2. Typical isotopic vector of reprocessed uranium [25]

Isotope Proportion (%) Half-life = Characteristics

U 99 4.47e¢9y  Fertile material

U ~0.001 6.75d Decays rapidly to *'Np

oy 0.4-0.6 2.34e¢7y  Neutron absorption lowers reactivity, also produces *’Np

U 0.4-0.8 7.04e8y  Fissile material

U >0.02 2.46e5y  Fertile material, neutron absorption increases reactivity

U trace 1.59e5y  Fissile material

Pu trace 689y Decay product ***T1 emits strong gamma radiation making
handling difficult

1 This designation is an unofficial subset of HEU but is in widespread use.
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The uranium decay series

The radiation signatures of natural and processed uranium in gamma-ray spectra can be
understood and distinguished by the decay of 238U and, importantly, by its radioactive
daughters. Uranium-238 is the progenitor of a long radioactive decay series. A diagram with
the main features of the uranium series is shown in Fig. 4.
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The figure illustrates that the intermediate nuclides in the series have short half-lives in
comparison to uranium-2382. If a uranium-bearing system is left undisturbed for a few
million years, a state of secular (long-term) equilibrium becomes established. In this case,
the activities of all of the daughter nuclides are equal to the 238U activities. However, during
geological processes such as erosion, sedimentation, melting, or crystallization, different
nuclides in the decay series can become fractionated relative to one another, due to
variations in their chemistry or the structural site they occupy [28].

When making gamma-ray measurements in the field, we encounter natural uranium in two
forms. The first is that gamma-ray field measurements, include some background radiation,
in which 238U and its daughter nuclides contribute significantly. Background radiation is
ubiquitous, diffuse, and very low-level but can act as an interference with measurements of
weak radioactive sources. The second natural uranium form, occasionally encountered in
commerce, is uranium ore.

2 These short half-lives are useful for dating Pleistocene geological events that are too old to be well
resolved by radiocarbon dating and too young to be well resolved by methods employing longer
half-lives [28]
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The thorium decay series

Before we examine the gamma-ray spectra of background and uranium ore, we need to
consider the other two sources besides the uranium series that contribute substantially to
the structure of background spectra. The first of these is 49K, a primordial radionuclide
found in all potassium and is ubiquitous in the environment. A single 1460.8-keV gamma
ray is emitted following the electron-capture decay of 4°K. The other major source of
structure in background spectra is from the thorium decay series shown in Fig. 5. The figure
also includes 232U, a man-made byproduct of plutonium production, and 236Pu, that are
discussed in the following section on uranium enrichment.

236pu
2.858y
232
68.9y
228ThH / 232ThH
1.9116y\ 1.40510"y
228p¢
6.15h %
224p4q 228R4
3.66d 575y
220y Fig. 5. The naturally occurring

5.6 thorium decay series beginning

with 232Th, displayed in black to

#12po 216pg indicate that it is a primordial
2.99
-99 s 64.06% 0.145s . .
21\2 radionuclide. A man-made
Bi . .
/ 60.55 my / collateral series, shown in red,
1 212pp inni ith 236Pu i
w s beginning with 236Pu is shown
2087 joining the thorium series at 228Th.
3.058 m

Thorium-228: Nexus nuclide—a ubiquitous and ambiguous signature

The natural thorium decay series arises from the decay of the 1.4x101%-y primordial
radionuclide 232Th. Thorium-228, with a 1.9-y half-life, is the great granddaughter of 232Th.
It decays to seven successive radioactive daughters. These daughters are so short-lived that
they require the presence of the longer-lived 228Th to sustain their existence for more than a
few weeks. One of these daughters, 208T], provides one of the most recognizable signatures
in background radiation with strong gamma rays at 583-, 861-, and 2615-keV. Observation
of 208T], therefore, almost always indicates the presence of 228Th. A computer-simulated
point-source 228TI spectrum is shown in Fig. 6 illustrates the 228Th signature.

The importance of 228Th is that it is the nexus of two decay series with the nuclides, 232Th,
232J, and 236Pu as their progenitors (Fig. 5). The presence of 228Th in a gamma-ray spectrum
is therefore not unique to a particular parent, which can make it a problematic but
sometimes useful signature. Table 3 illustrates source types that produce 228Th and their
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parents. The presence of 208T] and its significance in these source types is discussed

separately.
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Fig. 6. Illustration of the 228Th signature with a computer-simulated HPGe
spectrum from a year-old 228Th point source

Table 3. Source types exhibiting a 228Th signature

Source Type *Th parent nuclide
Background radiation *Th
Gas lantern mantles® #2Th
HEU and WGU 2y
233U 232U
Heat-source Pu #6py

Pu graded by **Pu content [29]
Weapons-grade Pu (<7% **Pu)  *°Pu
Fuel-grade Pu (7% >*Pu <19%) *‘Pu

Fluorine in uranium—Uranium hexafluoride and uranyl fluoride

During uranium processing, milled uranium ore—or yellowcake (principally (triuranium
octaoxide, U30g)—is chemically processed to produce uranium hexafluoride (UFs). Uranium
hexafluoride is used in both of the main uranium enrichment methods, gaseous diffusion
and the gas centrifuge method. Uranyl fluoride (UO2F>) is an intermediate compound in the
conversion of UFs to a uranium oxide or metal form [30].

3 The use of thorium in lantern mantles has been discontinued in some countries.
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In both UFs and UOF,, uranium, an alpha particle emitter, is in intimate contact with
fluorine that is then subject to both 19F(a,n)22Na and 19F(a,p)22Ne reactions. Both reactions
populate the 1274.53-keV excited state of 22Ne that emits a gamma ray of that energy shown
in Fig. 13. We do not currently have access to a spectrum of UF¢ but it is reasonable to
presume that a 1275 keV peak would also be manifest in UFe.

The 1275 keV gamma ray is the same gamma ray emitted by commonly used 22Na
calibration sources. However the common presence of uranium in a spectrum and a 1275
keV gamma ray is a likely signature for uranium in the midst of processing.
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Fig. 13. Gamma-ray spectrum of enriched uranium residue, including uranyl fluoride, showing
the 1275-keV peak emitted following alpha-particle activation of 19F.

The uranium contribution to background spectra

The HPGe background spectrum in Fig. 7 was accumulated for nearly 18 days to reveal
many of the background peaks that are not observed in shorter counting intervals4. The
uranium ore spectrum in Fig. 7 was accumulated for 564 s live time. To isolate and
emphasize the structure of the ore spectrum, we present it as a “net” spectrum; a reliable
background spectrum was taken immediately after the foreground spectrum and
subtracted on a channel-by-channel basis. In this spectrum there are 50 or more manifest
peaks. The majority of the peaks are from decay of the distant 238U daughter 214Bi. Next in
number are photopeaks from 214Pb and a single peak from 226Ra at 186.2-keV. Save for the
226Ra peak itself, all of these are 226Ra daughters. Were it not for the presence of the 234mPa

4 Many more background peaks can be observed if background data are accumulated for a
considerably extended period of time. See [31] for a spectrum accumulated from 0-1540-keV for
1.03x108s (~3.3y).
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1001-keV peak, they would represent a spectrum of pure 226Ra such as used medically for
brachytherapy and, in the past, on radioluminescent watch and instrument dials [31].
Comparing the background spectrum to the net uranium ore spectrum, we see the 40K peak
at 1461-keV, 214Pb peaks, and peaks from nuclides in the thorium series, notably 228Ac and
208T].

6 [
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[ 609 Bi-214
1x10° &
g 1461 K-40
c 911 Ac-228
- 2615 TI-208
- w Background
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Fig. 7. Gamma-ray pulse-height spectra of background and uranium ore taken with HPGe
detectors of 20% nominal relative efficiency [33]. The background spectrum was accumulated
for 1.532 x 10¢ s, or about 18 days. The ore spectrum was accumulated for 564 s live time at
100 cm with 13% dead time. A background spectrum, taken after the foreground spectrum,
was subtracted to produce a net ore spectrum. The same natural uranium peaks appear in the
background spectrum where the contributions from %K and 232Th decay are also apparent.
Some of the most prominent background peaks are called out for subsequent discussion.

Because of its strong presence in background, in some circumstances background uranium
radiation could largely mask the presence of a uranium ore signature. However, because
uranium is usually a diffuse trace element in the earth’s crust, internal conversion following
alpha decays of the uranium isotopes results in thorium K X-ray emissions that are usually
too weak in background to be reliably observed. In the case of uranium ore, however, the
density of uranium atoms is considerable and the decay products of the alpha decays
stimulate uranium K-series fluorescence in nearby uranium atoms. This appears in the 95-
115 keV region. The strongest of these is the K, X-ray at 98.44 keV and the

K,g] ((Kﬁl + Kﬁ,3 + Kﬁ5 peak at 111 keV that are an observable tell for the presence of lightly
or unshielded uranium ore. This X-ray signature is visible in Fig. 7 and more clearly in an
expanded view of the low-energy region in Fig. 8.
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Fig. 8. An expanded view of the high-resolution gamma-ray spectrum from uranium ore from
Fig. 7 showing the four-peak 226Ra signature. The first of the four peaks is an unresolved
doublet with an average energy at around 186-keV, formed by the 186.2-keV peak from 226Ra
and the 185.7-keV 235U peak from the Actinium decay series. The other three peaks are from
the 214Pb daughters of 226Ra.

The uranium ore spectrum in Fig. 8 has excellent counting statistics and, to the experienced
eye of a gamma-ray spectrometrist, there actually is direct evidence of the presence of 235U.
Weak 235U peaks are observable at 143- and 205-keV. Midway between the 143- and 185-
keV peaks there is a “nubbin” that is an incipient 163-keV 35U peak. The HPGe ID did not find
the Poisson signal-to-noise ratios for the 163- and 205-keV peaks to exceed the detection
thresholds. The signal-to-noise ratio for the 143 keV peak was just high enough for HPGe ID
to exceed its signal-to-noise (S/N) threshold of marginality (4 <S/N < 5) but not to be
declared manifest (S/N > 5).

More observations about background interference in field measurements

Background radiation is ever present in field spectra and can interfere with the signal of
interest from a measured radiation source. If the signal of interest is especially weak,
background can even mask the source presence entirely. To mitigate this difficulty, in
typical radioanalytical laboratory measurements, samples are prepared by a radiochemist
in a standard geometry and counted in a standard geometry in a heavily shielded counting
chamber in a laboratory. This dramatically reduces background intensity and diurnal
background variation in the chamber and allows for an accurate background measurement
when the source is absent.

In contrast, it is extremely difficult to measure a trustworthy background spectrum in the
field. Moving or reorienting the detector to obtain a source-free background measurement
will frequently produce a measurement that will likely differ significantly, and sometimes
even exceeding, the true background at the source position. It is not at all unusual for
environmental background to vary significantly over distances of a few meters. As a result,
we typically confine our analyses to the foreground spectrum, as generally reflected in the
remainder of this paper, although a circumstance that requires background consideration is
noted in the following section on uranium enrichment.



Detecting the presence of uranium

Key full-energy peaks from uranium isotopes and collateral nuclides

There are many isotopes of uranium. In this section we discuss those that occur in nature or
are the result of reprocessing uranium. The radiation signatures of uranium vary from its
natural states to its many processed forms. While there are hundreds of gamma rays
emitted by these nuclides and their decay daughters, the vast majority of these emissions
are too weak to be reliably observed with field measurements of typically short duration.
For rapid identification of uranium from sparse gamma-ray spectra, of necessity, we need to
be concerned with the most intense gamma rays associated with their decay. These are
shown in Table 4 with their energies and emission intensities in percent, IyY(%), along with
others that are mentioned in this paper.

Table 4. Key peaks and emission intensities from uranium isotopes and collateral nuclides [34]

Nuclide Daughters Energy (keV) Iy(%) Nuclide Daughters Energy (keV) Iy(%)
U U Kal X-ray 98.44 (100 rel.) F Stable no g
UKbl’ X-ray 111. (38 rel.) F(a,n)**Na 1274.53
»y 57.77 0.1999 F(a,p)*Ne 1274.53
129.06 0.0682 Pb Pb Kal X-ray 74.97 (100 rel.)
270.24 0.00316 Pb Ka2” X-ray 84.8 (35 rel.)
328.00 0.00283 214Bj 609.31 46.1
20871 583.19 84.5 768.36 4.94
2614.53 99. Ra 186.21 3.59
3y 317.16 0.00776 214pp 242.00 743
320.54 0.00290 29522 19.3
32342 0.00077 351.93 37.6
V) 120.9 0.0342 Z3Np Np Kal X-ray 101.07 (100 rel.)
3y 143.76 10.96 Np Kb1’ X-ray 104. (39 rel.)
163.36 5.08 #3pg 300.34 6.62
185.70 572 312.17 38.6
205.31 501 340.81 4.47
3y Various Weak Ac 911.20 25.8
24mpy 766.38 0.294 2Th Few Weak
1001.03 0.837 20871 583.19 84.5
Ra 186.21 3.59 2614.53 99.
214pp 242.00 743 212pp 238.63 433
29522 193 Bi Kal X-ray 77.11 (100 rel.)
351.87 37.6 Bi Ka2” X-ray 87.2 (36 rel.)
214Bj 609.31 46.1 #8py 766.38 0.000022
768.36 4.94 1001.03 0.0000010
#9py 375.04 0.001554
413.71 0.001416
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Uranium-235—The only fissile primordial nuclide:

Uranium-235 is a radioisotope of uranium making up 0.755% of natural uranium by weight
with a half-life of 704 million years. It is the progenitor of another decay series, the actinium
series, whose daughters typically do not produce manifest gamma-ray emissions in field
measurements. It is also the only fissile isotope that is a primordial nuclide or found in
significant quantity in nature. Uranium-235 is of great importance as the primary energy
source used in most nuclear power reactors and because domestic and international
safeguards recognize that uranium enriched to > 20% of **U by weight (highly enriched uranium,
HEU) can be used to build nuclear weapons [35].

Uranium-235 does not usually display a usable gamma-ray signature in background
radiation because it is masked by 226Ra. The distinguishing radiation signature of 226Ra is the
picket-fence-like structure of four peaks ranging from 186- to 352-keV shown in the
uranium ore spectrum shown in Fig. 8. From Table 4 we see that the most intense gamma
ray from 235U occurs at 185.70-keV and the next most while 226Ra emits a gamma ray at
186.21-keV. “These peaks are so close together that deconvolution in real environmental
spectra is unlikely to give results that one can have confidence in [36].” Unshielded or lightly
shielded processed **°U is easily detected by the presence of the four **°
rays at 143-, 163-, 186-, and 205-keV and the absence of strong peaks from
Fig. 8.

U low-energy gamma
**Pb as shown in
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Fig. 9. Low-energy portion of a gamma-ray spectrum of uranium, enriched to 93% 235U,
showing the key peaks used for identification of the presence of 235U and the 120.90-keV peak
from 234U decay.

19



Masking ?°U

If the four characteristic **U gamma peaks are manifest, we can have high confidence in the
identification of **U. However, weak emissions, shielding, or downscatter from higher energy
peaks can obscure the peaks at 143-, 163-, and 205-keV, such that only the 185.7-keV peak
remains manifest. Several radionuclides of interest in HPGe ID have strong gamma lines near
185.7-keV and can mask the presence of HEU in situations where the **U signature is too weak
to be manifest as well. These nuclides are medical “’Cu (184.58-keV), medical “’Ga (184.58-keV,
same gamma ray as %7Cu), check source '*"Ho (184.41-keV), and naturally occurring 6Ra
(186.21). The HPGe ID rules include a section that steps through each of these nuclides and
provides methods that undertake detecting such masking.

Uranium-238—A fertile primordial nuclide:

Uranium-238 is the most common naturally occurring uranium isotope, making up
99.274% of natural uranium by weight with a half-life of 4.468 billion years. It is not fissile
but is a fertile material: it can capture a slow neutron and after two beta decays become
fissile 239Pu. Uranium-238 is fissionable by fast neutrons, but cannot support a chain
reaction. The distant daughters of 238U, particularly 226Ra, 214Pb, and 214Bi account for a
majority of the peaks manifest in the spectrum of uranium ore.

We see from Table 4 that direct radiations from long-lived 238U are too weak or too low in
energy to be useful for field measurements. This is also true of its daughter 234Th. From
Fig. 4 we observe that 234Th has a half-life of 24.1 days. Within five 234Th half-lives, or less
than 5 months, secular equilibrium of 234Th will be within a few percent of establishment.
234mPa with its half-life of 1.17m will have been in equilibrium with 234Th in minutes.
Thorium-234 in turn largely decays to the metastable state of its daughter 234mPa that then
largely beta decays directly to excited states of 234U. These states emit highly penetrating
gamma-ray emissions at 766.41- and 1001.03-keV. The presence of 238U can be initially
inferred from the presence of these two gamma rays.

oo . 238 . .
Identification of °"U in natural uranium

In natural uranium it is tempting to simply identify the presence of 238U solely from the
766.41 and 1001.03-keV peaks, however there is interference from an unresolved 214Bi
peak from natural uranium at 768.38-keV (Fig.10). We found that, for detection of 238U,
integrating the doublet, rather than resolving it, is desirable and the motivation for doing
this is discussed in the final section of this paper. Furthermore, the presence of uranium ore,
identified from the presence of manifest 226Ra, and the 1001.03-keV 234mPa gamma ray
indicate that 238U is present. In chemically processed uranium, the processing removes the
238]J daughters, except for 234U and ingrowth of 226Ra and its 214Bi daughter gamma ray at
768.36-keV is too slow to be competitive with the 238U 766.41-keV peak in a human lifetime.
So tentative identification of 238U is possible with the presence of the 766.38 and 1001.03-
keV gamma rays. Their presence is necessary but not sufficient to avoid misidentification as
238Py.
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Uranium-234—Naturally occurring, not primordial—another decay series nexus

Uranium-234 is naturally occurring but not primordial because its half-life is only 245,500
years. Its existence is the result of the decay of primordial 238U and is its great-
granddaughter. It makes up only 0.0055% of natural uranium. The importance of 234U for
uranium identification is that its excited states yield the dominant gamma rays that indicate
the presence of 238U. These same gamma rays, but with extremely low emission intensities

and different relative intensities, are also the dominant signature of substantial quantities of
238Py.

Enriched uranium contains more 234U than natural uranium as a byproduct of the uranium
enrichment that concentrates lighter isotopes even more strongly than it does 235U [37].
While 234U is not fissile it is fertile and absorbs slow neutrons in a nuclear reactor to become

fissile 235U. This may be undesirable in some reactors as it changes the reactivity of the
uranium [26].

The presence of 234U in the gamma-ray spectrum of HEU can be observed although its
gamma-ray emissions are quite weak. The two strongest are 53.20-keV at 0.123% emission
intensity and 120.90-keV at 0.0342%. The low-energy region of the gamma-ray spectrum of
WGU is shown in Fig. 9. The detector efficiency is degraded at 53-keV but an apparent tiny
visible peak at about 53-keV might be from 234U. The detector is far more efficient at
121-keV and a small peak is manifest between the “forest” of low-energy gamma rays and
U K-series X-rays below about 115-keV and the 143-keV 235U gamma ray.
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Uranium-232—Possible HEU signature, parasitic impurity

With only a 69-year half-life, 232U does not occur in nature but is introduced as a result of
reactor irradiation of uranium. In the 1960’s, uranium that had previously been irradiated
in reactors was introduced into U.S. gaseous diffusion plants to be re-enriched.
Consequently, trace quantities of 232U were entrained in the gaseous diffusion cascades
where they remain today and became a minor contaminant in new feedstock as it was
introduced to the cascade. During enrichment it is preferentially swept into the light isotope
fraction that becomes HEU. Its presence as a possible indicator of shielded HEU is discussed
in a following section.

Uranium-232 is found in reprocessed uranium. During its irradiation in a reactor, uranium
is profoundly modified. It contains all the isotopes of uranium between 232U and 238U except
237(J, which is rapidly transformed into 237Np.

Uranium-232 is also a parasitic impurity formed in the production of fissile 233U. Its
importance is discussed in the following description of 233U.

Uranium-233—Looking to the future and the thorium fuel cycle

Uranium-233 is a fissile uranium isotope with a half-life of 159.2 thousand years that does
not occur in the earth’s crust. It is bred from 232Th to become part of a thorium fuel cycle.
Because 233U is fissile, there have been concerns that it could be used in nuclear weapons.
2331 has also been considered as a reactor fuel but was never used commercially for this
purpose. This is because the intense gamma radiation from the decay daughters of parasitic
232J, a byproduct of 233U production, makes the 233U hazardous to handle.

Production of 233U via neutron irradiation of 232Th produces small amounts of 232U as an
impurity, because of (n,2n) reactions on 233U itself, or on 233Pa [38, 39]:

232Th (n,y) 233Th (B-) 233Pa (B-) 233U (n,2n) 232U (1)
232Th (n,y) 233Th (B-) 233Pa (n,2n) 232Pa (B-) 232U (2)
232Th (n,2n) 231Th (B-) 231Pa (n,y) 232Pa (B-) 232U (3)

The decay products of parasitic 232U enter the thorium decay series and, because of its high
specific activity relative to other present uranium isotopes, quickly yields a strong 228Th
signature. For this reason 232U has been cited as an obstacle to nuclear proliferation by
using 233U as the fissile material [40]. This is because it makes manual spent fuel handling in
a glove box with only light shielding (as commonly done with plutonium) too hazardous,
(except possibly in a short period immediately following chemical purification of the
uranium). Instead it will require using costly remote manipulation.

Nevertheless, international interest in thorium energy has renewed [41]. Moreover, for over
50 years India has invested in the long-term development of a thorium fuel cycle. India’s
vast population and widespread poverty places it in great need of increased energy
production to improve quality of life. India’s coal and uranium reserves are limited.
However, India’s reserve in thorium is estimated at 300,000 metric tons. With the country's
great need for energy and its vast thorium reserves, in the 1950’s Indian physicist Homi



Jehangir Bhabha proposed a three-stage program to bootstrap its limited nuclear resources
into a viable thorium-based nuclear energy program [42]. This thorium fuel cycle is
expected to lead to the use of thorium-based reactors to meet 30% of its electricity
demands by 2050 [43]. The Indian plan has entered its third stage and a thorium fuel cycle
Advanced Heavy Water Reactor (AHWR) with mixed oxide fuel (Th-LEU) is planned for
operation before the end of this decade.

Anticipating the possible future appearance of illicit 233U “in the wild,” it is prudent to
examine its likely gamma-ray signature. With a uranium isotopic vector at reactor
discharge, we can model its likely gamma-ray spectrum and study the effect of 228Th
ingrowth on the spectral structure as a function of time. This structure will depend on the
nature of the reactor fuel and its burnup. We can use the projected AHWR uranium isotopic
input and output vectors [44], shown in Table 5, to illustrate the rapidity of 228Th ingrowth.

Table 5. Uranium isotopic vectors for initial and discharged AWHR fuel

Fuel burnup  **U % U % 21U % U % 25U % 21U % U %

Initial 0.0 0.0 0.0 19.75 0.0 0.0 80.25
Discharge 0.02 6.51 1.24 1.62 3.26 0.00 87.35
(64 GWd/Te)

We modeled expected spectra from a 20% HPGe detector, as a function of time following

discharge, for 1000-s counts at 1-meter from a 5-kg sphere, formed from this output vector.

This is shown in Fig. 11.

After 1-day, the 228Th signature is already strongly present but structure from other
nuclides, including direct decay gamma rays from 232U and 233U below 400 keV, is also
manifest. After 1-week, the 228Th structure is largely dominant. After 1 month and certainly
1-year, the 228Th structure almost completely masks the presence of other nuclides.
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Fig. 11. Simulated 1000-s gamma-ray spectra from 5 kg of chemically separated uranium from
discharged AWHR fuel containing 0.02% of parasitic 232U. We follow the evolution of the
spectral structure as a function of time (1-d, 7-d, 30-d, and 1-year) following discharge. At
1-day, the bulk of the structure occurs below 400 keV. This structure becomes increasingly
masked with the rapid ingrowth of a 228Th spectrum with only uranium fluorescent K-series
X-rays that reveal that these spectra are from a uranium source.

Comparing the region below 300 keV in the 1-y AHWR spectrum with the point source 228Th
spectrum in Fig. 6, self-attenuation is apparent and greater annihilation is notable in the
AHWR spectrum from a 5-kg uranium sphere. Where the spectral structure differs between
the uranium and thorium sources is below 120-keV and shown in Fig. 12. In the 228Th
spectrum, we see strong K X-ray structure between 70- and 90-keV, largely from Bi and Pb
X-rays. These X-rays survive in the AHWR discharge spectrum as 228Th is the daughter of
232, However, in the AHWR discharge spectrum we observe the strong presence of
uranium fluorescence K X-rays between 92- and 111-keV that grow in concert with the
increasing 228Th spectrum that stimulates the uranium in the 5 kg sphere.
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Uranium-236—Reactor poison and oceanic fallout tracer

Uranium-236 is neither fissile, nor very good fertile material but is generally considered a
nuisance and long-lived radioactive waste. It is found in spent nuclear fuel and in
reprocessed uranium made from spent nuclear fuel [44].

Uranium-236 as a reactor poison in a closed fuel cycle

The use of uranium re-enriched from spent reactor fuel (RU) in a closed fuel cycle was
studied during the short-lived U. S. participation in the Global Nuclear Energy Partnership
(GNEP) [46] between 2006 and 2009 [46]. The small amounts of 2.342E7-y 236U in RU
would act as a poison and reduce the reactivity of the re-enriched reactor fuel [48, 49].

Investigating ocean currents using uranium-236

Knowledge of oceanic currents is important for understanding oceanic heat transport and
therefore also important for climate research. In 2012, a team of Austrian and Australian
scientists demonstrated the usefulness of 236U from fallout from nuclear testing in the 1950s
and 1960s as an oceanic tracer using yearly banding in coral cores. The team overcame the
known difficulty of detecting this source by using the Vienna Environmental Research
Accelerator’s heavy-ion mass spectrometry system. It is the first ever annually resolved
record of 236U from global fall-out. These cores can now be exploited as an oceanographic
investigative tool for studying ocean currents [50, [50, 51].

238
P

Uranium-237— Fissions with fast neutrons, production of heat-source u

Uranium-237 is present in reprocessed uranium. When separated from the reprocessed
uranium, its 6.75-d half-life causes it to decay rapidly to 2.144e6-y 237Np. 237Np is used in the
production of heat-source 238Pu.

237Np is a nuclide of considerable interest because it is also capable of sustaining a chain
reaction with fast neutrons. Commercial nuclear reactors annually create tons of neptunium
mixed in with other nuclear waste. Since 1999, the International Atomic Energy Agency in
Vienna has urged monitoring of neptunium. However, according to the agency, the risk of
anyone making neptunium bombs from that highly radioactive waste is low because it
would be so difficult to extract the isotope 152].

Neptunium-237 is the progenitor of yet another decay series, the neptunium series. It
undergoes alpha decay to 233Pa. The gamma rays associated with this decay are too low in
energy and too feeble to be of use for rapid 23’Np detection. However, its daughter, 233Pa,
with a 225.97-d half-life grows rapidly into secular equilibrium and can act as a detection
surrogate. It undergoes 3~ decay with accompanying emission of relatively strong gamma
rays at 300.34-,312.17-, and 340.81-keV. The identity of neptunium would not be lost in the
decay of a significant mass of 237’Np with the production of Np K-series fluorescent X-rays.
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Estimating uranium enrichment

Minimum enrichment estimation by peak-area ratio

In principle, uranium enrichment can be determined by measuring the ratio of counts in the
185.71-keV 325U peak and the 1001.03-keV peak from the 234Pa granddaughter of 238U. In the
uranium spectra shown in Fig. 14, the increase in the height of the 186-keV 235U peak
relative to the 1001-keV 238U peak as a function of increasing enrichment is readily
apparent.
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Fig. 14. Uranium spectra from standards of three different enrichments. The top two spectra
have been scaled to separate them for presentation. All three were acquired with HPGe
detectors of 20% relative efficiency at a source distance of 100 cm. The lower two spectra
were counted for 7000 seconds. The upper spectrum, a weaker source, was counted for only
900 seconds.
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In the early 1970’s an effort was made to apply this ratio to obtain high precision, high
accuracy results. It was not found to be fruitful for this purpose because certain required
information was unavailable for field use [53]. It has also been observed that although the
186- and 1001-keV peaks are easy to measure, it is difficult, because of the large difference
in their energies, to determine the relative efficiencies with which they are detected [54].

Furthermore, if there is material intervening between the uranium and the detector, the
186 keV peak will be preferentially attenuated relative to the 1001 keV peak, resulting in an
enrichment estimate that is too low, a lower limit or minimum estimate.

Our goal is considerably less ambitious in terms of precision and accuracy. We do, however,
wish to make at least a rough estimate of minimum enrichment grade. The task is
challenging: to be able to make this enrichment estimate with an automated analysis tool
that doesn’t require knowledge of the nature of the source, the source-to-detector
measurement distance, or the efficiency of the detector. To do so, we have resorted to some
sweeping assumptions that have led to solutions that are imprecise but we nevertheless
find useful.

If N_ is the number of atoms of isotope x in a gram of uranium, then the number of counts
from a particular gammaray C,, from that isotope observed by a detector at a distance r in
a counting interval ¢, is

C,=NAI_te alp. (4)
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where A_ is the isotope decay constant, 1}“ is the emission probability per decay of a
particular ,gammaray ¥, €, is the detection efficiency for the gamma ray at distance r, o,
is an external absorber correction, and f3, is a correction for sample self-absorption.

We note that the first three terms of Eq. 4 compute the specific emission rate Sw (v/s/g) of
the gamma ray. If we now measure a uranium item and take the ratio of the counts from the
185.7-keV gamma ray from 235U ( C,;5) and the counts from to 1001.03-keV gamma ray
from 238U (C,;4), we arrive at Eq. 5.

Coss _ sts. €xs Ooss Boss
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where the subscripts 235 and 238 refer to quantities associated with the 186 keV peak from
235 and the 1001keV peak from 238U. With Eq. 5, we can estimate the count ratio for a
measurement of a uranium item of unknown enrichment. Evaluation of the four terms was
done as follows.

1. We assume that the uranium items that we measure are not young, such that the
ratio of specific gamma-ray emissions for the 186-keV 235U gamma ray and the
1001-keV 234mPa gamma ray remain invariant with time for any particular
enrichment. Using our GamGen computer code [55], we computed these specific
gamma ray emission rates for aged uranium at five enrichment grades [DU (0.2%
235U), NU (0.7%), LEU (5%), HEU(20%), and WGU (93%)] .
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We measured gamma-ray standards of activity to determine the full-energy peak
efficiency curves for HPGe detectors of 20%, 40%, 100%, and 170% relative
efficiency at a distance of 1 meter. From these curves we determined the detector
efficiencies for the 185.7- and 1001.03-keV full-energy peaks for the four detectors.
At this distance, count rates fall off closely to the inverse square of the source
distance even for somewhat extended sources. This is true for distances somewhat
less than 1 meter and somewhat more for some field measurements. For this reason,
we have assumed that the efficiency ratio is independent of source distance.

With field measurements we can have no a priori knowledge of the presence and
type of external absorbers, so we assume that none are present. This implies that
Oly35/ Ay =1 and that Eq. 5 becomes Eq. 6.

Cyss _ Sys Exs Pus 6)
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Differential attenuation through any absorbers that might actually be present would
preferentially reduce the 185.7-keV full-energy peak. As a result we can, at best,
only estimate a minimum value for enrichment.

We also can have no a priori knowledge of the nature of the uranium item that is
being measured. As a result, an accurate estimate of self-absorption cannot be
computed. It is likely that the greatest self-absorption would occur with pure
uranium metal and that is our assumption. Further, if we assume that the item is
represented by a line source placed along the detector axis, we can do a simple
integration of exponential attenuation to determine the self-absorption of a uranium
item of thickness, 7, which is likely to represent the maximum self-absorption that
will be encountered. The integration leads us to Eq. 7.

B~ el ?

where p is the linear attenuation coefficient of the item material (cm-1), Ag is the
total activity of the source and A4 is the activity measured when one end of the
source is situated at the detector face. To choose a value of 7, we used Eq. 6 and 7 to
compute the ratio of self-absorption in uranium for the 186- and 1001-keV gamma
rays, as well as the ratio of the two, as a function of uranium thickness. These results
are shown in Fig. 15.

In the figure there is a gentle “knee” at about 0.5 cm of uranium before the self-
absorption ratio is dominated by 238U. At 1.5 cm it is beginning to saturate so we set
our value of 7at 1.5 cm, a substantial U thickness. We then computed Eq. 7 for the
four detectors used for energy calibration to provide a rough estimate of the
maximum range of self-absorption.
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Fig. 15. Self-absorption of 185.7 and 1001.03-keV gamma rays and their ratio
in uranium metal

Fig. 16 shows the results of the calculations for 235U concentrations of DU at 0.18%,
natural uranium at 0.711%, LEU at 5%, borderline LEU/HEU at 20% and WGU at 93%.
Using the computed self-attenuation ranges as a guide, and some empirical adjustments
as a diversity of experimental results were obtained, we divided the count ratios into six
count-ratio zones, that allow us to estimate minimum enrichment grade from measured
185.7/1001.03-keV count ratios. The vertical bars represent the self-attenuation range
and result in overlap of some of the enrichment grade assignments, hence some
ambiguity. The zone ranges and enrichment grade assignments are presented in

Table 6.
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Fig. 16.186/1001-keV photopeak ratio estimates for unshielded uranium as a
function of enrichment, detector relative efficiency, and uranium thickness.
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Table 6. Assignment of enrichment grade using zone boundaries defined in Fig. 16.

Zone Enrichment grade 186/1001 count range
f DU <0.35
e DU or NU 0.35-3.86
d NU or LEU 3.86-16.28
c LEU or HEU 16.28-118.70
b HEU 118.70-2000.00
a WGU >2000.00

While self-absorption preferentially attenuates the 185.7-keV line, this is also true for
external absorbers. Our self-absorption compensations extend over broad ranges of count
ratios and are computed for self-absorption compensation only. Nevertheless, these broad
ranges may be unintentionally helpful when external absorbers are present.

To test the utility of this approach we measured eight New Brunswick Laboratory (NBL)
[56] thin-window certified reference materials of uranium enrichment and compared the
material’s certified enrichment grades to the grades determined by HPGe ID. These results
appear in Fig. 17. The measurement results for the 186/1001-ratio for all of these standards
fall neatly in the appropriate zones defined in Table 6. As the items increase in enrichment,
we notice that they appear approximately linearly on the log-log plot up to 20%. As the
enrichment increases, the 1001 peak counts begin to diminish rapidly and rapidly increase
the peak ratio.

Fig. 17 shows results of essentially bare sources. Sufficiently shielded items with 186-keV
counts diminished relative to 1001-keV counts would appear lower in the plot, falling into
lower zones that would underestimate the enrichment.
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Detecting HEU when no **3U signal is manifest

We analyzed a number of known WGU spectra in which the 238U signature was not manifest
to HPGe ID. However, the 235U signature in these spectra was manifest with strong 143-,
163-, 186-, and 205-keV lines. WGU spectra from other sources can have a considerably
larger 232U content, leading to a large Compton continuum from its daughter 208TI that
masks the 1001-keV peak. Were these field spectra of unknown provenance then the
measurement would be indicative that the measured items were lightly shielded. Light
shielding and a strong 235U signature combined with the absence of a manifest 238U
signature strongly suggest that the uranium is HEU with high 235U content and, quite
possibly, WGU.

Detecting shielded HEU

Because it can be used in the manufacture of nuclear explosives, illicit traffic in HEU is a
matter of serious concern. Materials intervening between the detector and an HEU source
will preferentially reduce the 235U signal, eliminating or greatly reducing the ability to make
roughly accurate enrichment estimates by the peak ratio method. An alternative surrogate
HEU signature might be that of 232U.

Uranium-232: grasping at straws to detect shielded HEU

With only a 69-year half-life, 232U does not occur in nature but is introduced as a result of
reactor irradiation of uranium resulting in a number of complex reaction and decay chains.
Four of the most significant of these complex chains are [57]:

235 (o) 231Th(B") 231Pa(n,y) 232Pa(p-) 232U (8)
234 (o) 239Th(n,y) 231Th(B-) 23!Pa(n,y) 232U 9)
235U (n,y) 236U (n,y) 237U(B-) 237Np(n,2n) 236mNp(B-) 236Pu(or) 232U (10)
238U (n,2n) 237U(B-) 237Np(n,2n) 236mNp(B-) 236Pu(or) 232U (11)

Because uranium may contain 236U as a result of the inclusion of previously reactor-
processed uranium, another reaction chain may also be important:

236(n,2n) 237U(B-) 23’Np(n,2n) 236mNp(B-) 236Pu(or) 232U (12)

In the 1960’s, uranium that had previously been irradiated in reactors was introduced into
U.S. gaseous diffusion plants to be re-enriched. Consequently, trace quantities of 232U were
entrained in the gaseous diffusion cascades where they remain today and became a minor
contaminant in new feedstock as it was introduced to the cascade. It is believed that similar
circumstances have occurred elsewhere. Evidence [58] also suggests that, during the
enrichment process, the 232U is preferentially swept into the light isotope fraction that
becomes HEU and immeasurably small amounts go into the heavy isotope fraction that
becomes depleted uranium. Therefore, the manifest presence of 232U in uranium is
consistent with that uranium being HEU or, more likely, WGU.
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The low energies and emission intensities of the gamma rays from decay of 232U prevents it
from being readily detectable directly. Consequently, we rely on yet another surrogate, 208T],
a distant radioactive daughter of 232U (Fig. 5) and a major contributor to the 228Th signature
in Fig. 6. The decay of 208T] results in the emission of several gamma rays with strong
intensities. Of most interest is the highly penetrating gamma ray at 2614.53-keV with 99%
emission intensity. While this gamma ray is readily detectable from HEU, its presence is not
unique, so that, without elimination of other possible sources of this radionuclide, it could
lead to misidentification of shielded HEU.

Fig. 18 indicates the presence of 232U at 2615-keV in a gamma-ray spectrum of WGU. The
figure also illustrates this peak, from the Th decay series, in its background spectrum, scaled
to the measurement time of the WGU spectrum, and taken when the WGU was absent from
the laboratory. The 2615-keV peak in the gross spectrum of the WGU sample shows an
excess of counts above background, by about a factor of three, that is attributable to 232U.
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Fig. 18. The 2615-keV peaks in the spectra of background (blue) and the gross spectrum of
WGU (red). The presence of 232U is indicated by the excess counts above background in the
WGU spectrum.

The simple fact that excess 232U above background 232U can be found in reprocessed
uranium may be insufficient to infer that its presence alone is an indicator of the presence of
shielded HEU. We may wonder if a shielding scenario could actually occur that would make
an excess of the 2615-keV gamma ray a likely inference of shielded HEU. To investigate this,
we did some simple computer simulations of two shielding variations, with results from of
an old benchmark study to guide us.

Many years ago we did a benchmark study to accurately model the HPGe detector

gamma-ray spectrum from thick actinide sources [59]. As part of that study we used an
HPGe detector with 29% relative efficiency to acquire a spectrum from a 3.15 cm radius
93% 235U sphere. And, subsequently, we measured a trustworthy overnight background
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spectrum that we time-scaled and subtracted from the foreground spectrum to obtain a net
spectrum that revealed the excess 2615-keV peak.

In the original study we modeled the sphere, with its declared isotopic vector (except for
232J), and its environs in detail with the MCNP 3-D Monte Carlo code [60] to obtain the
gamma-ray flux at the detector face. We then convolved those results with a full-spectrum
response function for our detector, determined with the method of Mitchell [61], to obtain a
highly accurate simulation of the HPGe spectrum. Using this simulation we were able to
determine the isotopic fraction of 232U at 0.100 + 0.001 ppb.

For this paper, we modeled the bare sphere with a 1-D-spherical deterministic code using a
reasonable facsimile of the original geometry, the declared uranium isotopic vector, and the
232J isotopic value determined by the original benchmark study. The modeled flux at the
detector was convolved with a detector response model that we had on hand for a detector
of 20% relative efficiency.

This was followed by two more models with Pb cladding to study the effect of the 186/1001
peak-count ratio as a function of cladding thickness. If the sphere is shielded to avoid
detection, the choice of lead as the shielding material is not entirely arbitrary. The desired
criteria for such a shield would be high-Z, high density, low expense, easy obtainability, and,
perhaps a low melting temperature for casting. Lead satisfies all of these criteria.

To estimate how much cladding would be needed to reduce the 186/1001-count ratio from
bare 93% WGU to an apparent 20% borderline 235U HEU content value, we rearranged and
repurposed Eq. 5 to study external shielding rather than self-absorption.

Cyss _ Sz35, €5, /3235_ Ayss (13)
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Because we are using the same sphere in every simulation, the specific gamma-ray emission
rates are constant as are the self-absorption terms. Further, because we are using the same
detector for every simulation, the efficiency ratio remains constant. Therefore Eq. 13
reduces to Eq. 14.
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where £ is a constant of proportionality. We now return to our model of a line source
placed along the detector axis and Eq. 14 becomes Eq. 15.
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Where the u-values are the linear attenuation coefficients for 186- and 1001-keV gamma
rays in Pb and x is the Pb thickness. We note that when the material is bare, x =0, the
exponential term is unity, and k is the count rate ratio. We have measured the count rate
ratios for standards of 20%- and 93%-material (Fig. 17) with a portable HPGe detector and
found the k-values to be 74 and 2388. We inserted these values into Eq. 15 and computed

33



the count rate ratio for these two enrichments as a function of Pb thickness as shown in
Fig. 19.

With increasing Pb cladding, the count rate ratio descends exponentially. With a cladding of
2.4 mm, the count ratio for WGU is roughly equal to that of bare uranium of 20%
enrichment. Using the uranium isotopic vector of the sphere (0.1 ppb 232U, 1.00% 234U,
93.30% 235U, 0.60% 236U, and 5.10% 238U), we computed our HPGe spectral simulations for
bare WGU and for WGU with 2.4 mm Pb cladding. These are shown in Fig. 20 overlaid on the
original net measured spectrum for comparison.
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Fig. 19. The approximate expected 186- to 1001-keV peak count ratio as a function of Pb
cladding thickness over a WGU sphere. The crosshairs indicate the WGU count ratio when it
descends as a function of classing thickness to the value equivalent to a bare sphere of 20%
uranium enrichment and its corresponding Pb thickness of about 2.4 mm at this count ratio.

Fig. 20 shows the 1-D models of the HPGe spectrum from a WGU sphere superimposed on
the net measured spectrum and scaled slightly for registration with the measured spectrum
at 186 keV. We included the measured net spectrum from the old study as a qualitative
check on the new computation. The older spectrum was taken with a more efficient detector
and exhibited less downscatter, particularly at low energies. In the computed spectra, the
expected dramatic reduction in counts at low energies appears and only the modest
expected reduction at higher energies.
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Fig. 20. 1-D models of the HPGe spectrum from a WGU sphere superimposed on a net
measured spectrum. The unshielded 1-D model closely conforms to the measured spectrum
with greater downscatter at low energies. The 1-D model with 2.4 mm Pb cladding shows a
dramatic drop in low-energy counts and modest decreases at higher energies.
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In Fig. 21 we expanded the low-energy portion of Fig. 20 for a closer examination.
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Fig. 21. Expanded view of the low-energy portion of the spectral plots in Fig. 20. The 1-D
model indicates the increased downscatter in the modeled smaller detector. When the 2.4 mm
Pb cladding was added, the spectrum was attenuated about two orders of magnitude in this
region. Complete attenuation of the Th K X-rays and low-energy 235U peaks and the 120.9-keV
peak from 234U has occurred. Pb X-ray fluorescence stimulated by 235U radiation indicates the
presence of the Pb cladding.

HPGe ID analyses of the computed spectra indicate that the unshielded model is WGU and
the model with 2.4 mm shielding was determined to be “U-235, LEU or HEU or shielded
WGU,” consistent with the fact that 20% enrichment is borderline between LEU and HEU. A
second model computed with 3 mm Pb cladding (not shown) and analyzed with HPGe ID
correctly gave the result “U-235, NU or LEU weak or shielded.” In both cases, the 235U
signature was manifest and would invite very close scrutiny by nuclear incident responders.
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What can we learn from Figs. 20 and 217

1. A thin shield (2.4 mm Pb) will reduce the 185.7-keV peak height by about a factor of
50 but the 235U signal is still manifest. Doubling the cladding thickness would reduce
the 185.7 keV peak by another factor of about 50.

2. Severe differential attenuation of the four principal 235U peaks at 143.2-, 163.4-,
185.7=, and 201.3-keV, is quite evident in Fig. 21. Of these, the two most likely to be
manifest and testable in a like shielding situation, are the peaks at 185.7- and
205.3-keV.

3. The presence of the Pb cladding was announced by the Pb K-series X-ray
fluorescence and provides further credence of significant shielding.

Nevertheless, our model is unrealistic in a number of ways:

1. Itdoes notinclude background radiation.

2. Itis deterministic and doesn’t include statistical “jitter.”

3. Itwas convenient to use known data to generate the model but the original sphere is
unrealistically small with a mass of only 2.2 kg, while the IAEA significant quantity
for HEU (235U = 20%) is 25 kg [62]. A 25 kg uranium sphere would increase the 235U
signature strength by about a factor of 7.

4. Aless unrealistic model would be a 25 kg sphere. A 10 mm Pb-clad would only add
about 2.5 kg to the mass, not likely an undue penalty.

5. Furthermore, a variety of other geometries and shielding could be used.

Beyond these obvious considerations, if this issue merits a more thorough study, our simple
model is clearly insufficient.

Just what can be inferred from the presence of 228Th in a gamma-ray spectrum is quite
ambiguous. The most likely inference is that it is from background radiation (i.e. that
portion originating from 232Th). The second most likely is that it is from NORM or TENORM
containing 232Th. For example, thorium metal is also used as a hardener for magnesium
alloys. A tungsten alloy with 2% thorium [63] is used for welding electrodes. Thorium oxide
is a constituent of some optical glasses. Rarely encountered nowadays are gas lantern
mantles infused with thorium nitrate.

A distinguishing signature for 232Th that has aged a month or more since chemical
purification are gamma rays, particularly at 911-keV (Fig. 7) emitted in the decay of its
granddaughter 228Ac. Because 232U is located in a collateral decay series that converges with
the thorium decay series at 228Th (Fig. 5), 228Ac is not one of the daughters of 232U. The
presence of the 911-keV gamma ray is therefore a telltale that indicates presence of 232Th
and not 232.

As a further caution, we note that the production of TENORM, as in the case of gas lantern
mantles, can entail some chemical purification of thorium which results in the presence of
228Th but not, at least initially, 228Ac with its telltale 911-keV gamma ray. This is because
before subsequently decaying to 228Ac. it takes a while before sufficient 228Ra has decayed so
that enough of its daughter 228Ac has accumulated to make its 911-keV gamma ray manifest.
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So, an identification of 228Th, without the 911-keV gamma ray, would only inconclusively be
indicative of the presence of 232U.

Here is at least one case in which background radiation has an important use, that is to
determine that the 208T] in the foreground spectrum is in excess above background and
might be attributed to 232U as an indication of the presence of HEU. If this criterion is
satisfied, however, it must be kept in mind that the excess 208T1 signature is possibly from
young 232Th.
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Further distinguishing between natural U and processed U

An important characteristic that we investigate is whether the uranium being measured is
natural or processed material. If we've already established that the uranium enrichment
determination by HPGe ID is not natural but is unambiguously DU or LEU or higher, then it
has obviously been processed and the methods discussed here will be supplementary. If our
Peak-area enrichment estimate falls in the ambiguous zones (DU or NU) or (NU or LEU) in
Table 6, we may still be able to distinguish between processed and unprocessed uranium by
examining selected 238U daughter full-energy-peak ratios.

The 609/1001 peak-area ratio

As already noted, significant ingrowth of 234mPa in processed uranium occurs in only a few
weeks. Decay of 234mPa produces gamma rays at 1001.03- and 766.38-keV that provides the
most significant signature for the presence of 238U.

In the foreground spectra from natural uranium, the most intense gamma ray from the
distant daughters of 238U is the 609.31-keV peak following the decay of 214Bi. The 1001-keV
peak also appears from background radiation but may be too weak, in a given spectrum, to
be manifest. As a result we can expect that the ratio of the counts in the 609-keV peak to the
counts in the 1001-keV peak from the decay of 234mPa in processed uranium to be high if
determinable at all.5 This is reflected in the blue bar measurement results in the 609/1001-
column in Fig. 22.

In a foreground spectrum from processed uranium, the 609-keV peak will only be present
from background 214Bi as the long half-life of 234U (Fig. 4) significantly retards sufficient
ingrowth of the distant 238U daughters in processed uranium for decades. The 1001-keV
peak that appears weakly in background radiation is enhanced relative to the 609-keV peak
with the presence of a processed uranium source. As a result the ratio of the 609-keV peak
to the 1001-keV peak in processed uranium can be expected to be lower that in natural
uranium as reflected in the brown bar measurement results in Fig. 22.

The 1001/766 peak-area ratio

Because the 766-keV and 1001-keV peaks are emitted by the same nuclide, we would
initially expect that this ratio would be constant. However, as illustrated in Fig. 10, in
natural uranium radiation, the 766.41 234mPa peak forms a doublet with the 768.38-keV
peak from 214Bi. We integrate the counts in the doublet to substitute for the 766-keV peak
alone. This leads to a considerably increased ratio value that allows us to discriminate
between natural and processed uranium. Data from the same four spectra used to compute
the 609/1001-ratio for natural material produced the blue bar in the right-hand column of
Fig. 22.

5 HPGe ID can only compute a peak-area ratio when both of the peaks are manifest; otherwise the
ratio is indeterminable.
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Determinable values of this ratio from available foreground measurements of processed
uranium were obtained mostly from DU to LEU material, as both the 1001- and 766-keV
peaks are relatively weak in highly enriched material. The short brown bar in the right-
hand column of Fig. 22 represents the extent of 14 measurements of processed uranium,
three of which were used to produce the 609/1001-ratio result. The spread in the expected
constant value is from wide variation in counting statistics

100 ~
B NaturalU
B Processed U
B Pu-238

10

Peak area ratios

01 | Fig. 22. Ratios of gamma-ray lines that can
indicate whether uranium is natural or
- processed or whether 238Pu is present. The
black dividers in the figure indicate the
0.01 | threshold values used for testing the ratios.
609/1001 1001/767

Peaks used for ratios
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Uranium-232 and apparent uranium-238 in plutonium

22 in weapons-grade Pu

We note that three of the known production methods for 232U (Eqns. 10, 11, and 12) include
the intermediate production of 2.9-y 236Pu. Production of weapons-grade Pu will also
produce a trace amount of 236Pu. Therefore the gamma-ray spectrum of weapons-grade Pu
that has aged for a few years will also exhibit the 208T] gamma rays that are indicative of the
presence of 228Th. The presence of 232U is more likely to be an indicator of shielded HEU
than of WGPu because shielded HEU will only exhibit the 232U signature while, WGPu, unless
very heavily shielded, will exhibit the 414-keV gamma ray from 239Pu as well as the 2615-
keV 208T] gamma ray. The presence of 239Pu does not mean that HEU is absent but that its
presence cannot be confirmed with the 208T] gamma ray because, in this case, the signature
is an ambiguous situation that, nevertheless, points to the possibility that HEU or Pu or
both, are present.

2321y in reactor-grade Pu

Reactor-grade Pu is found in spent reactor fuel with significant burnup. This leads to
transmutation of uranium isotopes into a number of plutonium isotopes, including 238Pu,
239Py, 240Py, 241Py, and 242Pu with the 240Pu content exceeding 19%. Often overlooked is the
production of 236Pu [64] that, in terms of weight fraction, is a trace quantity but its relatively
short half-life, 2.9-y, gives it high specific activity that is strongly manifest in the RGPu
gamma-ray spectrum. The alpha decay of 236Pu leads to 232U that, in turn decays to 228Th that
produces a strong 228Th signature.

Heat-source plutonium

Heat from the alpha decay of substantial quantities of relatively short-lived 238Pu (87.7 y)
is used as the energy source for a variety of Radioisotope Thermoelectric Generators
(RTG). RTG’s have been used as power sources for satellites, remote space probes, the
Curiosity planetary rover [64], unmanned remote facilities, and, in the past, for nuclear-
powered cardiac pacemakers [66, 67, 68]. The intense heat generated by 238Pu is evident
in Fig. 23.

Fig. 23. A plutonium heat source glowing
incandescent from 238Pu decay heat.
(Image from U.S. Department of Energy

[69]).
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Heat-source 238Pu is usually produced by neutron irradiation of 23’Np recovered from spent
nuclear fuel. This results in fewer undesirable Pu isotopes.

Nevertheless, the process does produce some parasitic 236Pu and 239Pu [70].
237Np(n,y)238Np([5‘)238Pu(n,}/)239Pu (16)
. 7Np(n,2n)or()/,n)236Np( B )236Pu (17)

Production of 238Pu from 241Am is also possible but will also produce parasitic 242Pu [70].

241Am(n,)/)242Am(ﬁ‘)242Cm(a)238Pu (18)
241Am(n,y)242Am([3’+)242Pu (19)
241Am(n,y)mmAm(IT)mAm([J’*)242Pu (20)

Plutonium-238—Plutonium masquerading as *U

The alpha decay of 238Pu to 234U populates the same excited states that emit 766.41- and
1001.03-keV gamma rays that we use to identify the presence of 238U from the decay of
234mPa. The emission intensities of these two gamma rays from decay of 238Pu are extremely
low (Table 4) and will only be manifest in gamma-ray spectra from intense sources with
high 238Pu content. These conditions can occur with reactor-grade Pu and heat-source Pu
and their presence could lead to misidentification of 238U. However, the measured ratios of
the 766.41- and 1001.03-keV gamma rays are easily differentiated from the ratios from
natural and processed uranium. The relatively low fraction of 238Pu in fuel-grade Pu may
make detection of these two gamma rays unreliable.

Fig. 24 illustrates spectra from RGPu and 23’Np-produced heat-source 238Pu. The 766- and
1001-keV gamma rays are called out in both spectra. The presence of 23¢Pu is also evident in
the heat-source spectrum, again leading to a strong 228Th signature. Plutonium-239 is
evident in the heat source spectrum by the presence of the 375- and 414-keV peaks that are
quite small in the scale of the plot.
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Fig. 24. HPGe spectra from reactor-grade (30% 24°Pu) and heat-source Pu with the 766- and
1001-keV peaks called out that could lead to misidentification of 238U. The presence of
parasitic236Pu is also evident in both spectra from by the 228Th signature.
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Conclusion

Uranium in its variety of forms, enrichments, and appearance in two reactor fuel cycles
presents a challenge to rapidly and unambiguously identify its presence and its qualitative
attributes from field measurements. We began this paper with a sketch of the behavior of
our expert system that exploits heuristics to produce these results for uranium and similar,
but less complicated results for more than 200 other radioactive sources. Following that
description, we led the reader along selected pathways in the labyrinth of actinide element
creation and decay, pausing to examine the salient radiation signatures of the uranium
isotopes, their daughters, and others that can interfere with uranium detection and
characterization.

HPGe ID is most closely focused on identifying illicit fissile materials. However, our goal was
to expand its original limited scope to be able to identify more than 200 other radioactive
sources. As a result, at its inception, this expanded version of HPGe ID was plagued with
frequently occurring misidentifications. For a period extending over nearly a decade we
have reduced the frequency of misidentifications to the point that the application is now
highly valued by its users. Nevertheless, HPGE ID continues to be a work in progress.
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Appendix: Signal-to-noise ratio computation

Single-peak signal-to-noise ratio

In this paper we refer to the ratio of net counts in a full-energy-peak to the underlying
continuum counts, in units of local variance, as the signal-to-noise ratio for the net peak
counts. For a peak to be declared manifest, its signal-to-noise ratio must exceed a detection
threshold that, with rare exception, is set at 5.

In Fig. A-1 the net counts in a photopeak are the difference of the gross counts in the
spectral region of the photopeak minus the counts in the continuum below the photopeak.
Although more sophisticated algorithms exist for determining the number of counts in the
continuum below the peak, the simplest, and quite adequate for rough signal-to-noise
estimation, is to approximate the continuum as a straight line. This leaves a quadrilateral
shape under the peak that constitutes the noise in the measurement. The area of this
quadrilateral is the product of its average height with the width of its base, the “resolution
width” Ry, of the peak channels. To estimate the average height of the continuum in counts,
we average the counts in the channels immediately neighboring R;,. We can use more than
one channel on each side to increase the statistical quality of the estimate but if we use too
many, any bias in the estimate will likely increase. Here we discuss using three neighboring
channels on each side of the peak.

!

<+ Ry —>

Fig. A-1. Schematic illustration of a photopeak (full-energy peak) resting on a continuum
from ambient background radiation, downscatter from other source gamma rays, or self-
activity in the detector.

Ry R 6
N=YC -3¢, (A-1)
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Where N is the net photopeak counts, the C, are the gross counts per channel in the R,
channels in the resolution width of the photopeak, and the C, are the counts in the three
neighboring channels in each side of the peak.

Assuming that the data acquisition time of the measurement is a small fraction of the
half-lives of the source(s) measured, the counts in each channel will closely follow a Poisson
probability distribution. The variance in a Poisson random variable is its mean and its
standard deviation is the square root of the mean. If the number of counts is sufficiently
large (say 20 or 30 or greater), we can make an acceptable estimate the mean for our
uncertainty analysis purpose, by using the number of counts observed. The counts in each
channel are statistically independent, so we can estimate the uncertainty in the net counts
by simple propagation of errors [71], such that the estimated variance in a quantity

0 X;,X,,"++,X, ) of p variables is given by

c ox, |
53[5 -

Applying Eq. (A-2) to Eq. (A-1) gives

Ry R &
or=>C+-2YC, (A-3)
g=1 36 n=1
However, for small count values this estimate becomes biased because the Poisson
distribution is bounded at zero and skewed. We can largely remove the bias by adding one

to the count value to estimate an estimate the mean,
E(c*)=C+1 (A-2)

We note that both ch and ZC,, are the sums of Poison random variable and are
therefore Poisson random variables themselves. Adding one to each of these variables leads
us to Eq. A-4

Ry R2 6 Ry R2 6 R2
or=[D.C, [+1+L (ZCJH =X C,+-LYC, 4| 1+2 (A-4)
= 36 |\ o 360D 36

We further note that Eq. A-1 is the difference between a Poisson random variable and a
scaled Poisson ransom variable. While the sum of Poisson random variables is itself a

Poisson random variable, this is not true for the difference of two Poisson random variables.

For this reason, the final term in parentheses is likely an overestimate and a more likely
value, V , would lie between two extremes.

R2
I<V<|l1+X (A-5)
36
But what value do we use? For quite a few years, we ignored the small value problem and

used Eq. A-3. Our user experience indicated that, as a rule, setting a detection threshold of 5
from Eq. A-3 yielded well-differentiated and quite useful peak strength results. For this
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reason we have been loath to tinker excessively with the values obtained from Eq. A-3.
Accordingly, we have chosen to implement a modified version of Eq. A-4 using the lower
limit of 1 from Eq.-A-5.The photopeak signal-to-noise ratio is then

i — s=1 =1 (A—6)

Effective signal-to-noise ratios for provisional nuclide identification

The provisional identification of individual nuclides requires the identification of one to
four key individual manifest peaks. We refer to this as provisional because, at this stage,
misidentification is possible. Further testing, involving the satisfaction of additional
conditions, is usually required to result in a finding of nuclide presence. A Boolean logic
chain, illustrated by the following three-peak example, determines the provisional presence
or absence of a hypothetical nuclide x, from the provisional presence of three peaks.

IF peak-1 is manifest,

AND Peak-2 is manifest,

AND Peak-3 is manifest,

THEN nuclide x is present,

ELSE nuclide x is not manifest and assumed absent

In the rare instance when only a single substantial gamma ray is emitted, such as with 137Cs,
the single-peak signal-to-noise ratio computed with Eq. A-6 suffices for the signal-to-noise
ratio for the provisional nuclide identification. However for multiple peaks, a chain of logical
ANDs is clearly not equivalent to an arithmetic sum. A rigorous approach to computing a
signal-to-noise ratio in this case would require a complex probabilistic calculation that is
beyond the scope of HPGe ID. It is clear, however, that the probability of correctly
identifying a nuclide is increased when multiple peaks form its signature. Accordingly, we
have, for an effective signal-to-nose estimation, treated provisional nuclide identification as
an arithmetic net peak sum and calculated an effective signal-to-nose ratio for the nuclide.

The total net counts from multiple peaks, T, is the sum of the net counts from the p
individual peaks in the region of interest.

p
T=YN, (A-7)
i=1
The estimate of the variance associated with T as the combination of the variances of the
individual peaks taken in quadrature.

07 =,/ 20 (A-8)
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The total signal-to-noise ratio is then:

T/o; (A-9)

Effective signal-to-noise ratio for individual findings

A Boolean chain of reasoning, also determines each of the detailed findings reported in the
lower pane of the user interface Details window in Fig. 3. The first condition in each of these
chains is the dominant signature. This will typically be the provisional nuclide identification
or aratio, as in the case of uranium enrichment estimates. These chains can be quite long,
containing a mixture of logical ANDs and NOTs. This situation is fraught with even greater
difficulty than estimating a signal-to-noise ratio for provisional nuclide identification. For
this reason we simply report an effective signal-to-ratio estimate based only on the
signal-to-noise ratio of the first condition.

Confidence in the HPGe ID findings

The HPGe ID findings are sorted by descending effective signal-to-noise ratio for display in
the user interface. While the effective signal-to-noise ratio is not a rigorous statistical
estimate of findings confidence, experience has shown that it has been an effective
indication of relative signal strength.

HPGe ID is an automated, “blind” spectrum analysis, a challenging problem fraught with
many potential pitfalls. Computing a rigorous statistical estimate of findings confidence is
beyond the scope of HPGe ID’s goal of providing the analyst with a very rapid qualitative
assessment of the radionuclides present in an HPGe gamma-ray spectrum. Furthermore, a
rigorous statistical confidence estimate would still be a part of a “blind” analysis and, in that
sense, not much more believable than the effective signal-to-noise ratio. The purpose of the
HPGe ID explanation facility is to free the analyst from total dependence on a “blind”
analysis, reliant on mathematics, and provide the analyst with a visual spectral comparison
with trusted spectral templates, a reliance on physics.
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