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President’s Message

Facing Our Challenges 
By Ken Sorenson 
INMM President

I hope everyone is having a great summer 

and is paying attention to the right mix of 

business and pleasure in your lives. Of 

course, I hope part of this mix is the 55th 

INMM Annual Meeting! As this is my last 

column, the traditional focus would be on 

reflections. However, I would like to use 

this space to juxtapose the recent chal-

lenges for the INMM concerning U.S. 

government sponsored attendance at 

our meetings with the importance of the 

global INMM mission.

Two years ago, the U.S. govern-

ment applied strict conference atten-

dance criteria to individuals sponsored 

by U.S. government programs and using 

U.S. government funds. Interpretation 

of guidelines and application of the guid-

ance was uneven across U.S. govern-

ment agencies. The U.S. Department 

of Energy (DOE), one of INMM’s main 

U.S. government participants, took a 

strict interpretation of the guidance and 

severely cut back on the number of par-

ticipants from DOE-sponsored programs 

that were approved to attend annual 

meetings. The impact on the INMM has 

been significant. Annual meeting atten-

dance has gone from a high in 2011 of 

1,167, to 970 in 2012, and 594 in 2013. 

This type of precipitous decline reflects 

more than just the number of U.S. par-

ticipants. We also saw a sharp decline 

in the number of non-U.S. participants 

who are deeply involved in U.S. non-

proliferation activities, as well as the 

number of students sponsored by U.S. 

DOE programs. The financial impact of 

these reduced numbers has resulted in 

a sharp decline in our annual operating 

revenues. Balancing these reduced rev-

enues with operation costs has been a 

particular challenge. Since recent hotel 

commitments are set years in advance 

and attendance projections are based on 

past performance (i.e., on strong atten-

dance figures leading up to and includ-

ing 2011), we have had a difficult couple 

of years working with the host hotels to 

negotiate contract terms based on the 

reduced registrations over the past two 

years. 

The 55th Annual Meeting reflects, in 

my opinion, a shifting of the downward 

trend to a positive direction. I believe this 

change in direction is driven in large part 

by the importance of the INMM mission 

(but, I’ll get to that later!). For the 55th 

Annual Meeting, we are projecting to 

have a little more than 700 registrants. 

Additionally, the number of approved 

DOE registrants is 242. This number is 

up 66 from 2013, a nearly 40 percent 

increase. Student paper abstracts total 

130, a record high. With these projec-

tions, we anticipate a net surplus in our 

FY14 financial operations, a huge turn-

around from FY13.

This upward trend points to the 

important mission space that INMM 

fills. First, there is recognition within 

the DOE that the INMM Annual Meet-

ing and workshops sponsored by the 

INMM align well with important mission 

spaces of the DOE. This has resulted in 

an expansion of the number of approved 

DOE-sponsored registrants at the INMM 

Annual Meeting this year. Second, the 

INMM is still experiencing an expansion 

of regional and student chapters around 

the globe. In particular, we are seeing 

this expansion in new regions that un-

derstand the importance of the INMM 

mission and want to be a part of this 

global effort. We have approved new 

regional chapters in Morocco and Nige-

ria as well as student chapters in Jordan 

and India. Third, our formal relationships 

with external organizations are strong 

and provide important cross-fertilization 

functions. Specifically, we have formal 

agreements with the World Institute of 

Nuclear Security, the European Safe-

guards Research and Development As-

sociation, and the Nuclear Infrastructure 

Council. With all of these organizations, 

we are active in sponsoring joint work-

shops related to specific technical areas 

in safeguards, security, safety, and op-

erations.

In the current “Taking the Long 

View in a Time of Great Uncertainty” ar-

ticle in this issue, Jack Jekowski outlines 

five challenges for the next generation 

of nuclear stewards. You will notice that 

these five challenges relate directly to 

the INMM mission. 

The INMM continues to lead in the 

international effort to manage nuclear 

materials in a safe, secure, and respon-

sible manner.
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Technical Editor’s Note

On June 11, 2013, I received an e-mail 

from a dear friend, Bill Severe, who was 

working at that time in the U.S. Depart-

ment of State’s Office of Weapons of 

Mass Destruction Terrorism. This office 

was supporting activities of the Nuclear 

Forensics International Technical Working 

Group, which had conducted a web-

based exercise called Galaxy Serpent, 

involving about twenty countries and 

that was aimed at improving skills in 

identifying the origin of seized nuclear 

materials. As Severe noted, “We would 

like to give the participating countries 

the opportunity to have their experi-

ence and technical findings published 

in a single technical publication and the 

Journal seems to be an ideal publication 

for that purpose.” To get things started 

and planned, Dr. Jim Borgardt of the 

State Department organized a confer-

ence call involving the JNMM editors 

and appropriate State Department and 

U.S. Department of Homeland Secu-

rity personnel. Frank Wong of the U.S. 

Department of Homeland Security was 

likewise instrumental in the planning 

that occurred. The decision was made 

to have about six articles from different 

countries available for this issue of the 

Journal. As it turned out, nine countries/

organizations provided articles: Austra-

lia, Brazil, Canada, Japan, South Africa, 

the United Kingdom, Hungary, Sweden, 

and the European Commission (Joint Re-

search Centre). Drs. Borgardt and Wong 

provide the “introductory” article to the 

topic addressed in the remaining nine ar-

ticles. This issue on developing a nation-

al nuclear forensics library is definitely 

interesting. I trust you will enjoy reading 

the articles by the nine countries/organi-

zations.

Regarding Regular Features
In his message, our President Ken So-

renson expresses a positive attitude re-

garding the 55th INMM Annual Meeting. 

As he states, “The 55th Annual Meeting 

reflects, in my opinion, a shifting of the 

downward trend to a positive direction.” 

Those are good words to read.

Book Review Editor Mark Maiello 

provides an interesting review of A Glob-

al History of the Nuclear Arms Race. The 

book is divided into two volumes, one 

covering the 1930s to the 1980s, and 

the other from the 1980s to the present 

day. As usual, Mark presents a detailed 

review that makes one want to go out 

and get the book.

Jack Jekowski, chair of the INMM 

Strategic Planning Committee and editor 

of Taking the Long View, has an excel-

lent article titled "Throwing Down the 

Gauntlet to the Next Generation of Nu-

clear Stewards — the Enduring Nuclear 

Legacy." His article has much history in it 

and is enjoyable to read. This is not un-

usual for Jack.

The Bonus of Digital Publishing
This is the end of the first full publish-

ing year as a digital publication. We have 

worked to make the transition smooth 

for everyone involved, especially our 

readers. We have provided bonus con-

tent with every issue, ranging from ar-

ticles that we posted only on the INMM 

website to larger-sized images from 

some of our articles. With this issue, we 

are introducing a permanent “bonus” for 

JNMM readers: a glossary of abbrevia-

tions and acronyms commonly used in 

the Journal. We plan to update this list 

with each issue of JNMM, creating an 

easy reference that you can use. 

I trust you will enjoy this issue of the 

JNMM. We owe much thanks to those 

who initiated and accomplished this spe-

cial issue on the topic of national nuclear 

forensics libraries. 

JNMM Technical Editor Dennis 

Mangan can be reached at dennisman-

gan@comcast.net

Galaxy Serpent: A Special Issue on National Nuclear 
Forensics Libraries
By Dennis Mangan 
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Galaxy Serpent: A Web-based Tabletop Exercise Using the Concept of 
National Nuclear Forensics Libraries

J. D. Borgardt 
Office of Weapons of Mass Destruction Terrorism, U.S. Department of State, Washington, DC USA  
(on detail from Juniata College, Huntingdon, Pennsylvania USA) 
 
F. M. G. Wong 
Domestic Nuclear Detection Office, U.S. Department of Homeland Security, Washington, DC USA 
(on detail from Lawrence Livermore National Laboratory, Livermore, California USA)

Abstract
Galaxy Serpent is a first-of-a-kind, virtual, web-based interna-

tional tabletop exercise where teams of scientists from various 

countries used provided public domain spent fuel composi-

tions to formulate their own national nuclear forensics library 

(NNFL), and determined if hypothetically seized spent nuclear 

fuel is or is not consistent with their national nuclear foren-

sics library. This tabletop exercise is conducted under the aus-

pices of the Nuclear Forensics International Technical Working 

Group (ITWG) and funded and organized by the U.S. Depart-

ment of State with technical expertise provided by the U.S. 

Department of Homeland Security. It involved scientists from 

approximately twenty-four countries, and the active participation 

of eighteen teams. Galaxy Serpent aims to promote “best prac-

tices” through providing a vehicle for participants to gather key 

technical expertise to create an NNFL using guidelines in Inter-

national Atomic Energy Agency (IAEA) documents and to illus-

trate the potential probative benefits offered by creating such a 

library. During the play of Galaxy Serpent, many teams quickly 

realized the need to involve other areas of expertise such as 

nuclear reactor engineers and fuel experts. The involvement 

of such additional experts helps to mature the range of exper-

tise of the nuclear forensics international community. Teams 

also noted that different technical approaches yielded similar 

analytical conclusions, and that the original purpose, history, 

and limitations of the provided data sets sometimes limited 

the confidence levels associated with their findings. In addi-

tion, some of Galaxy Serpent teams have used this tabletop 

exercise experience to inform their efforts at home to develop 

or refine their own NNFLs. The exercise has yielded insightful 

lessons regarding the efficacy NNFLs can provide, and how 

they, in concert with traditional forensics, may expand the suite 

of tools for investigating nuclear or other radioactive material 

outside legitimate control.

Introduction 
Several high-profile law enforcement seizures in the mid-1990s 

demonstrated the availability illicit nuclear or other radioactive 

(RN) material on the black market was increasing. In 1995 the 

International Atomic Energy Agency (IAEA) established what 

is now called the Incident and Trafficking Database (ITDB), a 

voluntary program to report incidents of illicit trafficking and 

other unauthorized activities and events involving RN materi-

als outside of regulatory control. Between January 1993 and 

December 2012, a total of 2,331 incidents were reported to 

the ITDB, including 419 that involved unauthorized possession 

and related criminal activities such as movement or attempts 

to illegally trade or use nuclear material or radioactive sources. 

Sixteen reported incidents in this category involved weapons 

grade uranium or plutonium, some in kilogram quantities.1

Recent cases demonstrate the continued availability of 

nuclear and other radioactive material on the black market de-

spite the significant progress that has been made in securing 

such materials. These incidents have motivated the interna-

tional scientific and policy communities to develop stronger 

investigative tools that have proven so effective in removing 

RN materials from the black market. The scientific community 

has contributed significantly to this effort, e.g., in the area of 

nuclear forensics by conducting material analysis exercises, in-

ternational meetings and trainings, and the development and 

dissemination of “best practices.” This work presents a brief 

history of the field of nuclear forensics and recent material 

analysis exercises convened by a leading organization in the 
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discipline, and introduces the first-of-a-kind virtual, web-based 

international nuclear forensics exercise, Galaxy Serpent, which 

advances the concept of NNFLs. Findings and lessons learned 

from this technical tabletop exercise (TTX) are presented. 

Nuclear Forensics
Nuclear forensic science, often referred to as simply nuclear 

forensics, is defined as “the examination of nuclear or other 

radioactive material, or of other evidence that is contaminated 

with radioactive material, in the context of legal proceedings, 

including national or international law or nuclear security.”2 

Nuclear forensics (NF) is an essential component of national 

and international nuclear security response plans to events in-

volving nuclear and other RN out of regulatory control. The abil-

ity to collect and preserve seized RN material as evidence and 

conduct NF analysis may provide information about the history 

and origin of material, point of diversion, and identity of the 

perpetrators. NF is a technical capability that will also inform 

the investigatory process.2 NNFLs augment these capabilities 

by providing an organized set of data and potential sample ar-

chives that allow comparison of illicitly trafficked material to 

national holdings to help determine if seized material originated 

in a particular country. 

Nuclear forensics has become a tool to aid in identifying 

where loss of regulatory control may have occurred. Interna-

tional recognition of the danger posed by nuclear smuggling 

led to the development of a number of initiatives, and the for-

mation of skill-specific groups tasked to identify and move to-

wards effective countermeasures. For example, 

•	 Nuclear Security Summits (NSS): Convened 2010-2014, 

the summits have provided effective political momentum 

to sustain current international collaborations in nuclear 

forensics per the Nuclear Security Summit Work Plan.3

•	 Global Initiative to Combat Nuclear Terrorism (GICNT):4 An 

international partnership of nations that are committed to 

implementing a set of shared nuclear security principles 

that includes promoting nuclear forensics policy develop-

ment, best practices, capability awareness, and tabletop 

exercises. 

•	 The IAEA:5 The IAEA develops and conducts NF guidance 

and training and produces Nuclear Security Series docu-

ments.

•	 The Nuclear Forensics International Technical Working 

Group (ITWG):6 Initiated in 1995, ITWG is a volunteer con-

sortium of international scientific practitioners serving as 

a technical forum to promote information exchange and 

analytical exercises such as the Galaxy Serpent tabletop 

exercise (TTX) reported here and comparative material 

analysis exercises noted below.

Nuclear Forensics International Technical  
Working Group (ITWG)
The Galaxy Serpent exercise was conducted under the aus-

pices of the National Nuclear Forensics Libraries Task Group of 

the ITWG and funded and organized by the U.S. Department of 

State with technical expertise provided by the U.S. Department 

of Homeland Security. The ITWG is a multinational, informal 

association of official practitioners of nuclear forensics — labo-

ratory scientists, law enforcement personnel, and regulatory 

officials — who share a common task in responding to nuclear 

security events involving nuclear or other radioactive materials 

out of regulatory control. The ITWG conducts its work through 

a combination of annual meetings, task group activities, and 

special exercises. Participation in the ITWG is voluntary and 

open to competent and qualified government participants from 

nations having, or wishing to have, a nuclear forensics capability.2 

The ITWG provides a forum for the conduct of technical 

exercises, in which laboratories that elect to participate, can 

evaluate their ability to analyze nuclear material, and can 

compare their methods with those of the other participating 

laboratories. One feature of these exercises is that results 

are coded such that they cannot be attributed to any specific 

participant. This feature affords the participants a measure of 

anonymity as well as protection against the misapplication of 

the results for purposes of grading the performance of any one 

laboratory or any group of laboratories. Although the exercise 

results are anonymous, they can be used to inform next 

steps in NF capability development, such as enhancements 

in analysis techniques, availability of reference materials, 

and improvements in instrumentation. To date, the ITWG 

Exercises Task Group has overseen the development, conduct, 

comparative data analysis, and reporting for three collaborative 

material exercises (CMX).

Galaxy Serpent
Galaxy Serpent was designed with the goal of raising aware-

ness about the technical aspects of creating and using national 

nuclear forensics libraries via a cost-effective, wholly web-
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based, platform. The virtual web-based format eliminated the 

steps of securing and shipping nuclear or other radioactive 

materials. A virtual exercise afforded a means of exercising 

national capabilities for analyzing complex data and rendering 

conclusions regarding these data without having to perform 

material characterization in a laboratory. Such considerations 

motivated the development of a wholly web-based, technical, 

tabletop exercise using public domain nuclear materials data 

that would focus on developing a national nuclear forensics 

library without requiring laboratory measurements and would 

also engage a broader diversity of teams and technical experts 

while maturing the concept of NNFLs and illustrating their po-

tential efficacy. 

The Galaxy Serpent exercise was proposed at the ITWG-

17 annual meeting, held in June 2012 at The Hague, where 

teams representing participants from sixteen countries vol-

unteered to participate. It is important to reiterate that while 

participants have varying nationalities, ITWG is a volunteer or-

ganization and any individual or team participation should not 

be construed to imply official sanction of the effort. Thus far, 

the TTX has involved observers and participants from twenty-

four countries, including teams from eighteen countries who 

have actively participated in the five rounds of the exercise as 

of April 2014. Rounds 1-3 occurred between January 2013 and 

October 2013; rounds 4 and 5 concluded in April 2014. Nine 

teams that participated in the exercise authored articles pre-

senting their experiences, findings, and lessons learned that 

compose this special issue of the Journal of Nuclear Materials 

Management (JNMM). Table 1 lists the teams involved in each 

round and specifically identifies those that contributed articles. 

Each round was composed of three to four teams, conducted 

over approximately eight to ten weeks, and was identical in 

exercise structure and tasks posed. The articles that follow 

appear chronologically ordered by round, and by alphabetical 

order within each round.

The objectives of the Galaxy Serpent TTX are to have 

participants organize a model NNFL using provided spent fuel 

characteristics from three nuclear reactors (“Phase 1”) and 

then determine if data from a hypothetical seizure of spent 

fuel is or is not consistent with a reactor in their model NNFL 

(“Phase 2”). In Phase 1 of the exercise, teams were provided 

existing, public domain, data sets from Spent Fuel Isotopic 

Composition (SFCOMPO), a database of isotopic measure-

ments of spent fuel.7 SFCOMPO is data collected from public 

domain, published literature of isotopic compositions of spent 

nuclear fuels (SNF) obtained through post-irradiation experi-

ments (PIE), which are used in the validation of burnup credit 

methodologies. SFCOMPO consists of SNF isotopic composi-

tions for fourteen commercial nuclear reactors in four countries 

(Germany, Italy, Japan, and the United States). SFCOMPO was 

initially developed by the Japan Atomic Energy Research In-

stitute (JAERI), and in 2002 the database was transferred to 

the Organization for Cooperation and Economic Development/

Nuclear Energy Agency (OECD/NEA).

The SFCOMPO database includes spent fuel data exclu-

sively from light water reactors — seven pressurized water re-

actors (PWR) and seven boiling water reactors (BWR). In total, 

data from 246 samples are available. The database provides 

the composition for U, Pu, Am, Cm, and several fission prod-

ucts (such as Nd, Cs, and Sr). Since not only measured data 

but also ratios of the measured data are included, the database 

contains more than 10,000 data points. 

While referred to as a database, SFCOMPO is actually a 

collection of tabular data arranged in spreadsheet form con-

taining actual post-irradiation examination (PIE) data of SNF. In 

general, each SFCOMPO data set includes twelve parameters 

including, for instance, information identifying the specific reac-

tor, assembly, and fuel rod position, as well as sampling posi-

tion along the fuel rod. For each sample, material character-

istics such as initial enrichment, isotopic concentrations, and 

burnup measurements, among others, may be given. Since the 

Table 1. Teams involved in each round

Round 1 teams
(February-April 2013)

Round 2 teams
(May-July 2013)

Round 3 teams
(August-October 2013)

Round 4 teams
(February-April 2014)

Round 5 teams
(February-April 2014)

Australia/ANSTO Japan Hungary Team 13 JRC/ITU* 

Brazil South Africa/NECSA Sweden Team 14 Team 17

Canada UK/AWE Team 11 Team 15 Team 18

Team 4 Team 8 Team 12

Italicized text indicates the team in each round that was assigned the reactor that was the source of the hypothetical seizure.
*JRC/ITU is the European Commission Joint Research Centre Institute for Transuranium Elements
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analyses were performed at laboratories in several countries, 

data sets often vary in the specific data they contain. 

Exercise Artificialities and Adjustments
For use in the Galaxy Serpent exercise, some modifications 

and adjustments to the original SFCOMPO data sets had to be 

made due to the desire to re-purpose the SFCOMPO database 

for a nuclear forensics tabletop exercise. The primary artificial-

ity is that SFCOMPO data, in its original form, is difficult to 

use for reactor identification as there are no uncertainties as-

sociated with the data. Since measurements would not exactly 

match any one particular set of reactor fuel data, without ex-

plicit data uncertainties it would be impossible to determine if 

the measurements for any one fuel would fall within the limits 

of a single reactor fuel. The second artificiality is that the se-

lected universe of fourteen reactors contains only light-water 

(both PWR and BWR) reactor fuel, and thus all of the reactor 

feedstock is the same type of low enrichment fuel. The third 

artificiality is that only a select set of radiochemistry data is 

included within SFCOMPO, and more specifically, those radio-

chemistry data that are most relevant to burnup credit meth-

odologies rather than nuclear forensics. There may be other 

isotopic measurements that would be better discriminators or 

identifiers for spent fuel in the forensics domain. 

SFCOMPO data sets had been used in a previous effort 

to explore the use of statistical methods to reveal patterns and 

associations in SNF data that had been repurposed for nuclear 

forensic applications. The success of this effort demonstrated 

that this modified version of SFCOMPO could be used as the 

foundation for a tabletop exercise that focused on class asso-

ciation involving an “unknown” SNF sample with finite, known 

families of isotopics. There are two specific modifications to the 

SFCOMPO data sets that enabled their use in Galaxy Serpent. 

First, uncertainty values for the data points needed to be de-

termined. Since SFCOMPO data did not include measurement 

uncertainties, it was necessary to generate a robust set of un-

certainty values. The uncertainties were a prerequisite both to 

generating the set of problems, namely data sets for each of 

the hypothetical seizures, and to performing any forensic evalu-

ations of the problems. Determining and assigning uncertainty 

values to the PIE measurements in SFCOMPO proved to be a 

significant task and involved including uncertainties from pub-

lished references associated with SFCOMPO data or the use 

of “best judgment” based on traditional analytical methods for 

the determination of uncertainties in similar fuel matrices.8 

Secondly, based on the premise that the spent nuclear fuel 

isotopic compositions in the SFCOMPO database represent 

the entire universe of SNF for Galaxy Serpent, five forensics 

problems had been created based on actual SFCOMPO data. 

SFCOMPO data for a particular fuel pin measured at various 

positions (and burnup) were used to model the variation of the 

isotopic compositions as a function of fuel burnup. This math-

ematical model was then used to derive (i.e., to interpolate or 

extrapolate) isotopic compositions at other positions or differ-

ent burnup values — simulating measurements obtained on 

samples at different times in the irradiation history of the fuel 

pin. Finally, a random adjustment was applied to these values 

representative of measurement noise, and these adjustments 

were consistent with the measurement uncertainties for the 

corresponding SFCOMPO data.8 

For Galaxy Serpent, SFCOMPO data was adapted for a 

nuclear forensic application, which involved families of isotopic 

correlations for specified reactors. As a result, it is important 

to realize there is no need to average any of the PIE values 

from samples pertaining to the reactors. For this forensic ap-

plication, the PIE data from the samples are typically treated 

as discrete samples from a “smeared” reactor core “entity” 

for each of the fourteen reactors. Therefore, the geometric 

position data and information included in SFCOMPO for each 

sample is not relevant when creating the isotopic correlations 

that may distinguish among reactors or reactor classes. The 

correlations assume that the samples are representative of the 

isotopic compositions contained in a “smeared” reactor core 

as a function of exposure (i.e., neutron fluence).

These considerations and modifications led to a subset of 

fields from each original SFCOMPO data set, with the exclu-

sion of identifying and positional data for the reasons noted 

above, and the addition of three fields associated with the as-

signed uncertainty, comprising the modified reactor data sets 

provided to each team. Specifically, each team was given data 

sets containing, for each data point, the following fields: the 

sample group, the isotope or isotopic ratio being measured, its 

actual value and units, the cooling time, and the ascribed uncer-

tainty expressed as both 1-sigma and percentage. Actual reac-

tor names in the SFCOMPO database were masked, renaming 

each after a moon of Saturn. 

Exercise Play
The Galaxy Serpent international virtual tabletop exercise was 

designed to enable teams to use public domain data, have am-
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ple time to work on Phase 1 and 2 tasks, and reach out to 

appropriate expertise as needed. To enable these factors dur-

ing exercise play, a web-based approach was used because it 

provides easy accessibility for all teams, does not involve travel 

or material transport costs, does not involve analytical mea-

surements, and enables teams to engage experts that may not 

usually be involved in ITWG activities. An in-person tabletop 

exercise format would not have been practical for Galaxy Ser-

pent, because the Phase 1 and 2 tasks were usually not com-

pleted within hours or days, nor would the teams have been 

able to incorporate relevant expertise as needs arose during 

the exercise. Use of provided, published, public domain SNF 

data and information eliminated any sensitivities regarding coun-

try teams using their own materials data. As a result, teams 

only used their expertise during the exercise and were not re-

quired to use their own countries' data. It is recognized that 

when developing an NNFL, much of the materials information 

exists and may have likely been collected for other purposes. 

By using provided data in Galaxy Serpent, teams directly ex-

perienced organizing a small, model NNFL from existing data 

and information. Additionally, constraining the “universe” of 

nuclear reactors to those in the SFCOMPO database helped 

bound the problem so that the teams would formulate results 

in a finite amount of time. The exercise microcosm provided a 

model environment where ideas, concepts, and frameworks 

pertaining to NNFLs could be discussed and tested, allowing 

teams to effectively consider the process of creating an NNFL, 

while also applying it to a hypothetical seizure to see the poten-

tial value of an NNFL as an investigative tool. At the conclusion 

of the exercise, practical ideas and lessons from this Galaxy 

Serpent microcosm could be scaled up to address issues of 

creating or managing actual NNFLs.

Teams were provided with reference materials on nuclear 

forensics and NNFLs, including guidance documents drafted 

by the IAEA and the NNFL Terms of Reference from ITWG,9 

but not instructions on how to construct a NNFL. Each of the 

three to four teams participating in a given round was provided, 

through the dedicated web portal, data sets for three differ-

ent reactors. This required the use of adjusted data sets for 

twelve of the fourteen possible SFCOMPO reactors. The reac-

tors assigned to teams were scrambled for each round. The 

sole requirement was that each team be given a combination 

of PWR and BWR reactors. As noted, the team and reactor 

identities were masked; teams were named after galaxies and 

the reactors named after moons of Saturn (Table 2). The web 

portal was designed to have two workspace levels: one public 

and accessible to participants and observers, and one private 

and accessible only by members of a given team. This was 

arranged so that teams, if desired, could communicate anony-

mously through a public discussion forum (shown in Figure 1) 

to exchange challenges encountered, methodologies, access 

reference material, and the like. The private forum served to 

Figure 1. Galaxy Serpent web portal workspace example
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allow teams to discreetly communicate with exercise organiz-

ers, access provided data sets, and upload progress reports. 

The summary of the assignment of SFCOMPO reactors used 

in Galaxy Serpent, along with their aliases is shown in Table 2, 

and will be helpful in understanding the reactor names used 

in the articles which follow in this special issue. Table 2a links 

reactor pseudonyms with their identity in the SFCOMPO data-

base, and gives the class and number of data points for each 

reactor. Table 2b provides the pseudonym for the seizure data 

set used in each round, and identifies the specific reactor of 

origin and the team which had this reactor as part of its model 

NNFL. For instance, in round 1 the Clio seizure originated from 

the Iapetus reactor which was assigned to the Zwicky galaxy 

(Canada). The two Siarnaq reactor seizures listed are distinct 

seizure data sets derived from the same reactor.

After being provided data sets, teams were given three to 

four weeks for Phase 1 in which to develop their model NNFL 

and were encouraged to share approaches or methodologies, as 

needed or desired. Some teams completed Phase 1 within one 

week, while others required additional time beyond the allocated 

time for a variety of reasons. In Phase 2, a hypothetical seizure 

was announced, and data for a hypothetical seizure, named after 

one of the Muses, provided. In a given round, all teams were 

provided identical seizure data, which originated from one of the 

nine to twelve reactors in play during that round. Each of the five 

created seizure data sets discussed earlier was used in one of 

the rounds. Teams used their model NNFL developed in Phase 

1 to determine whether the seized material was or was not con-

sistent with material in their model NNFL. 

Teams were asked to determine whether provided data 

from a hypothetical seizure was or was not consistent with 

each of the three reactors in their model NNFL. When reporting 

their findings to exercise organizers, participants were instructed 

to use an ITWG established system of confidence levels. This 

defines evaluation criteria using a five-point convention for 

describing the similarity of samples: Conclusive Positive, Sug-

gestive Positive, Inconclusive, Suggestive Negative, and Con-

clusive Negative. Determinations are made by evaluating how 

measurements and findings relate to legal statutes in relation 

to a defined “coverage parameter.”10 Teams use this scale in 

reporting confidence levels in their findings in the papers which 

follow.

Results
Teams successfully reported identification of the likely reactor 

from which the hypothetical seized SNF may have originated, 

as well as an evaluated set of “possibles.” These evaluated 

problem solutions, obtained using conventional “isotope corre-

lation techniques” (ICT), illustrate a clear, understandable, and 

defensible forensics capability for SNF. At least for this set of 

problem solutions, teams have demonstrated that the ability to 

identify the unknown materials from within the population of 

known samples is directly dependent upon the uncertainties 

in the data values and upon the gaps in the data values. Based 

on the assumptions made herein, in all cases, teams showed it 

was possible to downscale to a small number (to one, in some 

cases) of “possibles.”8 

Table 2a. Summary of SFCOMPO nuclear reactors and exercise 
pseudonyms (moons of Saturn)

Table 2b. Summary of Team and Seizure Pseudonyms, and Seizure 
Origins

Reactor
Data 

Points
Reactor Type Pseudonym

1 Calvert Cliffs No. 1 447 PWR Anthe

2 Cooper 294 BWR Atlas

3 Fukushima Daiichi-3 506 BWR Enceladus

4 Fukushima Daini-2 1437 BWR Daphnis

5 Genkai-1 123 PWR Ijiraq

6 Gundremmingen 663 BWR Hyperion

7 H.B. Robinson Unit 2 257 PWR Iapetus

8 JPDR 1098 BWR Janus

9 Mihama3 700 PWR Mimas

10 Monticello 480 BWR Pandora

11 Obrigheim 1035 PWR Prometheus

12 Trino-Vercellese 1684 PWR Siarnaq

13 Takahama-3 1227 PWR Tethys

14 Tsuruga-1 270 BWR Titan

Round Galaxy Name Team Seizure Origin of Seizure

1 Draco Brazil

Clio1 Virgo Australia

1 Zwicky Canada Iapetus

2 Ursa Japan

Erato

Siarnaq-1

2 Tucana South Africa

2 Sculptor UK/AWE

3 Andromeda Sweden
Melpomene

3 Keenan Hungary Daphnis

5 Centaurus JRC/ITU Terpsichore Siarnaq-2
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More than 75 percent of the participant teams reported 

findings that were consistent with the origin of the hypothetical 

seizure. The remaining 25 percent did not report inconsistent 

results, but rather did not complete the exercise, for various 

reasons. 

The exercise has been successful in a number of areas. 

Developing a NNFL containing nuclear data potentially has both 

national security and proprietary commercial sensitivities. The 

use of published, public domain data removes many of these 

concerns. Galaxy Serpent has also expanded the pool of ex-

perts aware of the use and potential efficacy of NNFLs, includ-

ing reactor engineers, fuel experts, and statisticians. The web-

based approach allowed a cost-effective method to advance 

the goals of the exercise, and also provided ITWG members 

with more opportunities to interact throughout a year, rather 

than limiting contact to ITWG annual meetings or reviewing 

of ITWG draft documents. A number of teams pursued paral-

lel paths, such as statistical methods and isotopic correlation 

techniques, which yielded corroborating results. 

While teams may have exhibited various levels of exper-

tise and detail in working through the exercise, they were able 

to obtain useful and probative findings. Similar conclusions 

apply to the complexity of the developed model libraries; in-

creased sophistication often facilitated greater resolution in as-

sessing whether the seizure was or was not consistent with 

reactors in the model NNFL. However, it is critical to note that 

even a basic library proved valuable in providing critical insights 

as to the origin of the seizure. 

The advantages and disadvantages, discussed earlier, 

associated with the repurposed SFCOMPO data did impact 

participants ascribing confidence levels to their findings. In an 

actual event, the analytical and investigate work would not oc-

cur dissociated from other communities, such as first respond-

ers, law enforcement, legal representatives, and policymakers. 

While the constrained universe, comprised of only low-en-

riched uranium (LEU) reactors, may have limited the range of 

sources teams had to consider, many note in their articles that 

the limited (in number of reactors, and samples within a re-

actor) and incomplete (in the variety of provided parameters) 

data sets presented challenges in assigning a confidence level. 

Nevertheless, despite these artificialities, all teams noted that 

the ability to compare data from a hypothetical seizure with a 

pre-established NNFL was essential in reaching conclusions.

Conclusions
The virtual, web-based Galaxy Serpent tabletop exercise dem-

onstrated the efficacy of NNFLs in drawing inferences about 

the origins of a hypothetical seizure of spent nuclear fuel. It 

also showed that, however useful NNFLs proved, they would 

be even more effective when used in conjunction with an in-

vestigative effort involving many communities within a nation. 

A number of teams reached out to expertise outside their dis-

cipline for assistance, or in order to independently pursue mul-

tiple technical approaches. The collaborative option built into 

the exercise, via communication in the global workspace of 

the web-portal, was used by some teams to exchange meth-

odologies and questions regarding interpretation of data sets, 

but was, in general, an underutilized facet of the exercise. This 

seemed to largely be due to the weeks-long timeframe of each 

phase allowing teams to progress at different paces, but may 

have also involved inherent sensitivities over the nature of the 

exercise. Several participants also preferred to communicate 

directly with exercise organizers to have such questions an-

swered. 

The universe of data sets were intentionally constrained to 

LEU reactors, which helped bound the problem for this exer-

cise. The basic model NNFLs, composed of just three reactors, 

as well as their limited data sets, represented additional artifici-

alities. Nevertheless, this exercise experience provides practi-

cal lessons as to the utility NNFLs can have, and how nuclear 

forensics may provide a powerful probative tool to help rule 

in or rule out data or information relevant to an investigation. 

Comparisons of the data from the hypothetical seizure with 

NNFLs helped each team quickly, in relation to a full-fledged in-

quiry, determine if the hypothetical seized SNF is or is not con-

sistent with their holdings. Several teams also demonstrated 

that independently applied analytical methodologies confirmed 

findings. In an actual nuclear security event, the question “Is it 

ours?” may likely be one of the first questions asked by senior 

officials, and in the context of this exercise NNFLs proved to 

have high efficacy in addressing this key concern.

The exercise was successful in expanding the community 

of experts aware of nuclear forensics and NNFLs. The web-

based format also allowed an international collaboration of 

scientists representing, all told, more than twenty countries. 

Participants found the exercise beneficial, instructive and in-

sightful, and many requested a follow-on “Galaxy Serpent 2.0” 

exercise based upon a different class of nuclear material. De-

spite noted artificialities, the exercise proved valuable in engag-
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ing and expanding the existing nuclear forensics community of 

experts, and advanced the concept of national nuclear foren-

sics libraries.
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Abstract
Australian Nuclear Science and Technology Organization (AN-

STO) Nuclear Security Research Program staff participated in 

the International Technical Working Group on Nuclear Foren-

sics (ITWG) Galaxy Serpent National Nuclear Forensics Library 

(NNFL) Virtual Tabletop Exercise. A model NNFL was estab-

lished using spent fuel composition data from three reactors 

code-named Anthea-PWR (pressurised water reactor), Atlas-

BWR (boiling water reactor) and Enceladus-BWR. The NNFL 

was compared with an intercepted sample (Clio) using statisti-

cal analysis from basic Microsoft Excel chart tools to the more 

complex multivariate analysis. Our results indicated that the 

Clio material was a suggestive negative match to have originat-

ed from our Galaxy. The exercise provided valuable lessons in 

the process of establishing an NNFL. These are fully discussed 

in the paper.

Introduction
Background
The Australian Nuclear Science and Technology Organization 

(ANSTO) houses a large proportion of Australia’s Nuclear Fo-

rensics (NF) expertise and capabilities.1 Consequently ANSTO, 

on Australia’s behalf, participated in the International Technical 

Working Group on Nuclear Forensics (ITWG) Galaxy Serpent 

Virtual Tabletop Exercise (TTX). 

The purpose of the TTX was to identify the strategies and 

technologies involved in establishing a national nuclear foren-

sics library (NNFL). Different groups of countries participated in 

three separate rounds of the TTX. Australia participated in the 

first round of the TTX. Each round was composed of two phas-

es: i) compilation of a model NNFL using three sets of spent 

nuclear fuel (SNF) isotopic data provided by the exercise orga-

nizers, and ii) comparison of data from a hypothetical seizure 

of SNF with the NNFL. The objective of the second phase was 

to determine if the seized material came from one of the three 

reactors in the model NNFL. This TTX was a blind test, i.e., 

participants were not told whether or not the unknown was 

comparable with their NNFL samples until after the completion 

of the TTX round. Further information of the TTX’s overall ob-

jectives and structure can be found in the TTX Technical Guide 

for Players.2

Many factors can influence the isotopic composition of 

SNF. Pre-irradiation factors of significance include initial com-

position of fuel material, whether or not the fuel was derived 

from reprocessed material, impurities in the original ore, and 

days spent manufactured prior to irradiation.3,4 During and post 

irradiation factors that affect isotopic composition include rate 

of fission in the fuel, irradiation time, position within a reactor 

core, cooling years and class of reactor (e.g., boiling water re-

actors [BWR] operate differently to pressurized water reactors 

[PWR]).5

Figure 1 shows a fuel assembly from a PWR, the most 

common reactor type. The position of each fuel pellet within 

a fuel assembly will receive unique thermal neutron fluence 

leading to a unique isotopic composition.5 Table 1 shows that 

the amounts of particular isotopes generated during irradiation 

depend on: i) the type of reactor and ii) the level of burnup.5 Of 

Table 1. Example of plutonium composition produced from different 
sources5 
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course, reactor operation can be optimized to produce power 

for changing demands.

Figure 2 demonstrates how significantly fuel composition 

changes over time of irradiation. Over irradiation time there is 

build-up of transuranic elements, decay chain products, and iso-

topes produced by nuclear fission.6 

Regulations that apply in different countries can some-

times provide additional insight into where intercepted SNF 

may originate from. For example, some regulators have con-

straints on the amount of plutonium allowed to be present in 

spent nuclear fuel. 

Isotopic composition of SNF is therefore a useful indicator 

of the provenance of SNF. 

Method
Commencing the TTX, we were unsure which isotopes are 

important nuclear forensic markers for SNF, so we compiled 

information about the isotopes mentioned within the guidance 

notes7 and within the data received (Appendix 1). Only certain 

isotopes of these were of relevance to this study. We have 

included the additional information in Appendix 1 as it may be 

useful for future NNFLs that contain materials other than SNF. 

Interpretation of the Supplied Exercise Data
ANSTO was initially provided with isotopic data on irradiated 

fuel from three fictitious nuclear power reactors, code-named 

Anthea-PWR, Atlas-BWR, and Enceladus-BWR. The data was 

derived from information in the Spent Nuclear Fuel Isotopic 

Composition (SFCOMPO) database.8 The exercise code name 

for this subset of Galaxy Serpent data was the Virgo Galaxy. 

The exercise coordinators stated that the isotopic data 

from the reactors should be treated as “discrete samples from 

a ‘smeared’ reactor core ‘entity’”.7 We interpreted this to mean 

that the values we had been given were the average values 

of fuel pellets within a fuel rod, and assumed the fuel rod was 

positioned at unknown locations within the rod cluster control 

assembly (see Figure 1). 

Later, isotopic data for a theoretically generated intercepted 

sample was provided and was to be treated as a “nuclear fuel 

pin isotopically characterized at four points along the pin”.7 We 

interpreted this as four discrete pellets within a fuel rod. As out-

lined above, the positioning of fuel pellets within a rod, and the 

operational parameters the rod was exposed to (positioning, 

proximity to other rods at what periods of time, etc.) is impor-

tant to know in an NNFL to be able to compare data to that from 

intercepted samples with greater accuracy.

Figure 1. Components of a rod cluster control assembly5 Figure 2. Example of isotopic composition of irradiated nuclear fuel in 
a conventional power reactor6
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Isotopic data could be broken down into discrete “data 

types,” dependent upon i) amount of an isotope in kg/MTU; 

ii) burnup of an isotope in GWD/MTU; iii) ratio of an isotope to 

either an isotope or element by weight; iv) a ratio of an isotope 

to either an isotope or element by atom precent; v) “build-up” 

of an isotope (236U only); and vi) “depletion” of an isotope (235U 

and 238U only). Not all data types were available in all three 

data sets. Consequently we calculated as many variables as we 

could from the supplied data without making any assumptions 

about starting compositions and so on. Table 2 shows example 

components of a data set received in the exercise. 

For each data type, two additional parameters were given: 

i) uncertainties (1 sigma) and ii) cooling years. In the third data 

set, the cooling years were all 0, suggesting the data set was 

modeled. 

The organizers stated that the data provided was derived 

from analytical data, with specific information identifying the 

sample location in the reactor removed, thus treating the re-

actor as being homogenous or smeared for the purposes of 

the exercise. Many of the uncertainties provided with the data 

were uniform between data types, irrespective of the magni-

tude of the value; i.e., errors for some trace isotopes were the 

same as isotopes in much greater abundance when it would 

be expected that the error for trace isotopes would be much 

greater in value. Furthermore, the original SFCOMPO does not 

list associated errors with measurements. Consequently as we 

did not know how the uncertainties were calculated and ques-

tioned their integrity, we decided not to include the uncertain-

ties when analyzing the data. 

The “data types” and associated units received in the ex-

ercise are different from the data proposed to be used in the 

IAEA document Development of a Nuclear Forensic Library (in 

draft).9 It was apparent the language used in the SFCOMPO 

database is designed for nuclear engineers, not forensic chem-

ists. For example, the data provided expressed weights of iso-

topes as kg/MTU, MTU could be interpreted as metric ton of 

uranium, metric ton unit, or metric ton of heavy metal whereas 

these values would be more clearly expressed in SI units as 

g/g. The data types with “rate of weight” quoted after the iso-

topes in fact implied ’ratio of atoms.” In addition to our forensic 

chemists, ANSTO nuclear engineers were not directly familiar 

with some of the various units.

An intercepted sample would be analysed by chemists. 

How then would the values be easily compared to the data 

entered by a nuclear engineer? When setting up an NNFL, the 

framework needs to be created in a way that when data is 

entered by a nuclear engineer, it would be converted for a foren-

sic chemists’ application, suggestively in the format found in 

Reference 9. 

Creation of an NNFL 
The isotopic data from the three reactors was compiled into 

an NNFL, which consisted of two Microsoft (MS) Excel work-

sheets. The first worksheet separated all of the data types and 

expressed units (provided and calculated) by columns, and 

samples belonging to a particular reactor separated by rows. 

The second NNFL library worksheet contained small subset of 

the first sheet composed of the eighteen isotopic correlations 

that are proven to be useful to mathematically articulate the 

differences between reactors or classes of reactors.7 Table 3 

shows a small subset of this worksheet. The worksheets were 

created in the best format to extract information readily into 

user generated MATLAB algorithms — our platform to conduct 

multivariate analysis (MVA). In an official NNFL, this information 

would be held as part of a relational database with other proper-

ties of SNF opposed to MS Excel files. 

MS Excel Graphical Analysis of the NNFL Data
Prior to receiving information on the intercepted sample, we 

constructed 2D plots of the various data types from the three 

Table 2. Example of the TTX supplied data from the Anthea-PWR set 
used to populate an NNFL
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reactors. This enabled us to see correlations between data 

types and to see which data types showed the greatest varia-

tions between reactors. 

Linear regression of 236U (wt %) versus 235U (wt %) of the 

three reactors were used to ascertain the starting enrichment 

of 235U in their fuel, or to determine whether the fuel was of 

reprocessed nature. 

Multivariate Statistical Analysis Techniques
Two multivariate statistical analysis techniques were used to 

evaluate the data from the reactors. Firstly, Principal Compo-

nent Analysis (PCA) was used to assess the reactor data. PCA 

has been widely used for evaluating relationships in the un-

derlying data and for dimensionality reduction purposes.10 PCA 

generates Principal Components (PCs), which are a new set of 

variables that are uncorrelated and are arranged so that the first 

few retain most of the variation in all of the original variables 

(data types). In this work, PCA was used to both evaluate the 

relationships of the underlying reactor data and to reduce the 

dimensionality of the problem. The PCA method used the first 

three PCs to evaluate whether the data would separate into 

their respective reactors. A 3D scatter plot of these PCs (PC1 

vs. PC2 vs. PC3) was used to visualize the distribution of the 

different reactor data. While the PCs generated by PCA may 

explain a large proportion of the variation in the data, they may 

not represent the optimized separation between different reac-

tors. For a more detailed description of PCA, a comprehensive 

review has been performed by Jolliffe.10

The benefit of another multivariate analysis technique, 

Fisher Linear Discriminant Analysis (FLDA), is that it can deter-

mine the optimized loading coefficients (LCs) that maximizes 

the separation between two known groups of data. FLDA can 

be used for dimensionality reduction purposes but is also typi-

cally used as a classification technique. Previous use as a clas-

sification technique has covered a range of problems including: 

gamma-ray identification,11,12 face recognition,13 and medical 

image analysis.14 In this work a data group represents the data 

from one particular reactor, so FLDA can determine an opti-

mized separation between the reactors. The generated LCs are 

effectively a set of weighting factors for each original data type. 

The projection of the original data types by the LCs creates a 

single data point for the associated reactor. In this work, LC1 

corresponds to the data projected by the Anthea-PWR LCs, 

LC2 corresponds to the data projected by the Atlas-BWR re-

actor LCs and LC3 corresponds to the data projected by the 

Encleadus-BWR LCs. A more detailed mathematical explana-

tion of FLDA can be found in Reference 11.

In this study, the data groups were a subset of the initial 

sample data from the three reactors. In order to increase the 

discriminatory power of PCA and FLDA, the data was stan-

dardised (i.e., divided each data type by its standard deviation), 

which gives a variance within each data type of one, ensuring 

that prominent isotopes such as 238U and 235U do not dominate 

the analysis.

Analysis Strategies 
Analysis strategies were initially based on the guidance pro-

vided within the NNFL TTX Technical Guide for Players.7 The 

guide had provided eighteen isotopic correlations based on sur-

rogates for fluence, proven to be useful in separating SNF data. 

‘235U% vs 240Pu/239Pu’ is one example of the eighteen provided 

correlations. Where data was available, each ‘isotopic correla-

tion’ was initially plotted directly in 2D scatter plots using MS 

Excel. When applying MVA, each broken down component of 

these correlations was used as either a new or existing data 

type. For example in the above correlation 235U% was one data 

type and 240Pu/239Pu as another. We initially plotted all of the 

data types consistent between the three reactors. Separately 

we plotted all of the data types belonging to components of 

the eighteen isotopic correlations. Different analysis strategies 

using MVA of only select data types are described below. Con-

clusions were made using the jargon from the ITWG Guideline 

for Graded Nuclear Forensics Decision Framework (in draft).15 

Table 3. Isotopic correlations available from Virgo Galaxy reactors
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Results
MS Excel Analysis of the NNFL Data
In most cases the 2D plots looked like unstructured 
scatter diagrams; however, in some cases the data for 
the three reactors showed distinct separation. For ex-
ample, Figure 3 shows a plot of the (241Pu/242Pu) versus 
(240Pu/239Pu) ratios in which the data for the three reac-
tors is clearly separated. In other cases these scatter 
plots highlighted whether the SNF pre-irradiation were 
of a reprocessed origin. For example Figure 4 shows a 
plot of 235U% versus 236U%, which includes lines of best 
fit (derived via linear regression of the data). In conven-
tional power reactors the enrichment of unirradiated fuel 
is typically between 3 percent and 5 percent 235U and 
the 236U content is not present (unless the fuel is derived 
from reprocessing in which it is at very low concentrations). 

The lines of best fit for the Anthea-PWR and Enceladus-
BWR in Figure 4 do not extrapolate into the 3 percent 
and 5 percent 235U range. This suggests that the Anthea-
PWR and Enceladus-BWR pre-irradiated fuel is recycled 
or reprocessed. 

Application of PCA to the NNFL Data 
PCA was successfully applied to our NNFL data sets and al-

lowed us to identify criteria that clearly differentiate between 

the three reactor data sets. We included all data types excluding ‘ra-

tios of atoms’ where weights are provided. We plotted various 

combinations of data types using PCA. After many iterations, 

we found that the following data types showed the most sepa-

ration between the three reactors: 235U%, 236U%, 240Pu/239Pu, 
241Pu/240Pu, 242Pu/240Pu, and 242Pu/241Pu. 

Figure 3. A 2D Scatter plot of the isotopic correlation 241Pu/240Pu vs 
240Pu/239Pu comparing variance of “Vigro Galaxy’s” three reactors

Figure 5. A bar plot generated by PCA of the 235U%, 236U%, 240Pu/239Pu, 
241Pu/240Pu, 242Pu/240Pu, and 242Pu/241Pu data types between the three 
reactors

Figure 6. A 3D scatter plot using PCA of the 235U%, 236U%, 240Pu/239Pu, 
241Pu/240Pu, 242Pu/240Pu, and 242Pu/241Pu data types between the three 
reactors

Figure 4. A 2D scatter plot of 235U% and 236U%, using linear regression 
to determine initial 235U%
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Figure 5 shows a bar plot depicting weighing factors of 

the first three PCs for the six isotopic correlation data types. 

These weighing factors show the contribution from each data 

type on each PC. For example, data from the 240Pu/239Pu and 
241Pu/240Pu ratios dominated separation on the PC3 axis (due to 

their higher weighing factors).

Figure 6 shows an example of a 3D scatter plot. It contains 

three distinct groupings that do not intersect each other (cir-

cles, squares and triangles), each shape representing samples 

from each of the three reactors. 

 

Comparison of the Intercepted Sample with the 
NNFL Data Using FLDA and MS Excel 
The intercepted sample data Clio was received and entered 

into the NNFL MS Excel worksheets. Where the raw data was 

available, missing data types were calculated. 

Some of the data types received in the Clio sample did 

not match data types associated with the three reactors in our 

galaxy. Although we entered these into our NNFL, this data 

was not used in the MVA techniques described below as we 

could not compare like with like data. In a real scenario, the 

data types not available for both an intercepted sample and 

a potential source reactor would still prove useful to nuclear 

engineers assisting nuclear forensic experts as they could use 

this data to help model theoretical values of isotopic compo-

sitions in pre and post-irradiated fuel using tools such as the 

SCALE (Standardized Computer Analyses for Licensing Evalu-

ation) code system.16

Figure 7 shows a bar plot depicting weighing factors of 

the FLDA LCs for the six isotopic correlation data types used 

in Figure 8. It was observed that the 239Pu/240Pu and 241Pu/240Pu 

ratio weighing factors contributed to the separation the most 

on LC1, LC2 and LC3. The Clio samples were included into the 

2D MS Excel plot for these ratios (Figure 3); however, the Clio 

sample showed no distinct separation from either the Anthea-

PWR or Atlas-BWR (Figure 9). 

Figure 8 shows a 3D scatter plot using FLDA. As with 

PCA, each shape (circles, squares, and triangles) represents 

samples from each of the three reactors. The Clio samples are 

depicted with plus symbols. The isotopic correlation data types 

used were i) available between all reactors and the unknown 

sample; and ii) yielded the best clustering of the three reac-

tors prior to including the unknown sample in the MVA analy-

sis (Figures 5 and 6). Figure 8 shows clear separation of the 

Enceladus-BWR from the Clio sample and other two reactors 

on the LC3 axes. The Clio samples were unevenly distributed 

around both the Anthea-PWR and Atlas-BWR clusters, at this 

Figure 7. A bar plot generated by FLDA of the 235U%, 236U%, 
240Pu/239Pu, 241Pu/240Pu, 242Pu/240Pu and 242Pu/241Pu data types between 
the three reactors and intercepted sample Clio

Figure 8. A 3D scatter plot using FLDA of the 235U%, 236U%, 
240Pu/239Pu, 241Pu/240Pu, 242Pu/240Pu and 242Pu/241Pu data types between 
the three reactors and intercepted sample Clio

Figure 9. A 2D scatter plot of the isotopic correlation 241Pu/240Pu vs 
240Pu/239Pu comparing variance of “Vigro Galaxy’s” three reactors with 
intercepted sample Clio
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stage more significantly present around Anthea-PWR based on 

separation contributed from the LC1 and LC2 axes. 

These results allowed us to exclude the Enceladus-BWR 

from future FLDA plots. This was useful because, as outlined 

earlier, many of the data types available for Anthea-PWR, Atlas-

BWR, and the unknown samples Clio were not available for 

Enceladus-BWR. In the following results, an iterative process 

was followed using the data types and isotopic correlations 

available for just Anthea-PWR, Atlas-BWR and the intercepted 

Clio samples. 

Figure 10 shows an FLDA analysis where the entire set of 

exercise supplied isotope ‘by weight’ data types are included. On 

the LC1 axes, the unknown Clio samples overlap the Anthea-

PWR; however, it was inconclusive as to whether the Clio sam-

ples were part of the cluster. The LC2 axes shows overlap of 

the unknown Clio samples to both reactors. 

Attempting to further resolve clustering between the 

unknown samples and the reactors, only the most abundant 

transuranic isotopes in SNF were analyzed; however, this re-

sulted in a greater overlap of the unknown sample between the 

reactor clusters (figure not shown). 

A second analysis strategy involved assessing the following 

data types: i) amount of an isotope in kg/MTU; ii) burnup of 

isotope in GWD/MTU; and iii) ratio of isotope to an isotope. 

This also resulted in overlapping Clio samples to both reactors 

on both of the LC1 and LC2 axes (figure not shown). A third 

strategy yielded similar results for the FLDA analysis where all 

of the ratio data sets were analyzed (figure not shown). 

From previous iterations, we had noted greater reactor 

clustering when using the Pu and Np ratios. Figure 11 shows 

the reanalyzed ratio data sets using only the plutonium ratios, 

total Pu/238U, total Pu/total U, 99Tc/U, 241Am/total U, 237Np/total U, 
237Np/236U, and 236U/238U. On the LC2 axes the unknown sample 

appears separate to both the Anthea-PWR and Atlas-BWR. On 

the LC1 axes, it is inconclusive as to whether the intercepted 

sample belongs to the Anthea-PWR, and is a suggestive nega-

tive match to the Atlas-BWR. 

Table 4 summarizes the results of our analyses, including 

the figures not included.

Discussion 
Seized material was assessed using isotopic correlations 

against SNF from reactors within the Virgo Galaxy using MVA. 

We inferred a suggested negative match of seized material to 

our galaxy — most of the characteristics disagree, a few may 

agree. 

The Enceladus-BWR resulted in a conclusive negative 

match to the provenance of the seized sample — all of the 

characteristics disagreed. All of the MVA strategies giving the 

best separation between the reactors resulted in no overlap-

ping of the seized samples with the Enceladus-BWR sample 

clusters. A few MVA strategies with poor separation ability did 

show similar overlap with other reactors, suggesting these 

data variables are consistent between most PWRs and BWRs 

(figures not shown). These were typically strategies involving 

uranium isotope data types (masses and ratios). 

Figure 10. A 2D scatter plot using FLDA of the ‘isotope by weight’ 
data types between the Anthe and Atlas reactors, and seized sample

Figure 11. A 2D scatter plot using FLDA of the plutonium ratios, total 
Pu/238U, total Pu/total U, 99Tc/ U, 241Am/total U, 237Np/total U, 237Np/ 236U 
and 236U/238U data types between the Anthe and Atlas reactors, and 
seized sample
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The intercepted sample belonging to the Atlas-BWR re-

sulted in a suggestive negative match — most of the character-

istics disagree, a few may agree. Analysis strategies employed 

in Figures 8, 10, and 11 had shown limited or no overlap of 

the seized sample with Atlas-BWR sample data. Other analysis 

strategies (figures not shown) showed overlaps of seized sam-

ple with Anthea-PWR and Atlas-BWR samples. None of the 

FLDA iterations identified an overlap of seized sample isolated 

to just the Atlas-BWR. We therefore qualitatively concluded a 

suggestive negative match of the seized sample originating to 

the Atlas-BWR. 

The Anthea-PWR resulted in an inconclusive match — 

multiple characteristics are in conflict regarding similarity and 

dissimilarity. Many of the FLDA analysis strategies resulted in 

the overlap of seized sample data with the Anthea-PWR (Fig-

ures 8, 10, and 11); however, in such scenarios, seized sample 

data is also distributed into other reactor clusters and outside 

reactor clusters entirely. The data for the reactors and seized 

sample were statically limiting to either exclude or include the 

provenance of a seized sample to a given reactor with a quan-

tifiable level of confidence using FLDA. 

Throughout our MVA iterations, we had learnt for our given 

reactor data set, the plutonium isotope ratios, particularly the 
241Pu/240Pu, 242Pu/240Pu ratios yielded the most separation in 

their data sets (determined from biggest influence on weighing 

factors). This was followed by the 235U%, 236U%, and 237Np/236U. 

Although these data types may show the best separation for 

our given data set and application, it is important not to assume 

these data types are optimal for future MVA applications on 

SNF as: i) the values given have limited operational information 

associated with the values (other than cooling years); and ii) 

other data types not available to use in this exercise may yield 

an even better separation. 

Although analyses were not statistically conclusive in prov-

ing or disproving the provenance of the seized sample from 

all reactors within the Virgo Galaxy, the analyses were able to 

exclude the seized sample from the Enceladus-BWR, and likely 

exclude the Atlas-BWR. In a real world scenario, such findings 

would complement other data such as physical characteristics 

(dimensions, densities) and other case related intelligence in 

order to forensically include or exclude suspect reactors to a 

seized fuel samples provenance. 

It is important that forensic organizations plan to manage 

the expectations of their state authorities’ pre- and post-inci-

dent with regard to realistic timelines in a real scenario. Un-

der the scope of heavy regulatory and safety constraints, the 

time to i) isotopically characterize a seized sample; ii) request 

nuclear engineers to conduct theoretical isotope modelling of 

the seized sample; iii) add the information to a pre-generated 

NNFL; and iv) apply FLDA analysis strategies to help determine 

a seized samples provenance should all be well documented 

and agreed to between forensic organizations and state au-

thorities. 

State authorities seek evidence that provide probative 

value in a court of law. A comprehensive NNFL provides a 

database allowing nuclear forensic scientists to give statistical 

weighing to their comparative findings of a seized sample, as 

is currently done for DNA analysis. DNA evidence is a powerful 

tool for law enforcement as it provides a statistical measure 

of the probative significance of a match between suspect and 

Table 4. A summary of the data types used in each statistical analysis to determine whether the intercepted sample Clio matched a reactor from the 
Virgo Galaxy  
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sample. A random match probability can then be generated, 

which expresses the expected frequency of that DNA profile 

in a given population, therefore the chance of the match occur-

ring coincidentally.17

Another important point is the sourcing of information 

used to populate an NNFL. In DNA databases there are set 

guidelines detailing best practices, which loci within the DNA 

to identify and quantitate. The database also includes standard 

definitions of what is a match versus no match. These too are 

things an NNFL should consider. 

Nuclear forensic organizations need to have procedures 

in place to allow questions to be directed to subject matter 

experts. The NNFL concept provides an approach to facilitate 

such procedures. If the NNFL is not properly set up or supported 

by subject matter experts however, it can be a hindrance 

opposed to an asset. 

Conclusions
•	 A basic NNFL can be readily generated using common 

software (such as MS Excel).

•	 If available, MVA techniques can provide additional insight 

to MS Excel analysis. 

•	 Use of common units (SI) would aid communication and 

conversations between stakeholders (e.g., between differ-

ent professional groups such as nuclear engineers and the 

forensics community; and between trusted partner coun-

tries). 

•	 In this study we were advised that the data set for each 

sample at a given time was the average smeared set of 

values for an entire reactor core. We compared these 

reference data sets with data sets for discrete pellets. In 

a real scenario, the data in an NNFL would be data from 

discrete pellets but would include positional and opera-

tional information. Consequently it may be more difficult 

to make definitive findings in the real world. 

•	 The experimental results from this study showed that 

the “unknown” was a suggested negative match to have 

come from any of the reactors included in the Virgo Galaxy 

NNFL. 

Grant Griffiths received his BSc (Hons) at the Children’s 

Medical Research Institute Westmead Australia and Univer-

sity of Western Sydney. Prior to his research career, Griffiths 

worked in a variety technical roles as a laboratory technician/

method developer at Lubrizol International, Orica Ground 

Water Treatment plant, and the Australian Nuclear Science and 

Technology Organization (ANSTO) in the Waste Operations 

division. In 2010 he became the Radiochemist Laboratory Man-

ager for the Institute for Materials Engineering for multiple labs 

at ANSTO, including the Nuclear Forensics Research Facility in 

2012. In addition to maintaining regulatory and safety require-

ments for staff working in the radiochemical laboratories he 

supervises, Griffiths has since co-authored publications over a 

broad range of research disciplines of life sciences and material 

sciences.

Elaine Loi joined the metallography group within Institute 

of Materials Engineering (IME) at ANSTO as an undergradu-

ate student in 1991, since then Loi has completed a degree 

in Applied Chemistry in 1992 at the University of Technology 

Sydney. In 1993 she moved to the Materials Durability group 

(IME) and undertook extensive durability leaching experiments 

and applied analytical techniques using various instrumentation 

such as ICP-AES, ICP-MS and XRF in order to demonstrate and 

understand the performance of waste form materials in immo-

bilisation of radioactive and toxic waste materials under reposi-

tory conditions. Loi collaborated on various research projects, 

i.e., with Lawrence Livermore National Laboratory (LLNL), 

Commissariat de l’Energie Atomique (CEA), and commercial 

clients. In 2008 she moved to the Nuclear Forensic Research 

group providing analytical skill in Uranium elemental analysis 

using ICP. 

Dr. David Boardman is a research leader of the Detector 

Lab at the Australian Nuclear Science & Technology Organiza-

tion, Sydney, Australia. His current research interests involve 

the development of new radionuclide detection algorithms 

with multivariate statistical analysis techniques, novel active/

passive radiation imaging concepts for medical and national 

security applications and the development/characterisation 

of compound semiconductor radiation detectors. David previ-

ously work for the Defence Science and Technology Laboratory 

(DSTL) in the UK where he was a senior scientist investigating 

active radiation imaging techniques for national security and 

defence applications. Boardman was awarded a PhD in radia-

tion detector physics in 2002 from the University of Surrey, UK. 

David Hill is manager, nuclear security science at the Aus-

tralian Nuclear Science and Technology Organisation (ANSTO). 

He is responsible for the promotion of ANSTO’s capability in 

the fields of national security, nuclear forensics and related 

sciences, providing formal coordination and management of 

national security effort across and on behalf of ANSTO. His cur-



21Journal of Nuclear Materials Management Summer 2014 Volume XLII, No. 4

rent role advances previous work as ANSTO’s National Secu-

rity Research Program Leader focused on building world-class 

capabilities in radiation detection, environmental monitoring for 

nuclear safeguards, nuclear forensic research, and providing re-

search support and services for the IAEA Australian emergency 

services, border security and law enforcement agencies. He 

is the current chair of the Nuclear Forensics Working Group 

for the Implementation and Assessment Group of the Global 

Initiative to Combat Nuclear Terrorism. Hill graduated from the 

University of NSW with a BSc and has more than thirty-five 

years’ experience in analytical chemistry. He was initially em-

ployed by ESSO, where he worked in the Exploration Division 

Palaeontology and Geochemistry laboratories then moving to 

Petroleum Products in various quality assurance positions be-

coming Chief Chemist Australia in 1986. He joined ANSTO in 

1988 as laboratory manager for the Environmental Chemical 

Analytical Laboratory and managed the ANSTO Institute of En-

vironmental Research Inorganic, Organic, Radiochemistry and 

Tritium Analytical laboratories. In 2002 he was invited to join 

Standards Australia, and currently serves as chair of the spec-

troscopy committee. 

Dr. Katherine L. Smith (Kath) is currently the Senior Advi-

sor in International Relations in the Government International 

and External Relations division of the Australian Nuclear Sci-

ence and Technology Organization (ANSTO). In this role she 

facilitates the relationships between ANSTO and its national 

and international stakeholders, assists in coordinating national 

security activities across ANSTO and contributes to research 

on ceramics and nuclear forensics. From February 2008 to 

July 2011, Smith was the counsellor for Nuclear Science and 

Technology (Counsellor, Nuclear) at the Australian Embassy in 

Washington, DC, USA. This role was fully funded by ANSTO 

and included both diplomatic/policy and research components. 

Smith’s research interests were centered on the character-

ization, properties, and radiation response of nuclear waste 

forms and related materials. Previously Smith was a principal 

research scientist and group leader in the Institute of Materi-

als Engineering at ANSTO, where she undertook research in 

radiation damage effects and had oversight of various research 

groups including those working in: nuclear forensics, radiation 

detectors and materials characterisation. Smith has a PhD in 

Physics and BSc (Hons) from Monash University.

APPENDIX 1
Appendix 1. Significance of particular isotopes
The data provided by the exercise organizers included some 

of these isotopes. Others are included as they might be useful 

when establishing a national nuclear forensics library. 

Isotope
Layout of 
characteristics 
listed within 
this table

Significance
Fissile, Fissionable, Fertile, stable
Natural abundance
Created by… fission of… 
Unique characteristics/comments

235U Fissile
Natural abundance 0.72 % 
Enrichment level depends on application. For example:  
Conventional enriched power reactor fuel contains 3-5% 235U 
Low-enriched Uranium (LEU) < 20% 235U 
Highly enriched Uranium (HEU) > 20% 235U 

234U Fertile
Natural abundance 0.0055%
Decay product of 238U (alpha decay)
Higher amounts of 234U are found in enriched and depleted 
uranium compared to natural uranium due to enrichment  
processes that separate the lower uranium isotopes from 238U

236U Weakly fertile 
Natural abundance: < 1x10-10 %
Generated by 235U (n, γ)
An effective burnup marker in nuclear forensic applications as 
it is not fissile and is weakly fertile. 
With supporting data, can be used to indicate initial 235U 
enrichment in irradiated fuels. 

238U Fertile and fissionable 
Natural abundance: 99.2745%
Captures a neutron and becomes (indirectly) 239Pu 

239U Fissile material, short lived isotope
Generated by 235U (n,γ)

238Pu Fertile and fissionable
Generated by 238Np (beta decay), 239Pu (n, 2n) and 242Cm  
(alpha decay)
Relatively low yield in power reactors compared to other Pu 
isotopes

239Pu Fissile
Generated by 239U beta decay to 239Np, then beta decay to 239Pu
Characteristic marker of fluence received in a reactor

240Pu Fertile and fissionable
Generated by 239Pu (n,γ)
Characteristic marker of fluence received in a reactor

241Pu Fissile 
Generated by 240Pu (n,γ)
Characteristic marker of fluence received in a reactor

242Pu Fertile and fissionable
Generated by 242Pu (n,γ)
Characteristic marker of large amounts of fluence received in 
a reactor
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241Am Fissile
Generated by 241Pu (beta decay),
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Short-term heat emissions caused by 137Cs in spent fuel is a 
limiting factor for geological storage.
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‘x’Kr Fission product

Natural abundance (of radioactive species): 35Kr at 0.35%
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Abstract
The process of nuclear fission is governed by well-understood 

physical laws that may cause specific and predictable changes 

in the nuclear fuels resulting from, for instance, the type of 

nuclear reactor, fuel type and its irradiation history, or aspects 

associated with energy production through the buildup of fis-

sion products and the transmutation of heavy metals.

All such information, compiled in a national nuclear foren-

sic library (NNFL), can be an important tool during the identifi-

cation of a seized unknown sample, allowing linking of infor-

mation concerning its irradiation history, the type of reactor or 

even the origin of the sample. 

The usefulness of an NNFL depends on not only the quan-

tity or quality of the available data, but also on the capacity of 

the investigators to identify, correlate, and interpret the main 

characteristics identified, or measured, in the seized sample. 

This paper describes the strategy adopted by the Brazilian team 

during the virtual, web-based Galaxy Serpent Exercise,1 coordi-

nated by the Nuclear Forensics International Technical Working 

Group, where an NNFL was developed and used to identify a 

hypothetical unknown sample. Our experience demonstrated 

the importance of knowledge of nuclear reactions in order to 

identify parameters that are most relevant during the technical 

evaluation. Then, using these, the importance of simple isoto-

pic correlations can be used to verify the consistency of the 

available information before invoking more complex multivari-

ate statistical techniques. Based on our investigation the hypo-

thetical seizure, which was determined to come from a boiling 

water reactor, was conclusively found not to have originated 

from a reactor in our model NNFL.

Introduction 
Since nuclear energy was first utilized, the risk related with 

criminal or unauthorized acts involving nuclear or other radioac-

tive (RN) materials have been a serious concern for the entire 

global nuclear community. During the last decades, the pos-

sibility that terrorists or other criminals might obtain RN materi-

als for malicious use has become a real threat to global security 

especially after the collapse of the Soviet Union, at the end of 

the 1980s, when several tons of these materials were stolen.2 

This concern was enhanced in the early years of the 1990s 

when several attempts of illicit trafficking of these materials 

were identified.3 The inclusion of nuclear materials into classi-

cal forensic investigations led the definition of a new science 

called “nuclear forensic science.”4 Nuclear forensic science is 

a branch of criminology that deals with crimes involving nu-

clear or other radioactive materials. The main objective of this 

new science is the identification of the nature and origin of the 

seized material, and of any intent to use it, and requires col-

laborating efforts of different technical and scientific expertise.

Once seized, the RN material is typically sent to a nuclear 

research laboratory where material characterization is per-

formed that involves measurements of chemical composition, 

physical characteristics, and isotopic abundance. 

The next step is to identify its possible origin. For this 

purpose, one method is to compare the obtained results with 

those existing in a nuclear database, which may be included in 

a national nuclear forensic library (NNFL). The NNFL gathers all 

information (measured or modeled) of nuclear and other radio-

active material produced, used, stored, or transported within 

a nation. In this way, in the event of an actual investigation, 

materials data obtained with evidence can be easily and quickly 

compared, traced, associated or even identified among materi-

als data already cataloged.5
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However, the usefulness of an NNFL depends not only 

on the quantity but also the quality of the catalogued data, as 

well as the ability of the nuclear forensic examiner to use and 

adequately interpret the data and relationships arising from the 

investigation. With this objective, the Nuclear Forensics Inter-

national Working Group organized the Galaxy Serpent interna-

tional virtual, web-based, tabletop exercise1 and, this paper will 

describe the experience and results obtained by the Brazilian 

team.

Method 
During the exercise, the Brazilian team was designated by the 

galaxy code name “Draco.” Draco’s team received a database 

of fuel composition and burnup values for three hypothetical 

reactors: Hyperion (twelve samples), Daphnis (eighteen sam-

ples), and Ijiraq (two samples). The database was used to con-

struct an NNFL. However, the provided data had discrepancies 

related not only with the number of samples for each reactor, 

but also the number of parameters provided for each reactor 

(circa eighty for Daphnis, forty-three for Hyperion, and eighty-

two for Ijiraq). The initial enrichment values of the fuel samples 

were not provided.

The strategy employed for the exercise was divided in 

three main steps: the first step was to identify, among the 

available data, classical isotopic correlations found in the lit-

erature in order to verify the consistency of data provided in 

the fuel sample database of the three nuclear reactors. The 

second step involved the use of multivariate statistical analysis 

to identify, in the database, the main parameters that could be 

used to distinguish spent fuel from one reactor from the other 

reactors. The last step was to add to the model the samples to 

be investigated and use the canonical discriminant analysis in 

order to confirm the results. 

Isotopic Correlation Technique
The isotopic correlation technique (ICT) was developed during 

1970-1980 for safeguards purposes.6,7 It is based on the fact 

that nuclear fission is governed by very well-known physical 

processes. Such processes involve parameters such as type 

of reactor, fuel, and irradiation history, and more importantly, 

several of these parameters can be correlated, basically, by first 

order differential equations. Thus, the ICT can be an important 

tool used in precursor data analysis during the initial screening 

stage of a nuclear forensic investigation.

Multivariate Statistical Analysis (MSA)
MSA refers to any statistical technique used to analyze data 

that arises from more than one variable. These are powerful 

tools to identify dominant groups of variables in a set of data.8 

In this work, the data interpretation was performed using 

two different MSAs approaches: Principal Component Analysis 

(PCA) and Canonical Correlation.

PCA is one of the most popular MSA methods used for 

data pre-processing (i.e., exploratory data) and reduction from a 

larger set of variables. In general, the results are present in two- 

or three-dimensional plots of the data for visual examination 

and interpretation. In the context of this work, PCA was used 

to reduce the numbers of the parameters and select the most 

representative ones for the establishment of the overall model 

of data distribution (or grouping).9

The remaining parameters were analyzed by Canonical 

Correlation Analysis (CCA). In the context of this work, CCA is 

used as an additional procedure for assessing the relationship, 

or differences, between variables, classes or groups of 

variables.10 

Results and Discussion
The consistency, and quality, of the provided data were 

evaluated using some classical isotopic equations, present 

in the literature.2,3,4 It is important to note that our data sets 

were also not consistent and did not have a complete set of 

information of each reactor. This is due largely due to the data 

sets used in the exercise originating from the online, public 

domain Spent Fuel Compositions (SFCOMPO) database,11 

which was designed to provide post-irradiation data to validate 

fuel depletion methodologies, and not with nuclear forensics 

applications in mind. However, it is noted that for actual nuclear 

forensics data that is repurposed from existing data, coverage, 

completeness, and consistency will vary. As a result, it was 

clear that the direct use of the available equations would have 

to be considered in a conservative way. 

The second step was to consider not the previous 

mathematical equations, but the correlation existing among 

the parameters resulting from the chemical and isotopic 

characterization (IC) of the fuels present in the training set. 

Several first and second order differential equations were 

tested and correlations were identified with high degree of 

consistency.

In order to demonstrate the usefulness of this assessment 

a few examples were selected and are presented below. 
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 The first IC to be evaluated is 242PU/240Pu versus 240Pu/239Pu 

as proposed by Christensen and others12 for all types of PWR 

reactors (Figure 1). 

As shown in Figure 1, the parameters correlated well ex-

cept for Ijiraq reactor, which is likely due to the low number of 

samples available. However, after a more careful inspection of 

Figure 1, for Daphnis and Hyperion there is a slight difference in 

the alignment amongst the distribution of the data throughout 

the plot. 

This characteristic was confirmed in other IC plots involving 

plutonium isotopic data, such as one more recently defined by 

Moody and others,13 which was applied here and presented in 

Figure 2 with the confidence band of 95 percent. 

In order to better understand these graphs, Figure 1 was 

split in two separate graphs containing the samples of each 

reactor presented individually, as shown in Figure 3.

Figure 3 shows three different groups of samples in Daph-

nis, and two groups in the Hyperion data set, respectively.

Although the initial enrichment was not provided, these 

data were, initially, considered important for the samples 

classification. Thus, the initial enrichment of samples was 

estimated based on the correlation among isotope ratios 
235U/238U versus 236U/238U (Figure 4).

As shown in Figure 4, Daphnis’ samples presented three 

different enrichments and, except for the ones with natural 

uranium (fuel poison), exhibited burnup levels from 16.7 to 44 

Figure 1. Isotope Correlation: 242Pu/240Pu versus 240Pu/239Pu Figure 2. Isotopic Correlation: 238Pu/ (239Pu+240Pu) versus 240Pu/239Pu

Figure 3. Daphnis and Hyperion: 242Pu/240Pu versus 240Pu/239Pu
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GWD/MT. Such a range of burnup values were likely due to ex-

posure in different regions of the nuclear fuel assembly. Hyper-

ion’s samples have the same initial enrichment, but were sepa-

rated in two groups with different burnup levels and plutonium 

profiles. There is a possibility that the samples may originate 

from the same fuel rod, but from different positions along the 

active length of the rod.

Based on our experience, for this portion of the exercise 

some partial conclusions have been identified. The use of the 

former IC’s mathematical equations has to be considered in a 

conservative way, because majority of them were developed 

more than thirty years ago for different purposes than nuclear 

forensics. Consistency of the data present in the database was 

demonstrated. Although the mathematical correlations obtained 

from the data set did not completely agree with those found in 

the literature, the parameters themselves exhibited the same 

behavior as described in previous documents. The use of isoto-

pic correlations for a preliminary evaluation of the database was 

also demonstrated. Several correlations were evaluated and the 

results were quite consistent. Despite the quantity of the avail-

able information, subtle differences in the initial enrichment as 

well as in the irradiation history can be identified. It is also clear 

that the quality of these evaluations is directly related to the 

amount and the quality of the provided data. 

Principal Component Analysis 
After data reduction, a PCA model was developed with the fol-

lowing parameters: 236U/235U, 235U/238U, 236U, 238Pu, 239Pu,240Pu, 
241Pu, 242Pu, Pu-total, 240Pu/239Pu, 241Pu/239Pu, 242Pu/239Pu, 
241Pu/240Pu, 242Pu/240Pu, 242Pu/241Pu and is shown in Figure 5. 

As shown, the PCA model was able to distinguish, with a 

high degree of confidence, each reactor as well as each class 

of samples. 

Seized Material: Clio 
In Phase 2, the hypothetical seizure, denoted as Clio, was distrib-

uted with circa twenty-five parameters. Initial enrichment was 

calculated based on 235U/238U versus 236U/238U correlations (circa 3 

percent). 

Isotopic correlations were developed and compared. 

Results from a few examples are presented in Figures 6 and 7.

The correlations shown in Figure 7 indicate that Clio most 

likely originates from a BWR, as suggested by its grouping with 

the BWR reactors Hyperion and Daphnis.

PCA was performed with the same data as the previous 

model (Figure 8).

As shown in Figure 9, the variability of the Clio fuel samples 

tended to group in a different region compared with other fuel 

compositions from our NNFL, and, based on this analysis, it 

seems that the Clio fuel composition is not consistent with any 

reactor fuel in our NNFL.

	
Canonical Discriminant Analysis
The final evaluation was made using a canonical discriminant 

analysis using only the main parameters that influenced the 

previous PCA models. The main results obtained with this anal-

ysis are presented in the table below (Table 1).

As shown in Table 1, based on the available data set, the 

Figure 4. Estimates of initial sample enrichments based on isotope 
correlation

Figure 5. PCA plots for the NNFL reactors
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main correlated parameters identified with this statistical tool 

to distinguish the Clio samples from the other fuels were pluto-

nium isotope ratios. These results are in good agreement with 

the existing literature15,16 and are shown in Figure 9.

Conclusions and Lessons Learned 
Based on our evaluation it was possible to determine the 

reactor class (BWR or PWR) pertaining to the hypothetical 

seizure Clio, and also whether Clio was or was not consistent 

with a reactor in our developed NNFL. Using ITWG established 

confidence levels,13 the Clio sample originated from a BWR 

reactor with a “suggestive positive” confidence, and the Clio 

sample was found to not originate from a reactor in the NNFL 

created by the Brazilian team with a “conclusive negative” 

confidence level. 

Furthermore, the participation of the Brazilian team in this 

exercise brought more learning and conclusions.

As it was demonstrated, an NNFL can have probative 

value as part of a nuclear forensic investigation, whether com-

Figure 6. Isotope Correlation: 242Pu/240Pu versus 240Pu/239Pu for NNFL 
reactors and Clio seizure

Figure 8. PCA of the NNFL’s reactors and Clio Table 1. Standardized coefficients for canonical variables

Figure 7. Isotope Correlation: 238 Pu/( 239Pu + 240Pu ) versus 240Pu/239Pu 
for NNFL reactors and Clio seizure

Variables Root 1 Root 2 Root 3

239Pu 22.3359 -5.1396 12.8386

240Pu -50.51 98 7.0607 -35.3802

242Pu 30.6810 -0.8507 32.7916

240Pu/239Pu -44.2469 -31.5987 8.5489

241Pu/239Pu 99.3248 36.7422 26.3357

242Pu/239Pu -33.9462 8.3809 -22.4083

241Pu/240Pu -20.9930 -1.1505 -4.6889

242Pu/240Pu -74.9811 -49.8029 -27.6971

242Pu/241Pu 74.9244 32.8337 15.0489

Eigenval 150.5176 19.7471 1.2614

Cum.Prop 0.8775 0.9926 1.0000

Means of Canonical Variables

BWR-H -4.21689 0.7811 -1.23079

PWR-I -2.26640 -18.3321 0.24429

BWR-D -3.75391 1.2559 1.08105

CLIO 34.89339 0.3902 -0.06368
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prised of basic information concerning the isotopic profile of 

the investigated material, or involving more complex statistical 

approaches formed from larger data sets. In practical terms, 

this means that is it possible to advance an actual investigation 

with even limited information.

However, the most important conclusion is related to the 

significance of the exercise itself. Namely, considering that 

global nuclear security is the responsibility of all nations and 

the transnational nature of many smuggling events, a nuclear 

security event will likely involve more than one country. It is 

important to establish a common approach with respect to 

issues such as how to face a threat, which information can 

or may need to be exchanged among the involved parties, 

the quantity and quality of the available information and, most 

importantly, how to work together. Without a common strategy, 

or having to begin such collaboration during an actual crisis, our 

capability to effectively respond will be significantly impacted, 

so that it may be prejudiced, or even not productive.

In such a scenario, the establishment of a national nuclear 

forensic library prior to a nuclear security event may be an 

important tool to start the dialogue among all parties involved 

to help address key questions pertaining to such an event and 

also provide a framework which facilitates effective cooperation 

and procedures. 
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Abstract
Canada’s participation in the Galaxy Serpent Virtual Tabletop 

Exercise (V-TTX) was aimed primarily at evaluating our cur-

rent capabilities in the application of chemometrics (a subset 

of multivariate statistics) for the development of multistage 

pattern recognition algorithms for nuclear material attribution. 

To that end, Canada took a two‑pronged approach in its library 

development and analysis methodology to determine whether 

or not a hypothetically seized spent nuclear fuel (SNF) sample 

originates from its assigned SNF inventory. The first approach 

involved the construction a spreadsheet‑based library of the 

assigned SNF inventory isotopic measurements and ratios in 

a manner suited for the application of chemometrics. Here, 

measurements of the seized sample are interrogated and com-

pared against inventory measurements using a multivariate 

statistics-based pattern recognition algorithm in order to estab-

lish an attribution probability. The second approach established 

a library of key isotopic correlations based on well‑understood 

isotopic evolutions as a function of fuel burnup, against which 

similar correlations constructed from measurements of the 

seized sample are compared. The two approaches were ap-

plied independently of each other by two separate teams. Each 

team was able to conclusively attribute the seized sample to 

Canada’s assigned SNF inventory. This paper examines the 

methods and results of each approach.

Introduction
Canada is currently undertaking a whole-of-government initia-

tive to build a national nuclear forensics capability. A national 

nuclear forensics library (NNFL) was identified as a critical com-

ponent of this capability. The Canadian Nuclear Safety Com-

mission (CNSC) is charged with leading the development of 

Canada’s NNFL. As part of its NNFL development activities, the 

CNSC led a team of subject matter experts (SMEs) from Atom-

ic Energy of Canada Limited (AECL) and the National Research 

Council – Energy, Mines and Environment Portfolio (NRC‑EME) 

for Canada’s participation in the Galaxy Serpent V-TTX.

Canada has a well-established domestic capability in 

the application of chemometrics for the characterisation and 

attribution of nuclear material.1,2 As such, chemometrics has 

been identified as the preferred approach in the development of 

a broader multistage pattern recognition algorithm for nuclear 

material attribution for use within Canada’s NNFL. Canada’s 

primary objective in participating in the Galaxy Serpent V‑TTX 

was to evaluate its current chemometrics capability for nuclear 

material attribution.

In order to assess the chemometrics method and verify the 

results derived from it, Canada took a two‑pronged approach 

in its participation in the Galaxy Serpent V‑TTX. The library 

development and analysis methodology used to determine 

whether or not a hypothetically seized spent nuclear fuel (SNF) 

sample originates from its assigned SNF inventory included 

two distinct approaches undertaken independently by two 

separate teams. The first approach was undertaken by subject 

matter experts (SMEs) from the CNSC and NRC-EME, and 

consisted of constructing a spreadsheet‑based library of the 

assigned SNF inventory isotopic measurements and ratios in 

a manner suited for the application of a multivariate statistics-

based pattern recognition algorithm to interrogate and compare 

against measurements of the seized sample in order to 

establish an attribution probability. The second approach was 

undertaken by SMEs from AECL and consisted of establishing 
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a library of key isotopic correlations based on well‑understood 

isotopic evolutions as a function of nuclear fuel burnup, against 

which similar correlations derived from measurements of the 

seized sample were compared. The following sections discuss 

the technical details and results of each approach.

Spent Nuclear Fuel Inventory and Seized 
Sample Assigned to Canada
The SNF data assigned to Canada, and indeed all participants 

in the Galaxy Serpent V-TTX, was taken from the Spent Fuel 

Isotopic Composition Database (SFCOMPO), a public domain 

database of measured isotopic compositions of SNF, based 

on published literature, used for the validation of fuel burnup 

codes. SFCOMPO is operated and maintained by the Nuclear 

Energy Agency (NEA) Nuclear Science Division (NSD) of the 

Organization for Economic Cooperation and Development 

(OECD), under the supervision of the Working Party on Nuclear 

Criticality Safety (WPNCS).3

SFCOMPO catalogues the SNF isotopic composition from 

fourteen light water reactors (LWRs) from Germany, Italy, 

Japan, and the United States, including seven pressurized water 

reactors (PWRs) and seven boiling water reactors (BWRs). The 

SFCOMPO data characterizes SNF at four positions along the 

rod. The Galaxy Serpent V-TTX used SFCOMPO data that was 

augmented with measurement uncertainties. Each participant 

was assigned a measurement data set consisting of data 

from three nuclear reactors with assigned aliases, which 

represented a participant’s SNF fuel inventory (i.e., holdings). 

Canada’s assigned inventory consisted of SNF inventory data 

from three nuclear power plants (NPPs): Iapetus PWR, Janus 

BWR, and Mimas PWR. The assigned seized sample was 

given the alias Clio.

Chemometrics Approach to Attribution
With the advent of sophisticated instrumentation, applied 

analytical chemistry has slowly evolved into a data-rich 

scientific field, thereby opening up the possibility of data-

driven research.4,5 Pattern recognition methods were 

originally designed to solve the class membership problem. 

In a typical pattern recognition study, samples are classified 

according to a specific spectral property or characterisation 

by using spectroscopic measurements. Other variables such 

as elemental composition, physical properties, color, and 

particle size (to name a few) can be used to resolve the class 

membership of an unknown sample of material. An empirical 

relationship (or classification rule) can be developed from a set 

of sample measurements for which the chemical compositions 

of interest are known (e.g., isotopic composition). The 

classification rule is then used to identify samples that are 

not part of the original training set. A training set consists of 

samples of a known class upon which a pattern recognition 

model can be built.

Principal component analysis (PCA) is a widely used mul-

tivariate analysis technique in science and engineering.6 It is a 

method for transforming the original measurement variables 

into “new” uncorrelated latent variables (i.e., principal compo-

nents). Each component is a linear combination of the original 

measurement variables. Using this procedure, a set of orthogo-

nal axes that represent the direction of greatest variance in the 

data can be found. Variance for a data set is defined as the de-

gree to which the data are spread in an n‑dimensional measure-

ment space. Typically, only two or three principal components 

are necessary to explain a significant fraction of the information 

present in multivariate data. Hence, PCA can be applied to mul-

tivariate data for the purpose of dimensionality reduction, the 

identification of outliers, the display of data structures and the 

classification of data points in an unsupervised manner. Under 

certain circumstances, the use of more advanced supervised 

classification methods, such as Soft Independent Modeling of 

Class Analogy (SIMCA),7 which use a combination of multiple 

PCA and/or Partial Least Squares — Discriminant Analysis (PLS-

DA)6 methods, are necessary for the sorting of complex data 

sets. Supervised methods require a training set with known 

classifications in order to answer the specific question of attri-

bution of an unknown sample. The use of the aforementioned 

techniques (PCA, PLS-DA, and SIMCA) were investigated for 

use to discriminate the populations of SNF from each NPP (i.e., 

class) within the SNF assigned inventory for the purpose of de-

termining the provenance of the assigned seized sample Clio.

Building the Library and the Generation of 
Randomly Distributed Synthetic Data
In the application of pattern recognition algorithms, the number 

of variables that are significant (and necessary) to discriminate 

between different classes must be considered. First, it is im-

portant to have a sufficient number of data points to widen the 

variance for the dependent variables (i.e., isotopic ratios) in the 

data set. Typically, the number of calibration data points should 

be larger than the number of dependent variables.



33Journal of Nuclear Materials Management Summer 2014 Volume XLII, No. 4

Since the multivariate approach needs more samples 

than variables, a “synthetic” SNF inventory database was 

generated using the uncertainties provided for each value in 

the assigned fuel inventory. Since uncertainties are provided 

for 1σ standard deviation for each measurement (data point), 

it is possible to generate randomly distributed measurements 

around the average measurement value. As such, for each 

fuel rod data point, synthetic values were generated by cal-

culating the average value ± 2.5σ standard deviations (i.e., 99 

percent of the normalized Gaussian distribution). Hence, 100 

synthetic measurement data points were generated for each 

fuel rod in the assigned SNF inventory, whereby the forty-six 

fuel rods in the assigned inventory were transformed into a 

database (or library) of 4,600 fuel rods with ninety-one mea-

surement variables.

Chemometrics Analysis Results
PCA was used on the synthetic library as an exploratory analy-

sis, the results of which are presented in Figure 1. The forma-

tion of a cloud around each individual fuel rod can be observed. 

More importantly, however, the application of PCA with two 

components can almost entirely resolve the SNF inventory in 

the library with a high degree of discrimination. From this, it 

is possible to conclude that more advance supervised models 

such as SIMCA or PLS-DA could provide a more refined resolu-

tion to the pattern recognition problem.

Although PCA has demonstrated good selectivity for clas-

sifying the different NPPs, its unsupervised nature makes it 

less convenient for training and the discrimination of the un-

known seized sample Clio. Consequently, it was decided to 

use supervised techniques to more thoroughly interrogate the 

measurement data in the library.

A preliminary assessment of SIMCA-derived results (not 

shown) reveals that SIMCA does not adequately discriminate 

the different classes of the assigned SNF inventory. PLS-DA, 

however, was successfully used to resolve the class mem-

bership between the different fuel rods from the three NPPs. 

Because several individual measurements for several rods did 

not have a value, it was decided to remove variables for which 

there were multiple missing measurement values. Thus, the 

PLS-DA model was built using only seven out of the twelve 

discrimant variables (i.e., 40 percent missing values, Figure 2). 

These seven variables include: 137Cs/238U, 235U/238U, 236U/238U, 
238Pu/238U, 240Pu/239Pu, 241Pu/239Pu and 242Pu/239Pu. 

The results of the PSL‑DA model shown in Figure 2 have 

been pre-treated by removing the average variable value and 

normalizing the variance to a value of one. The model was then 

cross‑validated using randomized data subsets with a block 

size of 460 data points for five iterations. The model prediction 

for the Iapetus class inventory is shown in Figure 2a. It is ob-

served that the Iapetus measurement data points lie above the 

attribution probability threshold (0.45), which is determined by 

Bayesian statistics, whereas the measurement data points for 

Janus and Mimas lie below the threshold. This indicates that 

measurement data points for Iapetus can be wholly discrimin-

ated from those of Janus and Mimas. In addition, it is observed 

that the measurement data points of the seized samples for 

Clio (Clio-1, Clio-2, Clio-3, and Clio-4) also lie above the model 

attribution probability threshold for Iapetus, which indicates a 

conclusive positive determination that all four seized Clio sam-

ples can be attributed to the Iapetus class. In order to deter-

mine whether or not the Clio attribution is unique to Iapetus, 

the PLS-DA analysis must be repeated using the Janus and 

Mimas measurement data points.

The prediction obtained by the PSL-DA model for Janus 

is presented in Figure 2b, with a model attribution probability 

threshold of 0.65. Here, all the measurement data points of fuel 

discharged from Janus have a class membership probability 

higher than 0.65, which confirms that they belong to Janus. In 

addition, the measurement data points from Iapetus and Mimas, 

as well as those of the seized sample Clio, lie below the class 

membership threshold, indicating that they are not members 

of the Janus class. The model predictions for the Mimas are 

presented in Figure 2c, show identical results to Janus in that 

Figure 1. PCA of the library 4600 fuel rods (“synthetic data”) for 
ninety-one variables with 50 percent missing values (Red: Mimas; 
Blue: Iapetus; Green: Janus)
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Mimas measurement data points lie above the membership 

threshold of 0.48, with Janus and Iapetus class measurement 

data points lying below. In addition, the Clio measurement data 

points also lie below the class membership threshold, thus ex-

cluding them from being of Mimas provenance.

Conclusions Derived from the Chemometrics 
Approach to Attribution
It is concluded that all four seized Clio samples originate from 

fuel discharged from the Iapetus PWR NPP.

The generation of synthetic normally distributed measure-

ment data using a 1σ uncertainty (that was provided with each 

measurement value) does not affect the fundamental ability of 

chemometrics models to cluster and decompose the measure-

ment data using the inherent relational characteristics of the 

data. In addition, an analysis of the model loadings has revealed 

that discrimination of the measurement data is governed pri-

marily by plutonium and uranium isotopes variables, which was 

independently confirmed in the isotopic correlations approach 

discussed in the following sections. 

The results of the chemometrics analysis are very encour-

aging in that they were confirmed using the more traditional 

isotopic correlations approach in analysing this type of subject 

matter data. More importantly, the chemometrics approach 

can be taken independent of subject matter knowledge as it 

is not required to build the necessary classification rules to dis-

criminate the classes of the measurement data set.

Isotopic Correlations Approach to 
Attribution
Building the Library
The first step in the isotopic correlations approach was to 

compile the assigned SNF inventory data. The inventory data 

were examined to identify any inconsistencies or errors. It was 

observed that sample numbers were absent in the original 

data set. This observation was communicated to the V‑TTX 

organizers; and as a result, the data sets were revised to 

include sample numbers.

The second step was to explore the applicable isotopic 

correlations, starting with the eighteen correlations provided 

in the technical guide for the V‑TTX, in addition to using other 

isotopic ratios reported in the literature.8,9 The objective in ex-

ploring the different isotopic correlations was to determine if 

any of them can provide distinct trends (i.e., that can be used 

as signatures) which would be useful in the attribution of Clio. 

Several isotopic correlations appeared to be important in distin-

guishing among measurements taken from the three reactors. 

See Table 1.

Table 1. Isotopic correlations from the three reactors

Burnup vs. 235U 238Pu/238U vs. Burnup
234U vs. 235U 241Pu/239Pu vs. Burnup

Figure 2. Analysis of the 4600 fuel rod synthetic database for 40 percent of missing variable values by PLS-DA. The 400 fuel rod measurements of 
the seized material Clio have been added to test and validate the PLS-DA model. 

Figure 2a. PLS-DA model prediction for Iapetus Figure 2b. PLS-DA model prediction for Janus

Figure 2c. PLS-DA model prediction for Mimas
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236U vs. 235U 240Pu/239Pu vs. 235U
234U vs. 236U 242Pu/240Pu vs. 235U

Putotal/
238U vs. 235U 242Pu/238Pu vs. 242Pu/239Pu

239Pu/238U vs. Burnup

Isotopic Correlation Analysis for the Attribution 
of Clio
The measurements for Clio were compared with the isotopic 

correlations listed above. The results of the isotopic correla-

tion analysis are discussed first as correlations based on ura-

nium isotopes and, then as correlations based on plutonium 

isotopes.

Correlations Based on Uranium Isotopes

As shown in the plot of burnup vs. 235U (Figure 3), the amount 

of 235U declines logarithmically with burnup because of increas-

ing 239Pu fission. This correlation may be used to estimate the 

starting enrichment of the fresh fuel (i.e., at zero burnup).

Figure 4 shows that the amount of both 234U and 235U de-

cline logarithmically with burnup. The ratio expected to fit 234U/

Utotal to 235U/Utotal is strictly logarithmic, but is very close to being 

linear. Extrapolating 234U vs. 235U back to the initial 235U con-

tent indicates that the Janus fuel and Iapetus fuel had different 

initial 234U content. The higher 234U content in Iapetus is con-

sistent with fuel that has been reprocessed.

Lastly, 236U builds up linearly with 235U depletion. The cor-

relation shown in Figure 5 indicates a non‑zero initial value for 
236U, which is consistent with fuel that has been reprocessed.

The above‑mentioned correlations based on uranium iso-

topes indicate that the Clio seized sample is consistent with 

fuel discharged from the Iapetus PWR NPP.

Correlations Based on Plutonium Isotopes

Figure 6 shows the correlations between Putotal/
238U vs. 235U. As 

can be seen, there is one Iapetus measurement data point (Ia-

petus-7) that appears to be inconsistent with the remainder of 

the Iapetus measurement data cluster. It is believed that this 

inconsistency is due to a lower‑than‑normal value of 238U. By cor-

recting this data point (using the theoretical burnup value), the 

scatter among the Iapetus measurement data points is reduced.

As expected, the correlation between 238Pu/238U vs. bur-

nup (Figure 7) shows that 239Pu build-up is saturating at higher 

burnup values. This correlation shows that Clio seized sample 

measurements are most similar to Iapetus measurements.

In the correlation between 238Pu/238U vs. burnup (Figure 8), 

there is another Iapetus measurement data point (Iapetus-2) 

that appears to be inconsistent with the remainder of the Ia-

petus measurement data cluster. It is believed that this incon-

sistency is due to a higher‑than‑normal value of 238Pu. There is 

no separation of the reactors in this correlation. If all reactors 

are considered to lie on the same fit, then Iapetus-2 can be 

seen to have ~50 percent too much 238Pu. By correcting this 

data point, the scatter among the Iapetus measurement data 

points is reduced. It is noted that one of the Clio measurement 

data points seems to mimic the Iapetus-2 anomaly observed 

for 238Pu. If the anomaly is a real effect, then this would be a 

powerful indicator that Clio is consistent with Iapetus.

Figure 3. Burnup vs. 235U/Utotal

Figure 4. 234U/Utotal vs. 235U/Utotal
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 The ratio of 240Pu/239Pu is expected to increase linearly 

with decreasing 235U once 239Pu reaches equilibrium (Figure 9). 

In addition, it is recognized that 239Pu reaches equilibrium faster 

for lower initial 235U enrichment.

The correlation between 242Pu/238Pu vs. 240Pu/239Pu (Figure 

10) is reported in the literature8,9 as being able to differentiate 

reactors by both neutron spectrum and specific power. The 

Figure 5. 236U/Utotal vs. 235U/Utotal

Figure 6. Putotal/
238U vs. 235U/Utotal

Figure 9. 240Pu/239Pu vs. 235U/Utotal

Figure 7. 239Pu/238U vs. Burnup

Figure 8. 238Pu/238U vs. Burnup
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238Pu anomaly seen here is observed in both the Iapetus and 

Clio measurements.

The above‑mentioned correlations based on plutonium iso-

topes indicate that Clio seized sample is consistent with fuel 

discharged from the Iapetus PWR NPP.

Conclusions Derived from Correlation Based 
Isotopic Analysis

An analysis using the isotopic correlations discussed earlier is 

sufficient to make a conclusive positive determination that Clio 

is attributable to fuel discharged from Iapetus.

Clio Age Dating Based on Fission Products and 
Plutonium Isotopes
The age of Clio (i.e., time after discharged from the reactor) can 

be determined using the following technique:

1.	 Perform the decay correction of the Iapetus measurements 

to t = 0, i.e., based on the known age of the Iapetus 

samples, calculate the abundances of the various fission 

products or actinides at the time the Iapetus samples 

were discharged from the reactor.

2.	 Fit a curve to the decay-corrected (t = 0) Iapetus 

measurements vs. burnup.

3.	 Estimate the age of Clio by:

	 a.	� Performing the decay correction of the Clio 

measurements (similar technique to decay-correcting 

the Iapetus measurements) to an age where the 

square of the deviations of the decay-corrected Clio 

measurements from the decay-corrected Iapetus 

curve is minimized; or

	 b.	� Determining the age of each individual Clio measurement 

(i.e., calculating the decay time that makes each Clio 

measurement coincide with the decay-corrected Iapetus 

curve), and taking the average age.

As shown in Figure 11 and Figure 12, Iapetus and Clio 

measurements can be fitted onto a plot consistent with the 

ratio of 99Tc/137Cs vs. burnup by “un-aging” the Clio measure-

ments. Using method 3a described above, Clio’s age was es-

timated at 9.4 ± 3 years; and using method 3b, its age was 

estimated at 9.2 ± 3 years.

An alternative measurement that can be used for age 

dating Clio is the ratio of 240Pu/241Pu. As shown in Figure 13 

and Figure 14, by plotting the 240Pu/241Pu ratio vs. 235U enrich-

ment, and by “un-aging” the Clio measurements, Clio appears 

to be consistent with fuel discharged from Iapetus. Using the 
240Pu/241Pu ratio, both methods 3a and 3b as described yield a 

Clio age estimate of 10.4 ± 0.4 years, consistent with the result 

obtained using 99Tc/137Cs measurement.

Based on the age dating methods described above, the 

relative abundances of the examined radioisotopes in Clio lead 

Figure 10. 242Pu/238Pu vs. 240Pu/239Pu

Figure 11. 99Tc/137Cs (ratio of activity) vs. Burnup
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to a determination that the fuel rod from which Clio originates 

has been out of the reactor for approximately ten years.

Conclusion
Canada identified the Clio seized samples originate from fuel 

discharged from the SNF inventory belonging to the Iapetus 

NPP. This was achieved using two approaches carried out 

independently by two separate teams.

Lessons Learned
Galaxy Serpent V-TTX highlighted key lessons learned regarding 

the practice of material attribution through analytical means. 

These are: 

•	 The use of the chemometrics (multivariate statistics) ap-

proach is a powerful method to decompose and discriminate 

data using inherent relational characteristics. This approach 

can be taken with relatively little subject matter expertise of 

the material in question and was shown to tolerate significant 

variance and deficiencies in the measurement data.

•	 For the specific application of the Galaxy Serpent V-TTX 

subject matter, the support of nuclear fuel and reactor 

physics SMEs to assist in quickly identifying the key re-

lationships within the measurement data set accelerated 

the development of chemometrics-based models.

•	 The use of isotopic correlations by relevant SMEs allowed 

for the identification of inconsistencies in the measurement 

Figure 12. 99Tc/137Cs (ratio of activity) vs. Burnup with the decay of Clio samples taken into account

Figure 13. 241Pu/240Pu vs. 235U/Utotal Figure 14. 241Pu/240Pu vs. 235U/Utotal (decay of Clio samples taken into account)
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data. This underscores the importance of validating the 

quality of the data that is to be incorporated into a NNFL.

•	 Spent fuel data analysis and interrogation is supported 

by an extensive and robust body of work describing the 

appropriate methods. This perhaps circumvented the 

need to build a library given that the key relationships that 

needed to be extracted from the data are well‑understood.
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Abstract
The Japan Atomic Energy Agency (JAEA) initiated an R&D 

project focused on the maturation of nuclear forensics tech-

nology from 2011. This project includes the development of 

a prototype national nuclear forensics library (NNFL), and the 

JAEA participated in the first international tabletop exercise of 

NNFL Galaxy Serpent, held by the International Technical Work-

ing Group as a part of our NNFL development project. In this 

paper, the JAEA investigation during the tabletop exercise is 

described and the information gathered from the experience 

is discussed in detail: A model NNFL of spent nuclear fuels 

(SNFs) including one boiling water reactor (BWR) and two pres-

surized water reactors (PWR-1 and PWR-2) was completed in 

the first phase of the exercise. In the second phase, by using 

isotope correlation comparison technique and principal compo-

nent analysis it was found that a seized nuclear material was 

definitely consistent with the SNF of PWR-2. Furthermore, the 

lessons learned from these exercises will be effectively applied 

to the further development of the NNFL at JAEA. Finally, we 

include a brief update on the current status of the NNFL devel-

opment project at JAEA. 

Introduction
Since the early 1990s, there has been increasing international 

concern regarding the illicit trafficking of nuclear or other radio-

active materials. By 2011, over 2,000 illicit trafficking cases had 

been reported to International Atomic Energy Agency (IAEA).1 

Once the unknown nuclear/radioactive materials are detected 

and seized from a nuclear security event, questions regard-

ing their origin, history, and intended use must be addressed. 

These questions can be answered using nuclear forensic tools, 

which also help to identify deficiencies in the national nuclear 

security system.2 Recently, the consolidation of nuclear fo-

rensic capabilities such as analysis technologies and national 

frameworks has become a significant issue for many countries 

that wish to strengthen their national nuclear security mea-

sures through the development of their national capabilities. 

In November 2009, the Japanese and United States gov-

ernments signed the “Japan-U.S. Joint Statement Toward a 

World Without Nuclear Weapons” at the U.S.-Japan summit 

meeting.3 In this statement, it was declared that both govern-

ments agreed to nuclear nonproliferation, the adoption of safe-

guards, and security cooperation. Such an endeavor involves 

the use of nuclear forensics in addition to measurement and 

detection technologies, human resource development, train-

ing, and infrastructure assistance for countries interested in 

nuclear energy, and the coordination of respective member 

states support programs for IAEA safeguards. Furthermore, at 

the Nuclear Security Summit in 2010 (Washington, DC, USA), 

the Japanese government issued a national statement en-

couraging the development of forensic technologies related to 

the measurement and detection of nuclear materials within a 

three-year timeframe. The technologies developed as a result 

of this effort were to be shared with the international com-

munity as a means of strengthening the global nuclear secu-

rity system.4 In response to these two statements given by 

the Japanese government, the Japan Atomic Energy Agency 

(JAEA) has initiated an R&D project in 2011 to develop nuclear 

forensics technologies. 

The R&D project at JAEA covers nuclear forensics analysis 

technologies such as isotope analysis, trace element measure-

ment, age determination, and particle analysis; the develop-

ment of a national nuclear forensics library (NNFL) prototype 

is also included. The goal of this first step in the JAEA’s NNFL 

development project is to study the concept of an NNFL for 

Japan and, subsequently, to develop a nuclear materials da-

tabase prototype based on the conceptual study. We expect 

to reach this goal by the end of the first quarter of 2014. As a 

part of the development project, the JAEA participated in Gal-

axy Serpent, an international tabletop exercise on NNFL. In this 

paper, JAEA’s experiences with the Galaxy Serpent exercise 

are described and the information gathered from this interac-
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tion is discussed. The tabletop exercise proved to be a useful 

tool for learning the overall process of creating an NNFL, as it 

involves library construction based on existing raw data of nu-

clear materials and continues to the analysis of seized nuclear 

materials and then the final reporting of the conclusion reached 

by comparison of the analyzed data with the library database. 

An update on the current status of the NNFL at JAEA is also 

provided in this paper and it includes an account of the lessons 

learned from the agency’s experience with the Galaxy Serpent 

exercise.

Galaxy Serpent Tabletop Exercise
Galaxy Serpent is the first entirely virtual, web-based interna-

tional tabletop exercise advancing the concept of NNFL. The 

exercise was conducted under the auspices of the Nuclear Fo-

rensics International Technical Working Group (ITWG). Details 

of the Galaxy Serpent are given in a separate paper.5 The JAEA 

participated in the second round of the exercise as the only 

participating organization from Japan. The JAEA team included 

eight staff members with backgrounds in analytical chemistry, 

reactor physics, safeguards, nuclear security, and computer 

engineering. In the present exercise, spent nuclear fuel (SNF) 

isotopic compositions obtained by post-irradiation examination 

were used as the nuclear material data for the hypothetical 

NNFL and seizure.5 Thus, expertise in the fields of analytical 

chemistry and nuclear engineering were key to analyzing the 

seizures in this exercise.

Each team in this exercise was given a unique galaxy name 

to provide anonymity, and given SNF data from hypothetical nu-

clear reactors assumed to represent all nuclear and radioactive 

material holdings in the given galaxy.5 The names of our team 

and the analyzed reactors and seizures are given in Table 1. 

The name of the representative galaxy given to the JAEA team 

was URSA and the isotopic compositions of SNFs derived from 

three different nuclear reactors were provided as raw data for 

the creation of our own NNFL. Our group of reactors was com-

posed of one boiling water reactor (BWR) and two pressurized 

water reactors (PWRs), and the SNF data included the isotopic 

compositions of uranium, plutonium, and other transuranic el-

ements and fission products, the compositions of which de-

pended on each burnup step. Various types (units) of data were 

provided for the isotope compositions along with their associ-

ated uncertainties. The differences between the data for differ-

ent reactors could not be easily identified because the isotope 

compositions were measured using different burnup steps for 

each reactor. In addition, the data units used for each mea-

surement also differed among the three reactors. One way to 

overcome this issue is to unify their different data into a same 

unit, plot the unified data as a function of isotope ratio, relative 

weight or burnup, and then compare their isotope correlations 

for evaluation. After our NNFL database was completed by 

converting the SNF data into those with same unit and plotting 

their isotope correlations, the isotope composition data for a 

hypothetical seizure was provided by the exercise organizers 

in a similar format to that of the SNF data used earlier in the 

exercise.

The second round of the tabletop exercise was initiated 

at the beginning of April 2013 and took approximately three 

months for the JAEA to finish (Table 2). The exercise was com-

pleted in two phases: NNFL creation (phase 1) and seizure 

analysis (phase 2). In particular, the aim of phase 2 was to de-

termine whether a seizure was or was not consistent with ma-

terials registered in the model NNFL. The actual working time 

for each phase was approximately two to three weeks with 20 

man-h per week allocated to the exercise. The exercise took 

longer to complete than the time estimated by the organizers5 

because a significant amount of time was spent determining 

differences in composition trends for each of the three reactors 

as well as identifying the respective burnup characteristics fol-

lowing the NNFL creation. Ultimately, we were able to confirm 

with the organizers that our conclusions regarding the seizure 

and the registered materials in the NNFL were correct. Meth-

odologies, detailed results of the exercise, and discussions are 

described in the following sections.

Results and Experiences
An NNFL is primarily used as a tool to assess if a nuclear/ 

radioactive material encountered out of regulatory control is 

consistent with the materials produced, used, or stored within 

a country.6 It may consist of a material database, an associated 

system for data handling, and other analyzing systems such as 

multivariate statistical analysis and image analysis. All nuclear/

radioactive materials should ideally be registered in the NNFL. 

The size and format of the material database highly depends 

on the scale of the nuclear fuel cycle and the amount and com-

plexity of materials existing from the past to the present in a 

country. Because the amount of data we needed to handle was 

small and relatively simple, our NNFL for the URSA galaxy was 

created in the form of a spreadsheet using Microsoft Excel. 

If the amount of given data is much larger or more complex 
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in nature, other computational tools such as a relational data-

base could be used to form a material database. The differ-

ences between SNF isotope compositions in different nuclear 

reactors were studied using isotope correlation comparison 

after the NNFL was created. The URSA galaxy was assumed 

to encompass one BWR and two PWRs. In general, there are 

some differences between the core characteristics of BWR 

and PWR that affect the isotope compositions produced in the 

SNFs. In this exercise, the differences in SNF isotope compo-

sitions between the BWR and PWRs were easily determined 

with the given SNF data. On the contrary, it was very difficult 

to precisely determine the differences between the two PWRs 

(Mimas and Siarnaq). The characteristic plots of the isotope 

correlations that showed some differences between the two 

PWRs were summarized and compiled as a graphical plot da-

tabase to be utilized for seizure analysis in the next phase of 

the exercise.

In phase 2, two different approaches were used to assess 

if the seizure was consistent with materials registered in the 

URSA-NNFL: isotope correlation comparisons and principal 

component analysis (PCA). Isotope correlations of the seizure 

Erato were examined based on the degree of coincidence, 

which was defined for convenience of classification (Table 3). 

The degree of coincidence was evaluated by visual estimation 

as shown in Figure 1. An example of our seizure analysis by iso-

tope correlation comparison is listed in Table 4. It was shown 

that the seizure was not consistent with the SNF derived from 

the BWR. In contrast, the other two PWRs showed similar iso-

tope correlation trends with the seized material. As described 

previously, it was extremely difficult to distinguish between 

the two PWRs and, consequently, additional comparisons 

were necessary for forty-five combinations of isotope correla-

tions. Table 5 shows the summary of these additional compari-

sons. From these comparisons, we see that PWR-2 (Siarnaq) 

is more consistent than PWR-1 (Mimas) for 25/45 items and, 

furthermore, it is more consistent for 11/20 items that were 

categorized in the same comparative grade (namely, the pairs 

of A-A, B-B, and C-C for the degree of coincidence in Table 3). 

As a result, about 80 percent of the compared combinations 

showed maximum consistency for PWR-2, and therefore, it 

was strongly concluded that the seized material is associated 

with the PWR-2 reactor with an 80 percent confidence level. 

PWR-1 also shows some consistency; however, there was no 

corroboration using isotope correlation, which definitely indi-

cates a stronger consistency with PWR-2.

As an alternative approach, we also applied the PCA meth-

od, a widely used multivariate statistical procedure, to our sei-

zure analysis. While the isotope correlation method is limited 

in the number of comparable isotope compositions in this ex-

ercise, the PCA method can allow for the assessment of many 

items simultaneously. The isotope compositions of the seized 

material and the two PWRs were examined using the PCA. An 

example of a PCA made for plutonium isotope compositions 

is shown in Figure 2. The differences between the two PWRs 

are obvious from the PCA results, and it was confirmed that 

the seized material is more consistent with PWR-2 than PWR-

1. Therefore, the results derived from the isotopic correlation 

comparison method can be verified by the PCA method and 

together led to a conclusive positive finding that the seizure 

originated from PWR-2, a finding which was verified by the ex-

ercise organizers.

Figure 1. Example of isotope correlation plot (235U/Total-U vs. 
242Pu/240Pu)

Figure 2. PCA score of plutonium isotope compositions
(Explanatory variable of 238Pu (%), 239Pu (%), 240Pu (%), 241Pu (%), 242Pu 
(%) were used)
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Technical Lessons Learned and Their  
Application to NNFL Development 
Some technical lessons for NNFL development at the JAEA 

learned from its experience with this tabletop exercise are the 

following:

•	 processing of raw material data into a library database,

•	 identification of the key characteristics of registered materials,

•	 expertise for seizure analysis or knowhow on data utiliza-

tion in an NNFL,

•	 quantitative measure in comparative analysis, and

•	 reliability or confidence level regarding the results of the 

seizure analysis.

Compiling a material database is one of the most important 

issues in NNFL development, and the majority of compilation 

is the processing of raw material data into a standard format 

fitted for the database. In many cases, the raw material data to 

be registered in the NNFL comes in a variety of formats (e.g., 

electronic/hard copy, various units). The data provided in the 

present tabletop exercise varied significantly for each reactor 

even though only the SNF isotope composition data was pro-

vided. In most cases, the amount of raw material data collected 

for an NNFL should be larger and more complicated in nature, 

thereby making the task of data processing far more difficult 

and time consuming. To ensure successful data processing and 

database compiling, it is necessary to perform a preliminary 

survey on existing materials. The design of a nuclear mate-

rial database in an NNFL depends strongly on the nuclear fuel 

cycle, which refers to the amount and variety of the materials 

available. A good preliminary survey makes it possible to know 

the variety and amount of target materials, relevant data, and 

other related information. It is also helpful to establish a clear 

vision of the scale and complexity of the material database. The 

standard data format for the material database should be de-

fined by its specific design, which is based on the preliminary 

survey. It is also helpful to develop guidelines regarding the 

task of data processing and compilation into the database (the 

procedures and the data priority, for example). 

The main task of seizure analysis using an NNFL is to de-

termine the consistency of the data between the seized ma-

terial and the registered materials in the NNFL by comparing 

patterns or trends in material characteristics. Such patterns or 

trends can be compared more effectively if key characteristics 

of each material stored in an NNFL have been identified in ad-

vance and added into the database as accompanying informa-

tion for each material. Although the expertise in the fields of 

nuclear engineering and chemistry are necessary for seizure 

analysis, this exercise also taught us that the expertise of those 

who utilize the NNFL database is equally important, especially 

regarding the effective utilization and secondary processing of 

NNFL data. These skills can only be obtained from actual fo-

rensics cases or on-the-job training such as that provided in 

the present exercise. One of the important aspects of NNFL 

development and its utilization is therefore the accumulation, 

inheritance, and sharing of such experiences as fingerprint in-

formation in traditional forensics.

The purpose of seizure analysis in nuclear forensics is to 

determine if the seized material is consistent with materials 

registered in an NNFL. However, as the analysis will exhibit 

Figure 3. Design outline of the NNFL developed at JAEA7

Table 1. Names allocated in the exercise

Table 2. PCA score of plutonium isotope compositions
(Explanatory variable of 238Pu (%), 239Pu (%), 240Pu (%), 241Pu (%), 242Pu 
(%) were used)
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uncertainty in most cases, it may be extremely unusual for the 

specific material to perfectly match the seized material. There-

fore, it is necessary to determine the reliability or confidence 

level for seizure analysis results. An ideal approach is to define 

a standardized measurement and seizure analysis procedure in 

order to obtain objective evidence. Although decisions based 

on the analysis results are subjective to a certain extent, the 

reliability of the analysis must be validated by showing through 

quantitative evidence that the results are both reproducible and 

objective. 

The technical lessons learned from the present exercise 

will be applied to the development of the NNFL at JAEA. A pro-

totype database is currently being developed based on nuclear 

materials data from fuel cycle facilities at JAEA. As a first step 

towards NNFL development, a preliminary survey on nuclear 

materials belonging to the JAEA facilities has been conducted; 

lessons learned from the exercise were applied to the survey 

and to the preliminary design of the database. Because the 

JAEA has a large number of facilities that involve a full-scale 

nuclear fuel cycle as well as various types of nuclear materials, 

the prototype database will be large, complex, and highly real-

istic. The database design (which is still under development) 

is shown in Figure 3.7 This database consists of two smaller 

databases. The first of these databases was named Nuclear 

Fuel & Fuel Cycle DB and stores raw nuclear materials data 

and product nuclear fuels in addition to information on their par-

ent processes and parent fuel cycle facilities. The second data-

base was named Sample & Analysis DB, which stores analysis 

results of nuclear forensics data, quality control, material ac-

counting, and other data sets. The prototype database and its 

basic associated evaluation system have been completed and 

will be improved by adding the key characteristic identifier and 

some development items as follows:

•	 construction of quantitative measurement for material 

matching,

•	 procedures on how to present the results of seizure analy-

sis, and

•	 implementation of a “knowledge base” for the NNFL system.

A knowledge base is an important item for NNFL im-

provement and will record operation histories, discussions, 

and knowledge obtained through seizure analysis in order to 

provide relevant experiences for subsequent nuclear forensics 

cases.

The present tabletop exercise was an effective means of 

learning the overall process, from library creation based on raw 

nuclear materials data to the seizure analysis for spent nuclear 

fuels. Furthermore, it is expected that the next exercise of 

NNFL will be even more effective; as previously mentioned, 

the task of compiling data into the database was considerably 

easy because our data set was small and relatively simple in na-

ture. A great deal more experience could be garnered on NNFL 

database creation if the amount and complexity of the provided 

data for the hypothetical NNFL creation was increased. Includ-

ing the various characteristics of isotopes, trace elements, and 

particles would be a useful improvement in the exercise. It will 

also be helpful for participants to examine a nation’s capability 

for seizure analysis through the NNFL, as the situation in which 

the origin of unknown material does not match with NNFL data 

for a particular nation is a realistic situation of international in-

quiry. This attempt would help to strengthen international co-

Table 3. Degree of coincidence for isotope correlations comparison

Table 4. Example of isotope correlations comparison

Table 5. Summary of isotope correlations comparison
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operation between members of the nuclear forensics commu-

nity in the future.

Conclusions
The first virtual, entirely web-based international tabletop ex-

ercise on NNFLs, Galaxy Serpent, was held by ITWG and the 

JAEA participated in the exercise as a part of the NNFL devel-

opment project in Japan. An NNFL database of provided SNFs 

on BWR, PWR-1, and PWR-2 was completed in first phase of 

the exercise. By using isotope correlation comparison tech-

nique, in the second phase, it was found that a hypothetical 

seized nuclear material was definitely consistent with the SNF 

of PWR-2, a conclusion also confirmed by the PCA method and 

verified by exercise organizers. The present exercise proved 

to be an effective means of learning the overall process, from 

the creation of the NNFL to the seizure analysis for spent nu-

clear fuels. The JAEA has developed a prototype nuclear mate-

rial database and several technical lessons learned from this 

exercise will be applied to the development of the prototype 

NNFL in the next step of our project. It is expected that the 

next NNFL exercise will provide a more comprehensive nuclear 

material data set covering the entire nuclear fuel cycle and will 

involve an international inquiry system linking the NNFLs for 

a strengthened implementation of international cooperation in 

nuclear forensics.

Acknowledgements 
The authors would like to express our gratitude to K. Sato, N. 

Toda, Y. Shinoda, M. Watahiki, and Dr. Y. Kuno for their support 

and advice regarding this study. The work presented in this pa-

per has been supported by the Ministry of Education, Culture, 

Sports, Science, and Technology (MEXT) of Japan.

Yoshiki Kimura is a research engineer at Japan Atomic 

Energy Agency (JAEA). He received his doctoral degree from 

Tokyo Institute of Technology in his study on nonproliferation 

technology, proliferation resistance evaluation methodology 

of denatured plutonium by transmutation of minor actinides. 

Prior to joining JAEA in 2012, he held a researcher position at 

Research Laboratory for Nuclear Reactors of Tokyo Institute of 

Technology. He is currently working in nuclear forensics tech-

nology development, especially in the development of proto-

type of national nuclear forensics library. He is a member of 

acting committee of nonproliferation, safeguards and nuclear 

security network in Atomic Energy Society of Japan.

Nobuo Shinohara is an advisor of nuclear forensics project 

at JAEA. He received his PhD in nuclear engineering from To-

hoku University in 1990. His research work was radiochemical 

studies of spent fuels and actinides as a research scientist at 

Japan Atomic Energy Research Institute. He also engaged in 

nonproliferation work for CTBT and SG and in development of 

nuclear human resource. He was a guest professor of radio-

chemistry at Ibaraki University from 1996 to 2008 and a visiting 

professor of nuclear engineering and management at the Uni-

versity of Tokyo from 2008 to 2012. His current work involves 

developing analytical technologies for nuclear forensics. 

Yoshio Funatake is a computer engineer in the Department 

of Science and Technology for Nuclear Material Management 

(STNM) at JAEA. He received his master of science degree 

in physics from Kyoto Sangyo University (KSU) in 1983. His 

graduate research included study of interaction between nuclei 

and mesons at KSU. Prior to joining STNM in 2013, He was en-

gaged in research of nuclear criticality safety in Nuclear Safety 

Research Center at JAEA from 2009 to 2012. His current work 

involves developing database of nuclear materials for national 

nuclear forensics library.

References
1.	 IAEA. 2013. IAEA Incident and Trafficking Database 2013 

Fact Sheet, www-ns.iaea.org/downloads/security/itdb-

fact-sheet.pdf.

2. 	 IAEA. 2006. Nuclear Forensics Support, IAEA Security 

Series No.2 (2006).

3. 	 2009. Japan-U.S. Joint Statement Toward a World with-

out Nuclear Weapons, Ministry of Foreign Affairs of Ja-

pan, November 2009, www.mofa.go.jp/region/n-america/

us/pv0911/nuclear.pdf.

4. 	 2010. Japan’s National Statement at the Washington 

Nuclear Security Summit, Ministry of Foreign Affairs of 

Japan, April 12, 2010, www.mofa.go.jp/policy/un/disarma-

ment/arms/nuclear_security/2010/national_statement.

html

5. 	 Borgardt, J. D. and F. M. G. Wong. 2014. Galaxy Serpent: 

A Web-based Tabletop Exercise Utilizing the Concept of 

Nuclear Forensics Libraries, Journal of Nuclear Materials 

Management, Volume 42, No. 4.

6. 	 Wacker, J. F. et. al. 2011. Proposed Framework for 

National Nuclear Forensics Libraries and International 

Directions, PNNL-SA-70589 (2011).

7. 	 Kimura, Y. et al, to be submitted. 2014.



Topical Papers

46 Journal of Nuclear Materials Management Summer 2014 Volume XLII, No. 4

South Africa’s Experiences in the Galaxy Serpent National Nuclear 
Forensics Library Tabletop Exercise

Aubrey N. Nelwamondo, Albert M. Bopape, Jones H. Bohlolo, and Kenneth K. Nkuna 
South Africa Nuclear Energy Corporation (Necsa), Pretoria, South Africa

Abstract
A South African team participated in the Galaxy Serpent National 

Nuclear Forensics Library (NNFL) Tabletop Exercise (TTX). Team 

South Africa, designated as representing the Tucana Galaxy, 

established an NNFL from supplied data on spent fuel from 

three fictitious reactors — Iapetus, Hyperion, and Enceladus. 

Subsequently, Team South Africa was supplied with data from 

a “seized” sample of spent fuel said to have come from the 

Erato reactor (pseudonym), and asked to determine if the Erato 

fuel was or was not consistent with spent fuel data contained 

in the Tucana NNFL. All the supplied data sets were developed 

from material in the SFCOMPO website (i.e., public domain 

data). Comparison of the Erato data with the Tucana NNFL 

showed a combination of suggestive positive and sugges-

tive negative results. This exercise improved the South Africa 

Nuclear Forensics team awareness of the need for NNFLs and 

the methods that can be used to generate one. 

Introduction
At ITWG-17, the 2012 annual meeting of the Nuclear Forensics 

International Technical Working Group (ITWG) held in the Neth-

erlands, South Africa and several other countries volunteered 

to participate in the Galaxy Serpent, National Nuclear Forensics 

Library (NNFL) Virtual Tabletop Exercise (TTX). The TTX was 

conducted under the auspices of the ITWG and co-led by the 

U.S. State Department and the U.S. Department of Homeland 

Security. Teams of scientists from nine of the countries/na-

tions, along with one regional institute, that volunteered com-

pleted the exercise and agreed to contribute papers on their 

experiences. 

Galaxy Serpent participants established a model NNFL 

from three data sets provided to them by the exercise organiz-

ers.1 The data sets were from spent fuel from three hypotheti-

cal reactors in their “galaxy.” Participants were then given a 

fourth data set, said to be from a “seized” sample, and asked 

to determine if it was or was not consistent with the spent 

fuel data in their NNFL. The data sets organizers supplied to 

the participants originated from the SFCOMPO public domain 

website. The data sets were altered and re-purposed for this 

nuclear forensics application before being supplied to partici-

pants.1 

Team South Africa developed the Tucana Galaxy NNFL 

from supplied data on the so-called Iapetus, Hyperion, and 

Enceladus reactors. These spent fuel power reactors data col-

lection included data from two boiling water reactors (BWR), 

Enceladus and Hyperion, and data from one pressurized wa-

ter reactor (PWR), Iapetus. The “seized” sample, which was 

compared with the NNFL was designated as coming from the 

Erato reactor. 

Team South Africa took the position of observer during 

the first round of the Galaxy Serpent TTX, and participated as 

a direct participant team in the second round starting in April 

2013. The first four weeks, designated phase 1, involved work-

ing with provided data sets and developing a model NNFL. In 

phase 2, data for a simulated border seizure of spent nuclear 

fuel material were posted to the South Africa galaxy’s work-

space at the start of the fifth week for analysis and final re-

porting of the findings. Four weeks was given for the task of 

determining whether data for the hypothetical seizure was or 

was not consistent with reactors in the Tucana NNFL. 

Method of Data Analysis
Team South Africa successfully developed the Tucana Galaxy 

NNFL by preparing spreadsheets and graphical plots of data 

from the three assigned spent fuel power reactors, Iapetus, Hy-

perion, and Enceladus. These were to be used to interrogate 

and subsequently determine if the hypothetical seized spent fuel 

material from a pseudo reactor code named Erato for the pur-

pose of the TTX was or was not consistent with material from 

Iapetus, Hyperion, and/or Enceladus as captured in the Tucana 

NNFL. Team South Africa used graphical correlation of isotopic 

parameters for comparing seized material isotopic data with iso-
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topic data already available in the completed Tucana NNFL.

Investigation of the seized material from Erato reactor was 

based on the significant fissile isotopic parameters correlation 

understood to allow discrimination amongst data of the same 

spent fuel origin.2,3 These include, but not limited to, the fol-

lowing uranium isotope/total uranium and/or Pu isotopes ratios 

that have also been suggested for use at the ITWG–17 meeting 

in October 2013:1,4

	 235U/Utotal, 234U/Utotal, 236U/Utotal, 234U/238U, 235U/238U, 236U/238U

	 240Pu/Putotal, 241Pu/Putotal, (Pu/U) total, 242Pu/241Pu, 242Pu/240Pu, 

238Pu/Pu total

The defined approach required that the spent fuel analyti-

cal data presented in SFCOMPO first be assessed and orga-

nized in a way that is suitable for comparative analysis using 

key isotopic variables and parameters. The organization of the 

supplied data included: 

•	 identifying significant isotopic parameters reported for at 

least two of the reactor of interest to facilitates correlation,

•	 rearranging the data sets into Excel to facilitate multiple 

plots of the Tucana Galaxy spent fuel isotopic parameters 

Hyperion Reactor Data

235Upercent 236Upercent burnup (148Nd) 235U/238U 236U/238U 239Pu/Utotal

0.6757 0.3389 27.4 0.0068 0.0034 0.555

0.6273 0.3375 25.7 0.0063 0.0034 0.556

0.9825 0.3044 21.2 0.01 0.0031 0.641

0.9019 0.3099 22.3 0.0091 0.0031 0.624

0.8625 0.3257 23 0.0087 0.0033 0.607

0.8687 0.3237 23.5 0.0088 0.0033 0.615

0.6663 0.3368 25.2 0.0067 0.0034 0.57

0.9877 0.2973 19.9 0.01 0.003 0.636

0.8602 0.3145 20.3 0.0087 0.0032 0.614

1.319 0.319 14.4 0.0134 0.0025 0.721

1.2487 0.2559 15.8 0.0127 0.0026 0.699

1.0359 0.2779 17.5 0.0105 0.0028 0.652

Hyperion Reactor Data (continued)

239Pu/Pu total 239Pu/238U 242Pu/239Pu 240Pu/239Pu 241Pu/240Pu 242Pu/241Pu 137Cs/U total

0.5556 0.005 0.0938 0.4521 0.5253 0.3947 0.0009

0.5557 0.0039 0.0885 0.4866 0.4352 0.4179 0.0011

0.6413 0.0056 0.4124 0.3446 0.4743 0.2523 0.0008

0.6241 0.0053 0.0469 0.3698 0.4677 0.2713 0.0008

0.6071 0.0052 0.0544 0.3996 0.4611 0.3011 0.001

0.6148 0.005 0.051 0.3838 0.4622 0.2877 0.0009

0.5696 0.0048 0.0742 0.4648 0.4313 0.3708 0.001

0.636 0.0046 0.0455 0.3462 0.5007 0.2624 0.0008

0.6138 0.0038 0.05 0.4038 0.4163 0.2974 0.0008

0.7211 0.0049 0.019 0.2479 0.4681 0.1639 0.0006

0.6992 0.0046 0.0225 0.2793 0.4387 0.1838 0.0007

0.6516 0.0043 0.0369 0.3453 0.4194 0.255 0.0007

Table 1. A representative sample of the tabulated data format that was used to facilitate the isotopic parameter correlations
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on the same set of axes (cf. Table 1 for typical layout),

•	 plotting the data to yield the correlations that are used for 

analysis of the seizure material.

The data were sorted on a “per sample” basis by assigning a 

group of parameters to a single sample. The cooling down informa-

tion provided some level of validation that each of the parameters 

being assigned to the same sample came from the same power 

reactor spent fuel.5 Figure 1 shows illustrative data from the Iapetus 

reactor after these were rearranged to meet the established Excel 

spreadsheet format for data analysis.  Note that Table 1 provides a 

representative sample and not a complete data set. 

Findings of the Hypothetical Source  
Seizure Analysis
Figures 1 through 12 show the isotopic ratio patterns of the Tu-

cana NNFL and the seized Erato sample.  These were aimed at 

seeking possible consistency of the isotopic parameters of the 

intercepted hypothetical spent fuel from Erato reactor.1 Compar-

ative analysis of isotopic parameter correlations with each of the 

three spent fuel reactor data collected in the Tucana NNFL yield-

ed a number of observations, insights, and conclusions (refer 

also to Table 2 for a summary of the observations).  In the figures 

and discussions which follow, confidence levels were assigned 

using an ITWG establish convention based on a five-point scale.6  

Examination of the plot of (242Pu/240Pu) against (Pu 

total/238U) shown in Figure 1 shows a suggestive positive that 

the Erato spent fuel seized material could have come from the 

Hyperion reactor or the Iapetus reactor. The Enceladus reactor 

is not included because these isotopic ratios were not available 

from the SFCOMPO website.

The correlation plot of 235Upercent against (242Pu/241Pu) 

shown in Figure 2 shows a conclusive negative that the seized 

material originated from the Enceladus reactor. The plot shows 

a suggestive positive chance of the material coming from the 

Hyperion than from the Iapetus reactor.

The plot of (236U/238U) against (239Pu/Pu total) shown in 

Figure 3 shows a conclusive negative for the Enceladus reac-

tor being the possible origin of the spent Erato fuel. The plots 

could also not discriminate between the Hyperion and the Iape-

tus reactor since the fittings are inconclusive.

Figure 1. Plot of (242Pu/240Pu) against (Putotal/
238U) Figure 2. Plot of 235U against (242Pu/241Pu)

Figure 3. Plot of (236U/238U) against (239Pu/Putotal)
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Plots of 235U percent against (239Pu/U total) in Figure 4 sup-

port the suggestion that the spent Erato fuel material comes 

from the Iapetus, and not the Hyperion reactor. The percent 
235U Erato data are of concern in that they are positioned within 

the ranges from 1.1 to about 2.1; and these are higher than the 

values reported for the Iapetus with only one entry covered in 

the upper percent 235U range — hence the match is only sug-

gestive positive for Iapetus and conclusive negative for Hyper-

ion as the possible origins of the Erato fuel material.

The correlation based on the plots of percent 235U against 

(Pu total/238U) shown in Figure 5 are suggestive negative that the 

Erato material came from the Iapetus or the Hyperion reactors.

Figure 6 shows the plot of percent 236U against (239Pu/

Utotal) is suggestive positive that the Erato material may have 

originated from the Iapetus reactor as opposed to the Hyperion 

reactor. Again, no corresponding isotopic ratios were available 

for the Enceladus reactor from the SFCOMPO website.

The plot of (242Pu/240Pu) against burnup shown in Figure 7 

is conclusive negative that the seized Erato material originated 

from the Enceladus reactor. It is however difficult to distinguish 

the goodness of the suggestive positive fit of the data to the 

Iapetus and the Hyperion reactors.

Correlation of the plots of (236U/238U) against the burnup 

given in Figure 8 suggests that the Erato material has an incon-

clusive chance of coming from any one of the three reactors in 

the national nuclear forensics library (i.e., the Iapetus, Hyperion 

and Enceladus reactors database).

The plots of (239Pu/Pu total) against burnup that are shown 

in Figure 9 are suggestive positive that the Erato material origi-

nated from the Hyperion than it could be from the Iapetus or 

the Enceladus reactors.

Plots of percent 235U against burnup shown in Figure 10 

suggest that the plotted parameters are not suitable for use in 

distinguishing between the origins of the seized fuel materials.

The correlation based on the plots of (Pu total/238U) against 

burnup was also not useful in resolving the situation as there is 

suggestive positive for both reactors in Figure 11.

Figure 4. Plot of % 235U against (239Pu/Utotal)

Figure 5. Plot of % 235U against (Putotal/
238U)

Plot 
number

ERATO data relationship to

Iapetus data Hyperion data Enceladus data

1 suggestive positive suggestive positive –

2 inconclusive suggestive positive conclusive negative 

3 inconclusive inconclusive conclusive negative

4 suggestive positive conclusive negative –

5 suggestive negative suggestive negative –

6 suggestive positive conclusive negative –

7 suggestive positive suggestive positive conclusive negative

8 inconclusive Inconclusive Inconclusive

9 suggestive negative suggestive positive suggestive negative

10 inconclusive Inconclusive Inconclusive

11 suggestive positive suggestive positive –

12 suggestive positive conclusive negative –

Table 2. Summary of the isotopic parameters correlation findings of 
the Tucana Galaxy
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Correlation based on plotting (239Pu/U total) against burnup 

shown in Figure 12 is suggestive positive that the seized Erato 

material originated from the Iapetus and not the Hyperion reac-

tor (conclusive negative). This is much in agreement with the 

findings shown in Figure 6.

The correlations based on the isotopic parameters pro-

vided inadequate information for our use in deducing if the 

seized material shares a common origin with the material in 

our NNFL. This motivated us to investigate the correlation of 

the isotopic ratios of fissile isotopes such as 239Pu, 240Pu, 236U, 

and 235U against the burnup (as determined by the 148Nd analy-

sis method). Results of the analysis of the plots of the isotopic 

parameters in Figures 1 through 12 are summarized in Table 2.

The Rationale of Our Assessment Findings and  
Concluding Remarks

Whilst the approach followed can tolerate serious data gaps 

between seizure data and the NNFL database, the correlation 

plots shown in Figures 1 through Figure 12, when considered 

collectively, suggest that it is not possible to determine the 

origin of the seized fuel material based solely on the isotopic 

parameters reported in the NNFL developed for the TTX. At-

tempts to make use of different isotopic parameters in isola-

tion generally led to contradicting results.  For instance, the 

Figure 6. Plot of %236U against (239Pu/Utotal) Figure 8. Plot of (236U/238) against burnup (148Nd GWd/MTU)

Figure 7. Plot of (242Pu/240Pu) against burnup (148Nd)

Figure 9. Plot of (239Pu/Putotal) against burnup (148Nd GWd/MTU)
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results plotted in Figures 6 and 12 show suggestive positive 

for Iapetus as the origin of the seizure when compared to the 

conclusive negative for the Hyperion reactor. This observation 

contradicts the findings shown in Figure 9, which points at 

Hyperion as the suggestive positive origin of the hypothetical 

seized material versus suggestive negative for the Iapetus and 

the Enceladus reactors.

Furthermore, in case of the Hyperion reactor the isotopic 

data plotted in Figures 4 and 5 suggested negative correlation 

as most of the characteristics disagree. The isotopic parame-

ters plotted in Figures 6, 7, 11, and 12 agreed with the proposi-

tion of the Iapetus reactor as the likely origin of the hypothetical 

seizure. For the Enceladus reactor, correlation plots (refer to 

Figures 2, 3, and 7) results are conclusively negative as most 

of the considered isotopic correlations for the seized spent fuel 

material disagreed with those in the NNFL. The correlations 

shown in Figures 1, 7, and 11 are suggestive positive for both 

the Iapetus and the Hyperion reactors as most of the isoto-

pic parameters matched those of the seized Erato spent fuel. 

Meanwhile, both the Hyperion and the Iapetus reactors isoto-

pic parameters plotted in Figure 5 show suggestive negative 

match with the Erato isotopic parameters.

All the analysis approaches used (i.e., isotopic correlation 

and isotopic ratios versus burnup) led to the same conclusion 

that the Erato (seized spent fuel) is not consistent (conclusive 

negative) with the parameters for the Enceladus reactor spent 

fuel, but closely resembled spent fuel isotopic parameters for 

the Iapetus and the Hyperion reactors. Findings of the correla-

tion of isotopic behavior of Erato to the NNFL can be summa-

rized as follows: 

Fitting of isotopic 
parameters

poorest for Enceladus conclusive negative

somewhat consistent 
with Hyperion 

suggestive negative

best fit to the Iapetus 
but with conflicting 
behavior 

suggestive positive

The seized Erato spent fuel is suggestively positive to 

have come from the Iapetus reactor, suggestively negative to 

have come from Hyperion, and conclusively negative to have 

come from the Enceladus reactor. In other words, data anal-

Figure 10. Plot of 235U % against burnup (148Nd GWd/MTU) Figure 12. Plot of (239Pu/Utotal) against burnup (148Nd GWd/MTU)

Figure 11. Plot of (Putotal/
238U) against burnup (148Nd GWd/MTU)
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ysed based on the above-named isotopic parameters graphi-

cal correlations conclusively eliminate the Enceladus reactor 

as the origin of the seized Erato spent fuel material. These 

findings, combined with reactor-type information noted above, 

namely that Enceladus and Hyperion are BWRs, while Iapetus 

is a PWR, gives important insights.  Specifically, isotopic corre-

lations, considered as a group, strongly suggest that the Erato 

seizure did not come from a BWR source, and is consistent 

with a PWR. The solution for this round, as given by exercise 

organizers,4 was that the seizure did not originate from a reac-

tor in the Tucana galaxy, but did originate from a PWR assigned 

to another galaxy in this round.  While our findings were not de-

finitive, they are certainly consistent with the revealed solution. 

It follows that the origin of the seized material could not 

be linked to the Tucana NNFL. These findings can be attributed 

to inadequate information available about the analytical meth-

ods used to gather the open literature isotopic parameters in 

the provided data sets and perhaps also to the unsuitability of 

some of the correlations chosen for this comparative analy-

sis. There are also certain pieces of data that showed remark-

able deviation from the rest of the data related to a particular 

sample. In a real library investigation, inadequate, in terms of 

library holdings, or incomplete, in terms of data for a given sam-

ple, would normally be easy to correct. Further investigations 

could also focus on morphological information, determination 

of elemental impurities, trace elements analysis, microscopic 

studies, etc.  However, such information would be far more 

valuable and useful if collected and integrated prior to an actual 

nuclear security event.  

Lessons Learned from the TTX
The Galaxy Serpent TTX served well as a valuable tool to fa-

cilitate an improved understanding of the NNFL development 

process and the interrogation of the library pertaining seized 

material analysis. Spent fuel data can be organized into a use-

ful NNFL to support seized spent fuel data query and related 

analysis.

Building the initial NNFL required good insight into the 

characteristic features that have the potential to distinguish 

between nuclear materials of different origin, such as the sig-

nificant fissile isotopic parameters discussed earlier. Use of an 

existing NNFL is not easy as it require special knowledge of 

spent fuel nuclear material chemistry. Knowledge of the differ-

ent analytical techniques used to characterize the spent fuel 

materials is also deemed helpful. In the case of South Africa, 

it was found to be particularly important to first prioritize the 

relevant data type from the large amount of provided informa-

tion.2 It was also necessary to first reorganize the SFCOMPO 

data for a nuclear forensics application to facilitate the TTX de-

velopment. The prioritized data had to be processed to provide 

for easy NNFL development and for further processing such as 

graphical correlations.

Subject matter experts (SME) are therefore also required 

to help ascribe uniform uncertainty values in data reported in 

the SFCOMPO public domain database, which may not be 

consistent as it was gathered for fuel post irradiation studies, 

and repurposed here for a nuclear forensics application.  The 

“limited universe” of data, composed of only low-enriched ura-

nium-based reactors, is best interpreted by scientists with spe-

cific expertise. Thus, an expanded pool of experts, such as fuel 

engineers and statisticians, could provide additional insights in 

advancing a more diverse NNFL in this domain. 

While this exercise employed a limited, model NNFL, in 

terms of the number of reactors used and data associated with 

each, and was conducted over a two-month period, some im-

portant conclusions were reached. Namely, the small size of 

the database comprising the NNFL led to inconsistent results 

for the hypothetical seizure when considering individual isoto-

pic correlations. When isotopic correlations were considered 

in total, while they did not provide certainty, certain trends 

did emerge, as noted earlier. Further, when the comparative 

trends of all reactors relative to the seizure were considered, it 

was highly suggestive that the seizure did not originate from a 

BWR, and likely originated from a PWR.  As noted, the findings 

of the South African team were consistent with the solution 

provided by exercise organizers.

The tabletop exercise raised awareness about the tech-

nical aspects of creating and using NNFLs including the chal-

lenges associated with the use of limited data sets of spent 

nuclear fuel data, but also illustrated that a rudimentary NNFL 

is preferable to not having one. The TTX also expanded the 

community of nuclear forensics awareness and expertise by 

providing opportunities for participation by junior members and 

non-forensics personnel who otherwise would not have been 

involved in nuclear forensics capacity building efforts.
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Abstract
This paper summarizes the United Kingdom’s (UK) contribu-

tion to the Galaxy Serpent Virtual Tabletop Exercise. The UK 

team consisted of representatives from the Atomic Weapons 

Establishment (AWE), National Nuclear Laboratory (NNL), and 

the University of Liverpool. Each institution in the UK team ap-

proached the Galaxy Serpent exercise independently with a 

number of different methodologies: Radiochemistry and Iso-

topic Correlations (AWE), Reactor Type Multivariate Analysis 

(NNL), and Laplacian Eigenmaps (University of Liverpool). De-

spite the variety of methodologies employed, all three meth-

odologies provided data that supported the same conclusion, 

namely that the seized fuel pin correlated at a suggestive posi-

tive level with a particular reactor. Other supporting sources of 

reactor data, although available to the UK team, were not fully 

explored. As a full exercise data set was not provided to the 

UK, i.e., the seized fuel pin was not in the UK data set, it was 

not possible for the UK to conclude that the seized sample was 

definitely in the UK data set. This paper details the methodolo-

gies employed by each institution, the UK team’s decision pro-

cess, and an explanation of the misleading conclusion.

Introduction
The UK team conducted the exercise between April and June 

2013. The UK team was split into three groups and composed 

of representatives from the Atomic Weapons Establishment 

(AWE), National Nuclear Laboratory (NNL), and the University 

of Liverpool. A full data set was not provided to the UK. In-

stead, data from three reactors were provided. The reactors 

allocated to the UK in Galaxy Serpent were: Anthe (pressur-

ized water reactor (PWR)), Tethys (PWR), and, Janus (boiling 

water reactor (BWR)). Data from these reactors were sup-

plied as Microsoft Excel files, and typically included actinide 

isotopic compositions, selected fission product quantities, and 

burnup measurements. Comparisons were then made with a 

hypothetically seized fuel pin (Erato) that had been isotopically 

characterized at four positions in order to establish whether 

the seized material was consistent with any of the reactors 

for which the UK had been given data. In order to achieve this, 

each institution in the UK team worked independently with dif-

ferent approaches — radiochemistry and isotopic correlations 

(AWE), reactor type multivariate analysis (NNL), and Laplacian 

Eigenmaps (University of Liverpool). A discussion of each of 

these methodologies follows.

Radiochemistry and Isotopic  
Correlations
The reactor data, including the Erato data when available, were 

processed in a Microsoft 2003 Excel Workbook using lookups, 

advanced filters, and Visual Basic for Applications (VBA) code. 

The isotopic correlations relating to fluence, reactor type, or 

fuel enrichment detailed in Table 1 were plotted. It was ob-

served that the Tethys reactor data could be subdivided into 

two populations for many of these plots with the first popu-

lation consisting of Tethys samples 1-5 and 11-16, and the 

second population consisting of Tethys samples 6-10. Isotopic 

correlations were plotted using the Tethys data split into two 

populations. The usefulness of selected correlations will now 

be discussed. 

Figure 1 is a plot of Pu-238/Total Pu vs. Pu-242/Pu-240. 

According to Wallenius Peerani and Koch,1 this plot can dis-

cern reactor type, however this is aimed mainly at distinguish-

ing gas-cooled/graphite-moderated reactors from water cooled 

and moderated reactors and poorly resolves BWR and PWR 

reactors. The Erato data are plotted along with the three refer-
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ence reactors data in Figure 1. From this plot Janus data could 

be separated from the remaining reactor data due to the Janus 

data set being closer to the origin, however this is a function of 

length of irradiation of that sample rather than the isotopics of 

the reactor type.

From the plot of U-235/Total U vs. Total Pu/Total U (Figure 

2), it is evident that the Janus data set possesses a lower Total 

Pu/Total U range of values than any of the PWR reactors and 

Erato. Similarly, plots of Pu-241/Total Pu vs. U-236/Total U (Fig-

ure 3) and U-235/Total U vs. Pu-241/Pu-240 (Figure 4) clearly 

distinguish between Janus and the other reactor data, includ-

ing Erato. For all three plots, Erato remains close to the PWR 

data, specifically that of the Tethys reactor. The similarity of the 

Tethys and Erato data in plots of Pu-238/Total Pu vs. Pu-241/

Pu-240, and Pu-238/Total Pu vs. Pu-242/Pu-241 was taken as 

showing a correlation between the two reactors (Figures 5 and 6).

Bi-variate plots with Pu-239, Pu-240, Pu-241 and Pu-242 

distinguish between the reactor materials and reduce the in-

fluence of initial fuel enrichments on the isotopic correlations. 

Figure 7 is a plot of Pu-240/Total Pu vs. Pu-241/Total Pu. The 

plots show the three reactors (Anthe, Janus and Tethys) are 

clearly resolved with the seized sample, Erato, overlapping the 

Tethys reactor data. Decay correction of the Pu data in Figure 

7 with the cooling times of the reactors and an NNL estimated 

cooling time of two years for the seized fuel pin did not alter 

the observed correlation between Tethys and Erato.

Other plots were less useful due to either the lack of data 

for the BWR reactor, Janus, or the poor discrimination between 

the reactors and Erato. Examples of this include U-235/Total U 

vs. Pu-242/Pu-241 (Figure 8) where there is overlap between 

Erato and all of the reactors and Cs-137/Total U vs. Total Pu/

Total U where although there is reasonable distinction between 

Tethys and Erato, no data are available for Janus (Figure 9). 

Discrepancies arising from other isotopic correlations are 

challenging to explain. A plot of Am-241/Total U vs. U-235/Total 

U (Figure 10) shows that the Erato data no longer correlate well 

with the Tethys reactor. The source of this discrepancy is not 

obvious but it is possible that the poor correlation in this plot is 

due to a combination of irradiation history and post irradiation 

cooling time or sample age (via a plot of Pu-238/Total Pu vs. 

Am-241/Pu-241, Figure 11). The time in years elapsed from last 

processing derived from the Am-241 and Pu-241 data for each 

Erato and Tethys measurement is given in Table 2. Except for 

Am-241 and Pu-241, most chronometers are not valid as the 

plutonium daughters are all uranium isotopes. Decay correction 

of the data using the cooling times of the reactors and an NNL 

estimated cooling time of two years for the seized fuel pin did 

not improve the correlation between Tethys and Erato.

A plot of U-236/U-238 vs. U-235/U-238 reveals that the 

Tethys data are split into two populations bordering the Erato 

data (Figure 12). Assuming negligible U-236 is present in the 

Table 1. The Isotopic correlations examined Table 2. Elapsed time since last processing from Am-241 and Pu-241
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fuel prior to irradiation; the intercept on the ordinate axis is a 

measure of initial U-235 fuel enrichment. The two Tethys popu-

lations indicate an enrichment of 2.9 and 4.6 percent. From 

this plot, Erato has an enrichment of 3.5 percent. The initial 

enrichment of Erato is between the two populations of Tethys. 

If the operating records for the Tethys reactor were available 

they could be examined to establish whether any fuel with an 

enrichment of 3.5 percent had been used in the reactor, and if 

Figure 1. Pu-238/Total Pu vs. Pu-242/Pu-240 for the reactors and the 
seized fuel pin

Figure 4. U-235/Total U vs. Pu-241/Pu-240 for the reactors and the 
seized fuel pin

Figure 2. U-235/Total U vs. Total Pu/Total U for the reactors and the 
seized fuel pin

Figure 5. Pu-238/Total Pu vs. Pu-241/Pu-240 for the reactors and the 
seized fuel pin

Figure 3. Pu-241/Total Pu vs. U-236/Total U for the reactors and the 
seized fuel pin

Figure 6. Pu-238/Total Pu vs. Pu-242/Pu-241 for the reactors and the 
seized fuel pin
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the differing enrichments of the Tethys data and the seized fuel 

pin Erato provide a suitable means of discrimination. 

The isotopic correlations examined allowed the elimination 

of the Janus reactor data as these were observed to be least 

correlated to Erato. With Janus eliminated, linear discriminant 

analysis (LDA)2 was applied to selected data sets to establish 

whether the Erato data were consistent with either the Tethys 

or the Anthe reactors. 

Figure 7. Pu-240/Total Pu vs. Pu-241/Total Pu for the reactors and the 
seized fuel pin

Figure 10. Am-241/Total U vs. U-235/Total U for the reactors and the 
seized fuel pin

Figure 8. U-235/Total U vs. Pu-242/Pu-241 for the reactors and the 
seized fuel pin

Figure 11. Pu-238/Total Pu vs. Am-241/Pu-241 plots for the reactors 
and the seized fuel pin

Figure 9. Cs-137/Total U vs. Pu-242/Pu-241 for the reactors and the 
seized fuel pin

Figure 12. U-236/Total U vs. U-235/Total U for the reactors and the 
seized fuel pin. The colour of each regression equation matches its 
equivalent regression line.
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LDA of the U-235/Total U vs. Total Pu/Total U data is able 

to comprehensively discriminate between Anthe and Tethys. 

As can be seen in Figure 13, LDA enables 100 percent correct 

classification of both Anthe and Tethys training data sets. LDA 

also identifies the four Erato datapoints as being consistent 

with the Tethys data set. The same conclusions can be made 

from LDA of the U-235/Total U vs. Pu-241/Pu-240 correlation 

(Figure 14), which also allows for 100 percent correct classifi-

cation of the reactor data. Other isotopic correlations identify 

Erato as being consistent with the Tethys reactor. Percentage 

correct classification scores as calculated from the LDA Confu-

sion Tables are provided in Table 3 and provide an indication of 

which isotopic correlations best provide the capability to distin-

guish between the two PWR reactors.

From the radiochemistry and isotopic correlations, it can 

be concluded that the Erato seized fuel pin is consistent with 

material from the Tethys reactor. The level of confidence was 

adjudged to be suggestive positive from the uncertainties on 

the regression lines and the similarities between the ranges of 

abscissa and ordinate values for the Tethys and Erato data sets 

in the isotopic correlation plots presented previously. A higher 

level of confidence was not ascribed as there is a need to bet-

ter understand isotopic correlations involving Am-241 and the 

differing initial U-235 enrichment. Anthe and Janus were both 

adjudged to have a suggestive negative level of confidence for 

correlation with Erato. A further potential source of uncertainty 

is whether the seized fuel pin could correspond to operating 

conditions in another reactor for which the UK had not been 

given data in the exercise, especially due to the different initial 

U-235 enrichment. For instance, the Janus material data are 

notable for their low burnup. Higher burnup material from the 

Janus reactor would be closer to the Anthe or Tethys reactor 

data, and reduce the effectiveness of the isotopic correlations 

at discriminating between the different reactors.

Reactor Type Multivariate Analysis (NNL)
NNL used a program called PuC for this desktop exercise. PuC 

was a pre-existing code that was developed as a tool to de-

termine the origin of unknown plutonium samples that uses 

only the measured plutonium isotopic vector (Pu-238, Pu-239, 

Pu-240, P-241, Pu-242, and Am-241). PuC is based on a mul-

tivariate plot that provides maximum discrimination between 

different reactor types. The multivariate plot was originally ar-

rived at using plant data from reprocessing operations, where 

the arbitrary linear coefficients applied to the plutonium iso-

Figure 13. U-235/Total U vs. Total Pu/Total U LDA plot

Figure 14. U-235/Total U vs. Pu-241/Pu-240 LDA plot

Figure 15. PuC diagram showing the Tethys, Anthe, Janus and Erato 
datapoints superimposed on the in-built library trajectories
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topic vector were optimized to separate the different reactor 

types in the plotting space. A library of pre-calculated evolu-

tionary tracks was generated for different reactor types and 

initial U-235 enrichments, using a multi-group lattice program. 

The evolutionary tracks show how the plutonium isotopic vec-

tor evolves as a function of burnup and provide a set of known 

reference against which a sample can be compared. PuC over-

lays the sample data on the plot and provides various graphical 

tools that the user can use to refine the assessment. This ap-

proach can be used to identify the reactor type and estimate 

the discharge burnup of the sample, as well as the initial en-

richment. The built-in library covers all the major commercial 

reactor types worldwide.

Figure 15 shows the library evolutionary tracks with the 

Janus, Tethys, Anthe, and Erato datapoints superimposed on 

them. All the tracks originate from the origin at the bottom left, 

which corresponds to zero burnup, at which point the trace 

amounts of plutonium produced will only contain Pu-239. As 

the burnup increases, the minor isotopes build up and produce 

the divergent evolutionary tracks shown.

Using its in-built graphics functions, PuC was used to 

assign the best fit for each Erato sample to the in-built library. 

Table 4 summarizes the results. In each case, PuC indicates 

that the best fit is to a PWR, with the estimated discharge 

burnups ranging from 12 to 28 GWd/t and the initial enrich-

ments ranging from 3.5 to 4.0 w/o. These estimated discharge 

burnups are very close to those from the Nd-148 measure-

ments for Erato samples 1 and 2. However, for Erato samples 

3 and 4 the PuC burnups are slightly higher than the Nd-148 

measurements indicate. 

Examination of Figure 15 shows clearly that the Janus 

datapoints are distinct from the others and that the Erato points 

do not match them. Though the Tethys and Anthe datapoints 

overlap to some extent, the Erato points clearly fit best with 

the former. Interestingly, although the Anthe data are known 

to originate from a PWR, they fit more closely with the BWR 

evolutionary tracks. The explanation for this anomaly is not evi-

dent, but it is notable that some early PWR cores shared some 

features such as large water gaps and cruciform control rods 

that are now only found in BWRs. Table 5 identifies which 

Tethys datapoint most closely matches each Erato datapoint. 

In some cases, it was difficult to differentiate between two 

Tethys samples, hence why two matches are given in the table.

The final conclusion from PuC is that the Erato datapoints 

best fit Tethys, though there is some overlap with Anthe. 

Figure 16. LE visualization of the Anthe, Tethys, and Erato samples 
based on the features Pu-238, Pu-239, Pu-240, Pu-241, Pu-242, U-234, 
U-235 and U-238

Table 3. LDA of selected isotopic correlations
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Laplacian Eigenmaps (University of  
Liverpool)
The reactor data sets and seized Erato sample were extracted 

from their respective raw file formats using custom Matlab 

scripts and transferred into the Matlab environment (Math-

works Inc.) in matrix form. Principally our investigation has fo-

cused on visualization of the data set using an unsupervised 

spectral reduction method called Laplacian Eigenmaps (LE) to 

facilitate dimensional reduction. Unlike other dimensional re-

duction methods that are based on finding orthogonal direc-

tions that maximize data variance, LE will preserve character-

istics of the original high-dimensional feature space, such as 

pairwise proximity information between the original samples. 

LE works by converting the n×d data matrix X to an n×n 

similarity matrix W=[wij], where wij represents the similarity be-

tween the ith and the jth rows of X, that is samples xi and xj. We 

have used Gaussian similarities between samples with a vari-

ance set to the median of the distances to measure the similar-

ities for the matrix. The samples are then projected nonlinearly 

to a lower dimensional space of k dimensions where original 

d-dimensional samples xi correspond to k-dimensional embed-

dings zi. This is achieved by minimizing the sum of weighted 

pairwise distances between all n embeddings.3,4 To facilitate vi-

sualization we have projected our eight original features repre-

senting the sample measurements of Pu-238, Pu-239, Pu-240, 

Pu-241, Pu-242, U-234, U-235, and U-238 and projected these 

to a three-dimensional embedding. The three dimensional em-

bedding has then been plotted to provide a visual representa-

tion of the data set. 

The Janus reactor design has been eliminated from anal-

ysis based on the radiochemistry and isotopic correlations 

discussed previously. As there are no features consistent be-

tween all sample groups it has been necessary to exclude the 

Janus samples from further analysis. The Erato, Anthe, and 

Tethys samples have been visualized using LE dimensional 

reduction of the eight features that are common between 

these sample groups (Pu-238, Pu-239, Pu-240, Pu-241, Pu-242, 

U-234, U-235, and U-238) and the results from this analysis can 

be seen in Figure 16. It is immediately apparent that three of 

the samples from the Erato pin are very closely grouped and 

the fourth sample appears to be somewhat of an outlier. The 

proximity of the cluster of Erato samples to the representative 

set of Tethys datapoints suggests that the sample would be a 

more likely candidate for the Tethys reactor. It should also be 

noted that although its nearest neighbor is a Tethys sample, the 

outlier Erato sample is near to a number of Anthe datapoints. 

Based on this analysis, it can be concluded that the seized Era-

to sample could have originated from the Tethys reactor. Sim-

ilarly, this analysis supports a conclusion that the seized Erato 

sample could not have originated from the Anthe reactor.

In addition to the Anthe, Tethys, and Janus samples, our 

analysis has taken advantage of a representative data set of 

3,682 samples generated using the FISPIN depletion codes.5 

Each sample represents the calculated isotopic composition of 

a given material with a variation of five different characteristics, 

reactor design, enrichment, irradiation, rating and cooling peri-

od. Figure 17 shows the visualization of the four Erato samples 

plotted with the FISPIN data set using LE dimensional reduc-

tion of eight features (Pu-238, Pu-239, Pu-240, Pu-241, Pu-242, 

Figure 17. LE visualization of the FISPIN and Erato samples based on 
the features Pu-238, Pu-239, Pu-240, Pu-241, Pu-242, U-234, U-235 
and U-238

Table 4. PuC best fits to the Erato samples

Table 5. Closest matches for each Erato sample
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U-234, U-235, and U-238). Samples from the FISPIN data set 

have been categorized into the five representative reactor de-

signs of AGR, BWR, Magnox, CANDU, and PWR, as shown in 

Figure 16. Based on this visualization we can conclude that the 

Erato samples would likely have originated from a PWR reactor 

design as the four Erato samples fall well within this region of 

the feature space. However, it should be noted that this inves-

tigation has the limitation of only being able to determine the 

reactor design within the confines of the class labels that we 

have available, namely the five reactor designs of this data set. 

Further to our visualization work the data set has been clas-

sified using a classification method called Parzen window. The 

posterior probability is estimated from the data using the Parzen 

window technique, whereby a window function is employed for 

counting the number of samples that fall within a region of fixed 

volume and the class likelihood can be calculated.3 The Parzen 

classifier has been implemented to determine the class of the 

Erato samples using the same data sets that were used for the 

visualization. The outcome of this classification has been used 

to quantitatively determine the most likely class of the Erato 

samples. As with the visualization the FISPIN data set has been 

used to determine the reactor design and the Anthe and Tethys 

data sets were used to determine the most likely reactor for this 

exercise. Classification with the FISPIN data set has positively 

identified the Erato samples as a PWR reactor. Based on the 

visualization work in Figure 17 this clearly supports the identi-

fication of the samples as a PWR reactor source. Furthermore, 

the classifier has identified the Erato samples as nearer to the 

Tethys reactor when compared with the Anthe samples, sup-

porting the outcome from visual analysis of Figure 16.

From analysis of the classification work and visualization it 

can be concluded from our investigation that the Erato sample 

would have originated from a reactor with PWR reactor design 

and the most likely candidate reactor is that of the Tethys data 

set. Notably, this investigation has assumed no prior knowl-

edge from the field of nuclear forensics and has been based 

solely on the application of pattern recognition techniques that 

could be widely used without the need for and in-depth knowl-

edge of nuclear reactions and compositions. Our approach al-

lows one to determine details about a given sample quickly, 

based on access to and expertise in the LE methodology. Such 

an approach might prove advantageous, especially where con-

clusions are needed promptly. However, it should be noted that 

there is a strong reliance on having a good set of representative 

training data such as those used in our investigation. 

Conclusions at the End of the Exercise
The UK team found that the seized reactor pin, Erato was con-

sistent with a PWR reactor pin. Based only on the data provid-

ed, the seized reactor pin was most consistent with the reactor 

Tethys. This allocation was made by three different approach-

es. The level of confidence was adjudged to be suggestive 

positive due to the difference in initial fuel enrichment and the 

need to better understand isotopic correlations involving Am-

241. Comparisons between Erato and the other two reactors, 

Anthe and Janus, were at a suggestive negative confidence 

level. The possibility should be acknowledged that the seized 

fuel pin data may well be consistent with other PWR reactors, 

especially those built to similar designs around the world. The 

assumption is made that the reactor data correspond to the 

operating conditions employed at each reactor. Materials pro-

duced from unusual operating conditions may not correlate 

with the isotopics provided for each reactor, and the effective-

ness of examining isotopic correlations will be diminished.

Comments Subsequent to the  
Revelation of the Scenario
Siarnaq was the source of the seizure in the Galaxy Serpent 

exercise. This reactor was not amongst the reactors supplied 

to the UK team. The UK team considered that the seized fuel 

pin was consistent with the Tethys reactor with a suggestive 

positive level of confidence. The main discrepancies identified 

between Tethys and the seized fuel pin were the differing initial 

fuel enrichments and the lack of correlation for plots involving 

Am-241. Whilst a suggestive positive level of confidence was 

expressed that the seized sample was consistent with Tethys; it 

was also stated that the data may well be consistent with other 

PWR reactors. Indeed, like Tethys, the Siarnaq reactor is another 

PWR; a comparison between the seized fuel pin, Siarnaq and 

Tethys would be a valuable future test of our methodologies. 

The UK conclusion that Erato was not Janus or Anthe was 

correct. 

The fact that Erato was not Tethys illustrates the problems 

that would be found in a real nuclear forensic case:

1.	 Each fuel rod in a reactor has a slightly different irradiation 

history, and there may be several different initial enrich-

ments used in a core loading, and indeed over the reac-

tor’s operational life.

2.	 If a fuel rod comes from a different reactor than that which 

one has data for, due to the laws of physics, irradiation 

conditions and effects tend to produce similar ratios; thus, 
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although it may be possible to differentiate reactor types, 

it is very difficult to state categorically that a sample came 

from a specific reactor if the choice is between two similar 

reactors.

Thus, the UK conclusion was suggestive positive for Te-

thys: Tethys and Erato appeared to be similar, but not identical. 

Following the approaches made in this paper, the belief that 

Erato may have been Tethys would have been further inves-

tigated. Presumably at this later stage, it would be found that 

Tethys never had 3.5 percent fuel in it and would then have 

been eliminated. There would be no need to inspect Janus and 

Anthe records.

Such data set comparisons are thus only the first stage 

of a nuclear forensics investigation. For a country with a large 

number of reactors, the analysis may allow those of interest to 

be selected, especially if the country has many different reac-

tor types, e.g., the UK. However, if the country has many reac-

tors of similar designs, e.g., France, defining which reactor is 

the source of such a seizure would be difficult.
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Abstract
The Centre for Energy Research, Hungary, participated in 

Round 3 of the Galaxy Serpent virtual tabletop exercise (TTX). 

In the round of this TTX, four samples from a hypothetical 

spent nuclear fuel (SNF) seizure had to be identified using data-

bases originating from three reactors based on SFCOMPO, an 

existing public domain international database of spent nuclear 

fuel originated from light-water reactors. The Hungarian Team 

created a model national nuclear forensic library (NNFL) using 

correlations of isotopes/total U vs. burnup. These correlations 

were treated as unique for each reactor and would be relevant 

for identification. Comparison for SNF was applied to deter-

mine whether or not the seized material was consistent with 

the data in the NNFL. Some conclusions are given regarding 

the origin of the seized samples using the method.

Introduction
In the context of the Galaxy Serpent virtual tabletop exercise 

(TTX) samples from a hypothetical spent nuclear fuel (SNF) sei-

zure had to be identified using databases originating from three 

reactors based on SFCOMPO, an existing, public domain inter-

national database of spent nuclear fuel. Originally, SFCOMPO 

contains isotopic compositions for fourteen light-water nuclear 

reactors, seven pressurized water reactors, and seven boiling 

water reactors, from four countries (Germany, Italy, Japan, and 

the United States).1

Isotopic composition of spent nuclear fuel (SNF), obtained 

in post-irradiation experiments (PIE) is one of the important 

components required in the validation of burnup credit meth-

odologies. It is the basis for the evaluation of several properties 

of SNF, including decay heat, radiation dose, and the neutron 

multiplication factor of any configuration containing spent fuel. 

Since the determination of this isotopic composition is usually 

carried out using calculation tools, the validation of these tools 

is an important aspect to be taken into consideration.2

SFCOMPO data is most useful in developing isotope cor-

relations corresponding to the reactors. These isotope cor-

relations are generally expressed as isotopic ratios versus a 

surrogate for exposure time in the reactors (e.g., burnup, build-

up of Pu, etc.). Using such correlations, it is anticipated that 

mathematically well-behaved patterns can be constructed for 

each reactor, and these correlations will identify differences 

between reactors or classes of reactors. In the frame of the 

Galaxy Serpent TTX, two tasks had to be carried out: creating 

a model national nuclear forensics library (NNFL) from provid-

ed SFCOMPO information, and using the NNFL to determine 

whether data provided from a hypothetical seized material are 

consistent or not with any of the materials described in the 

NNFL developed in the first phase.1

The NNFL created by the Hungarian team was based on 

the relationship between the ratios of isotopes/total U and burnup. 

The correlations of isotopes/total U vs. burnup were treated as 

unique for each reactor and therefore would be relevant for 

identification. Comparison for SNF was applied to determine 

whether or not the seized material was consistent with the 

data in the NNFL.

Method and Data
Creating a National Nuclear Forensic Library 
As described in the introduction, the isotope correlations can 

be obtained as isotopic ratios versus a surrogate for exposure 

time in the reactors (e.g., burnup, build-up of Pu, etc.). Using 

such correlations it is possible to identify differences between 

reactors or classes of reactors. In this work the burnup was 

used for creation of classes from reactors and to find the origin 

of hypothetically seized SNF samples. The basic assumption is 

that neutron fluence distribution in the reactor zone is different 

in every reactor. Therefore, using burnup and various isotope 

correlations as well as initial enrichment as parameters of the 

nuclear fuel characteristic data and distinct classes can be ob-

tained from the data of reactors. As described in References 3 

and 4, the content of Cs-137 in a module vs. burnup, the ratios 
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of U235/total U and total Pu/total U vs. burnup were treated as 

unique for irradiated material originating from 3.6 percent U235 

enriched fuel assemblies in reactor VVER-440 at Paks Nuclear 

Power Plant. These correlations were considered for calculat-

ing the content of U-235 and U total and Pu total in mixed ir-

radiated materials. 

In this work, in the frame of the Galaxy Serpent TTX, the 

content of an isotope vs. burnup in unit mass of irradiated ma-

terial were treated as unique for each type of reactor. Therefore 

these relationships were considered as an available basis for 

creating NNFL, then for identification of seized samples. The 

NNFL created by the Hungarian Team from three different re-

actors (Daphnis, Enceladus [3BWR], Siarnaq) has three sets of 

following ratios of isotopic/total U vs. burnup: 234U/Total U, 235U/

Total U, 236U/Total U, 238Pu/Total U, 239Pu/Total U, 240Pu/Total U, 
241Pu/Total U, 242Pu/Total U, 241Am/Total U, 242Am/Total U, 137Cs/

Total U, 237Np/Total U vs. burnup. Mathematically, here the total 

U in ratio of the isotopic/total U was a normalized factor for unit 

mass. In the first approaches, the value of the total U was not 

changed during irradiated time.

In the TTX, three databases from three different reactors 

(Daphnis, Enceladus (3BWR), Siarnaq) were provided in spread-

sheets (Excel files). While the NNFL created by the Hungarian 

team were temporarily represented in twelve figures, in each 

figure there were ratios of one type isotopic/total U vs. burnup 

of three reactors (Daphnis, Enceladus (3BWR), Siarnaq).

Identification of Hypothetical Seized Material
The names of seized samples were Melpomene 1-4. For identi-

fication of each seized sample, the value of isotopic/total U vs. 

burnup was inserted into corresponding figure of NNFL. Com-

parison was applied to determine whether or not the seized 

material was consistent with the data in the NNFL. If the data 

of a seized sample corresponds to the NNFL data of two or 

more reactors, then the comparison must be continued using 

the data of another isotope. The use of more isotope charac-

teristics for comparison would increase the confidence level of 

identification.  

Results and Discussion
The results of our investigation can be seen in Figures 1-4, 

where the data of the seized samples were inserted into the 

Hungarian NNFL. 

Figures 1 and 2 show Melpomene seized samples on 

NNFL of ratios of U-235/total U and Pu-241/total U vs. burnup, 

respectively. They were two among twelve figures of NNFL 

created by the Hungarian team for three reactors (Daphnis, En-

celadus [3BWR], Siarnaq), in which the data points and distinct 

classes can be seen among the reactors. 

Figure 3 shows the ratio of U-234/Total U vs. burnup of the 

Melpomene seized samples in the NNFL (but without data of 

Siarnaq reactor). It can be seen that data points result in most of 

the cases distinct groups or classes among the reactors. More-

over in the case of the Daphnis reactor, two individual groups 

Figure 1. The ratio of U-235/total U vs. burnup of the Melpomene seized samples in the Hungarian NNFL
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Figure 3. The ratio of U-234/total U vs. burnup of the Melpomene seized samples in the Hungarian NNFL

Figure 2. The ratio of Pu-241/total U vs. burnup of the Melpomene seized samples in the Hungarian NNFL
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can be found within the reactor. Considering the fitting of the 

data points of the seized samples it is seen that they are consist-

ent with the data points of one group of Daphnis reactor (Pin 1).  

Figure 4 illustrates the individual groups of Daphnis reactor 

(Pin 1 and Pin 2) and the fitting of the data points of the seized 

samples into Daphnis Pin 1 group.

Conclusion
In the framework of the Galaxy Serpent virtual tabletop exer-

cise, four spent nuclear fuel samples from a hypothetical sei-

zure had to be identified using databases and different other 

parameters originating from three reactors based on SFCOM-

PO open-source international database. The Hungarian team 

used the burnup as main characteristic parameter of SNF to 

create a NNFL for determining the origin of the hypothetically 

seized SNF samples. Investigating different isotope correla-

tions as functions of burnup, different classes of reactors were 

separated. Based on the analysis of the relevant parameters 

of the seized samples all of the four items could be associ-

ated with the material from reactor Daphnis. For reliable con-

clusions further investigations would be necessary to analyze 

more characteristic parameters and use mathematical and sta-

tistical evaluations. It is also important to note that for such 

kind of investigations the knowledge of reactor operation and 

spent fuel characteristics is also important together with well-

used statistical evaluations. Organization of such kind of virtual 

tabletop exercises in other topics (e.g., with fresh fuel data) 

would be also highly useful for the establishment of NNFL’s in 

individual countries.

Éva Kovács-Széles, PhD, works at the Centre for Energy 

Research, Hungarian Academy of Sciences and holds an MSc 

in chemistry. 

Sándor Szabó works at the Centre for Energy Research, 

Hungarian Academy of Sciences and holds an MSc in physics.

Tam Cong Nguyen, PhD, works at the Centre for Energy 

Research, Hungarian Academy of Sciences and holds an MSc 

in physics.

References
1.	 ITWG. 2013. National Nuclear Forensic Library, Virtual 

Tabletop Exercise, Galaxy Serpent, Technical Guide for 

Players, 5 February 2013, 1-3.

2.	 Suyama, K., Nouria, A., Mochizukib, H., and Nomurac, Y. 

2003. SFCOMPO: A Database for Isotopic Composition 

of Nuclear Spent Fuel. Current status and Future Devel-

opment, Proceedings of the Storage of Spent Fuel from 

Power Reactors 2003 Conference, Vienna, 2–6 June 

2003, IAEA-CN-102/58, 442-449.

Figure 4. The ratio of U-234/total U vs. burnup of the Melpomene seized samples in the Hungarian NNFL (Zoom in Reactor Daphnis Pin 1)



69Journal of Nuclear Materials Management Summer 2014 Volume XLII, No. 4

3.	 Nguyen, C. T., Almasi, I., Lakosi L., Zsigrai J., Buglyo, N., 

Pasztor, C., and Beier, M. 2010. Non-destructive Mea-

surement of U and Pu Content of Inhomogeneous Items 

Originating from Spent Fuel, Proceedings of the IAEA 

Symposium on International Safeguards: Preparing for 

Future Verification Challenges, IAEA Vienna, 1-5 Novem-

ber 2010, IAEA-CN-184/252.

4.	 Nguyen, C. T., Almasi, I., Hlavathy, Z., Zsigrai, J., Lakosi, 

L., Nagy, P., Parko, T., Pos, I. 2013. Monitoring Burnup of 

Spent Fuel Assemblies by Gamma Spectrometry, IEEE 

Transactions on Nuclear Science, 60, 2, 1107-1110.



Topical Papers

70 Journal of Nuclear Materials Management Summer 2014 Volume XLII, No. 4

U and Pu Isotopic Correlations to Check Consistency of Seized Nuclear 
Material Against a Known Inventory
Team Sweden Effort to Create and Use a Virtual National Nuclear Forensic Library (NNFL) in the 
Galaxy Serpent Tabletop Exercise

Anders Axelsson 
Swedish Defence Research Agency, Stockholm, Sweden 
 
Henrik Ramebäck and Björn Sandström 
Swedish Defence Research Agency (FOI) 
Umeå, Sweden

Abstract
As a part of the Galaxy Serpent Tabletop Exercise, a rudimen-

tary notional national nuclear forensic library (NNFL) was cre-

ated. The NNFL was based on irradiated fuel sample analysis 

data provided by the exercise management. It was then used 

to evaluate data from a notional seized material. Our effort was 

concentrated on a small number of uranium and plutonium iso-

topic ratio correlations to draw conclusions on the consistency 

of the seized material data against data in the NNFL to answer 

the question if the seized material could have originated from 

the inventory described by the NNFL. The isotopic relation-

ships used were selected based on several criteria, including 

known high discriminatory power in most cases involving irradi-

ated uranium fuel, universality (data available for all materials in 

the NNFL and for the seized material), constancy (no short half-

lives involved) and low measurement uncertainty. Our analysis 

resulted in a clear negative conclusion: the unknown sample 

data did not match any material in the notional NNFL. In addi-

tion, problems and possible strategies foreseen for setting up 

a real NNFL in a state with a comprehensive nuclear fuel cycle 

over many decades are discussed, stressing the central role 

of operating and accountancy records in conjunction with fuel 

depletion modeling to make maximum use of costly sampling 

and analysis in mapping a complex nuclear material inventory 

into a useful NNFL.

Introduction
Nuclear decay and technological processes such as enrichment 

and neutron irradiation cause regular and predictable changes 

in the isotopic composition of nuclear material. Therefore, pre-

cise and accurate isotopic data can be used to form conclu-

sions about the history and identity of such material. Various 

techniques based on measurement and analysis of isotopic re-

lationships can be used in nuclear safeguards where examples 

range from verification of operator declarations concerning nu-

clear material1,2,3 to environmental sampling techniques aimed 

at detecting undeclared nuclear material and activities.4,5,6 An-

other application, the focus of this work, is forensic investiga-

tion aimed at establishing possible connections of a seized 

specimen outside of regulatory control to known inventories 

of nuclear material. 

Although access to precise and accurate measurement 

data for judiciously chosen parameters obviously form a basic 

prerequisite for any nuclear forensic capability, correct and ef-

ficient evaluation of data is also critical. The information, tools 

and methods and above all the skill sets required need to be 

identified and maintained. Therefore, reaching out to the ad-

equate subject matter experts (SME) is important. Such SME 

could be persons with extensive knowledge of, e.g., different 

parts of the nuclear fuel cycle.

The range of analytical techniques available for post-irra-

diation analysis of nuclear material, and the range of measure-

able parameters produce a potentially large dimensionality of 

the resulting data set. Multivariate statistical approaches have 

been explored in order to compress the dimensionality and 

make optimum use of the available information.7,8 Alternatively, 

a small number of specific relationships known from experi-

ence and from nuclear physics and engineering principles to 

provide powerful discrimination regarding properties of inter-

est, such as fuel enrichment, power history or reactor and fuel 



71Journal of Nuclear Materials Management Summer 2014 Volume XLII, No. 4

type, may be selected. The latter approach has been used in 

this work.

Theory
Irradiation of uranium fuel in a nuclear reactor causes deple-

tion of the fissile isotope 235U and buildup of heavier uranium 

isotopes and other actinides: 236U and progressively heavier 

isotopes of neptunium, plutonium, americium, and curium. Ob-

viously, many other nuclides are available for analysis of this 

and other nuclear and radiochemical processes. However, the 

discussion in this short paper will mainly be limited to analysis 

based on actinide isotopic ratios and their correlations in irra-

diated uranium fuel. Besides being most relevant to the task 

presented by the Galaxy Serpent Tabletop Exercise (TTX), ac-

tinide isotopic data generally have the advantage of being more 

directly specific to the identity and provenance of a material. 

Pragmatically, data available from sample analysis are often, 

due to the measurement methods used, more precise and ac-

curate for the major actinides (uranium and plutonium) than for 

e.g., the fission products, particularly if the sample is of un-

known origin.

The build-up rates of actinides depend on the interplay of 

neutron reactions causing capture or fission, and nuclear decay 

of short-lived nuclides at intermediate steps. The capture and 

fission reaction cross sections for each nuclide in a build-up 

chain vary with the neutron spectrum, which in turn is deter-

mined by details in reactor and fuel design such as the iso-

topic composition of the fuel and the type of moderator and 

its distribution relative to the fuel. The build-up of nuclides in 

chains that contain short-lived members is also influenced by 

the relative rate of neutron capture reactions and nuclear decay 

of those members, which therefore introduces a dependence 

on the neutron flux, a reactor operating parameter.

Use of Uranium and Plutonium Isotopic 
Correlations to Identify Nuclear Material
The ratios of uranium and plutonium isotopes in spent uranium 

fuel are easily measured and useful signatures for evaluating 

similarities and differences between different fuels.  Specifi-

cally, 235U is depleted though fission and neutron capture to 

produce 236U, and 239Pu and heavier isotopes of plutonium are 

created through neutron capture on 238U. The ratios between 

uranium and plutonium concentrations and isotopic composi-

tions change with irradiation exposure (or burnup), and follow 

predictable trajectories. These trajectories change shape based 

on initial fuel composition, the neutron spectrum the fuel is ex-

posed to, and the irradiation history of the fuel. The build-up of 
238Pu (by neutron capture in 236U, followed by decay to 237Np, a 

second neutron capture and finally decay to 238Pu) is also sensi-

tive to the neutron flux, since it is governed by the relative rates 

of decay and neutron capture in the short-lived isotope 237U.

After irradiation, the process of nuclear decay will cause 

additional changes to the isotopic composition of the mate-

rial. Among the major actinides, a process often of interest in 

nuclear forensics is the beta decay of 241Pu to 241Am. The half-

life of 14.3 y means that in some circumstances a plutonium 

containing material can be dated on the basis of the 241Am/241Pu 

ratio. 9 Lack of knowledge of the initial (end-of-irradiation) 241Am 

concentration places a limit on the achievable accuracy, and in 

relative terms this limitation will be more severe for recently 

irradiated material. The initial 241Am concentration can be es-

timated with varying accuracy by modeling the irradiation pro-

cess, provided other information (e.g.,  a burnup estimate) is 

available to constrain the modeling.

Modeling is often useful in order to illuminate and under-

stand the systematic effects in isotopic correlations in known 

materials, and to test hypotheses concerning the provenance 

of a material of unknown origin. A number of depletion codes 

of varying sophistication exist to model the effects of neutron 

irradiation of e.g., uranium fuel.

Method
For the Galaxy Serpent TTX, we received and incorporated 

into a rudimentary national nuclear forensic library (NNFL) a 

data set comprising measurement results for a total of fifty-

six samples from three different reactors: nine, sixteen, and 

thirty-one samples from Anthe, Tethys, and Janus reactors, 

respectively. A total of eighty-one different parameters were 

represented in the data set, counting each ratio as one param-

eter only, even though many were provided both as atom ratios 

and as weight ratios.  Only nineteen parameters were provided 

for all samples. In order to first compare all sample data on an 

equal footing where possible, initial efforts were focused on 

this subset of nineteen parameters, which included uranium 

and plutonium isotopic abundances and ratios, elemental ratio 

of uranium and plutonium, and fission-product based burnup 

estimates. In addition, 241Am concentrations, while not pro-

vided for all samples, were nevertheless included in the initial 

structure of the NNFL when provided. Among the parameters 

not used were actinide concentrations (including some minor 
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actinides) as well as various fission and activation product con-

centrations and activity ratios.

The rudimentary NNFL consisted of a set of Excel spread-

sheets containing uranium and plutonium isotopic abundances 

and isotopic ratios as well as 241Am concentrations for each 

group of samples, including data from any unknown, seized 

material. An initial subdivision of the Anthe, Janus, and Tethys 

groups of sample data into three, one, and two different ma-

terials, respectively, was made based on differences in initial 

uranium enrichment evident from plotting the 236U isotopic 

abundance versus the 235U isotopic abundance (see Figure 1). 

Each Anthe material (Anthe 1 – 3) was represented by three 

samples, Tethys material  1 by five and Tethys material  2 by 

eleven samples. Presumably, for a real NNFL, the owner of 

the material would be aware of the properties and origins of 

different materials in his custody and could make this useful 

grouping based on his own records. 

An adjustable time-before-measurement was also intro-

duced that allowed for decay correction of 241Pu and 241Am as 

well as for plutonium isotopic abundances due to the decay of 

short-lived 241Pu. This was for the purpose of age-dating and for 

comparison to modeling results referring to a past point in time 

(e.g., the end of irradiation).

The SCALE fuel depletion code10 was used to model irra-

diation of uranium fuel in a reactor. A set of irradiation scenarios 

was chosen that would roughly reproduce the uranium isoto-

pic relationships in the NNFL. No particular effort was spent 

on scenario selection beyond specifying initial uranium enrich-

ment to reproduce the data. The models chosen were simply 

the closest to hand: a combustion engineering (CE) 14x14 PWR 

fuel assembly model provided with the OrigenARP component 

of the SCALE package, and in one case a Westinghouse 17x17 

PWR fuel design modeled in-house using the Triton module 

in SCALE. The scope of this modeling was very limited in this 

case, simply aiming to confirm and solidify basic understanding 

of the materials in the NNFL as originating from the irradiation 

of different low-enriched uranium (LEU) fuels in thermal reac-

tors. It was also done in preparation for the potentially more 

challenging task of evaluating data from measurements on an 

unknown seized material. Generally, samples from such a sei-

zure might be expected to show different levels of burnup than 

samples in the NNFL, but might nevertheless represent the 

same fuel material.

The seized-material data set received comprised data from 

four samples, each characterized by fifteen parameters includ-

ing isotopic concentrations of uranium isotopes, plutonium iso-

topes, 237Np, 241Am, 242mAm, 137Cs, and 99Tc as well as burnup 

estimate based on 148Nd. Applicable parts of this data set were 

transformed to fit the structure of the rudimentary NNFL (i.e., 

isotopic abundances were computed from concentration data 

etc.) and compared to data for the known materials.

Results
Examining first some signatures of the six known materials in 

the NNFL (three Anthe materials, one Janus, and two Tethys 

materials), the uranium isotopic abundances shown in Figure 1 

follow SCALE-computed burnup trajectories that would be ex-

pected for LEU fuels with various initial enrichment in the ap-

proximate range of 2.4 – 4.1  percent. The initial enrichment 

estimates are approximate since without additional informa-

tion, we cannot know for certain what the 236U content of the 

fresh fuel was. However, this is of no consequence for the task 

of discriminating between different materials. Clearly, samples 

have been collected from fuel with different burnup (i.e., re-

sults fall at different positions along each trajectory), probably 

corresponding to different positions within the core but possi-

bly collected at different points in time in the operating history 

of fuel with a given enrichment. Lacking reference dates for 

the measurements, we avoid depending on the 241Pu isotopic 

data by expressing Pu isotopic relationships as ratios between 

isotopes 239, 240 and 242 only. Figure 2 shows 242Pu/239Pu vs. 
240Pu/239Pu isotopic ratios in the various samples and the trajec-

tories expected for the same SCALE fuel depletion scenarios 

Figure 1. Uranium isotopic abundances for known materials in the 
virtual NNFL and for the seized material (black). Also shown are model 
trajectories from SCALE.
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as shown in Figure 1. We note that the known materials group 

differently in the plutonium correlation plot: all three Anthe 

materials, with different enrichments, appear reasonably well-

described by the fuel design model chosen more or less ad 

hoc for the SCALE calculation. The two Tethys materials, also 

with quite different enrichment, nevertheless follow a more 

or less common trajectory that is different from the selected 

SCALE model and from the Anthe materials. The uranium and 

plutonium isotopic data clearly give complementary informa-

tion on the characteristics and origin of the various materials, 

as expected.

Turning to the task of discriminating the seized material 

from known materials in our inventory, we first compare the 

most basic isotopic correlation available for irradiated uranium 

fuel — the buildup of 236U with the depletion of 235U (Figure 1). 

It is evident that the seized material is on a different trajectory 

than any of the materials in the rudimentary NNFL (Figure 1), 

signifying primarily a different initial uranium isotopic composi-

tion, most likely (absent an unusually high initial 236U level in the 

fresh fuel) a different initial enrichment.  

As additional confirmation, the relative buildup of the 

heavier plutonium isotopes with irradiation exposure was used 

(Figure 2). This correlation depends more on the neutron spec-

trum than on initial fuel enrichment and therefore forms a use-

ful complement to the uranium burnup trajectory, as discussed. 

The trajectory of the seized material is clearly separate from 

any of the NNFL materials.

Discussion
Although the data provided for the “seized material” in the 

Galaxy Serpent TTX could be discriminated from any of the 

“known” materials in our inventory by straightforward com-

parison of uranium isotopic abundances, it is interesting to dis-

cuss some possible avenues of analysis if both the uranium 

and long-lived plutonium isotopic correlations (Figures 1 and 2) 

had been less conclusive. 

An obvious possibility is age-dating on the basis of the 

decay of 241Pu. The required 241Am data was available for the 

seized material, but only for the Anthe materials in the NNFL. 

Generally, to gain much information through the comparison 

of the 241Am/241Pu ratio from two measurements, reference 

dates for the two measurements are required. These were not 

provided for the TTX. However, on the reasonable assumption 

that the seized material was measured later than the known 

materials, one could have concluded from the much lower 
241Am/241Pu ratios in the seized compared to the Anthe mate-

rials that the seized material had been irradiated much more 

recently than any of the known materials from Anthe. In fact, 

the 241Am/241Pu ratios in the seized material are so low that it 

is difficult to construct an irradiation and decay scenario that 

would allow more than about a year between end of irradiation 

and measurement. If the owner knows that all materials in an 

inventory are considerably “older” than that, the 241Am data for 

the seized material would be a useful indicator that the seized 

material does not come from that inventory.

Other possible “tie-breakers” are available in the data 

for the seized material. They will be mentioned but not dis-

cussed in any detail since they were in fact not utilized and 

because the authors lack experience in using most of them for 

the purpose of identifying nuclear material. The concentrations 

of the fission product 137Cs (half-life 30.1 y) and the actinide 
242mAm (half-life 141 y) are possible “clocks” in the data for 

the seized material, although the latter was not available for 

all materials in the NNFL. Again, some information on relative 

reference dates for measurements would be required to use 

any timing information obtained to best advantage. Concentra-

tions of long-lived 237Np and its relatively short-lived (88 y) ac-

tivation product 238Pu are sensitive to neutron flux since they 

are produced by decay of short-lived 237U, in competition with 

neutron absorption. 238Pu would be the more attractive of the 

two as the data are more precise and since it would allow use 

of in-element abundance ratios. However, in view of its short 

half-life, independent knowledge of its age and/or relative mea-

Figure 2. Plutonium isotopic ratios for known materials in the virtual 
NNFL and for the seized material (black). Also shown are model 
trajectories from SCALE (same models as shown in Figure 1 for 
uranium isotopic abundances).
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surement dates would again be preferable. The fission product 
99Tc is long-lived (211500 y), but it is not clear that it should be 

expected to be sufficiently different between materials so simi-

lar that they cannot be distinguished on the basis of uranium 

and plutonium isotopic composition in the first place. Burnup 

estimates for the seized material were provided and could be 

useful if outside the range of burnup for material in the inven-

tory, known to the owner from operating records and possibly 

supported by sampling. 

The last point leads to the interesting problem of how an 

actual NNFL might be usefully and efficiently structured and 

populated in the case of a state with a large nuclear fuel cycle, 

having operated over many decades and resulted in a wide va-

riety of material differing in all the variables discussed so far— 

age, fuel, and reactor design, operating history, initial isotopic 

composition and so forth. Clearly, a strategy would be needed 

that minimizes the extent of costly sampling, analysis and 

sample storage and optimizes the usefulness of such activities 

when performed. Tentatively, it would seem that an extensive 

survey of the most detailed operating and accountancy records 

available would be beneficial as a first step. The results would 

be a natural part of an NNFL in themselves, but would also 

guide limited “pilot” sampling and analysis of material identi-

fied by the survey as located at the extremes in the variables 

of interest. What the detailed set of variables of interest should 

be needs much further study, but it would certainly include en-

richment and burnup, possibly for each reactor, for each major 

fuel design, for each fuel shipment received and so on. A next 

step might then be to model actinide, and probably fission and 

activation product isotopic concentrations for each fuel histo-

ry. When models have been developed that reproduce actual 

sampling results sufficiently well, they would constitute a ma-

jor tool in assessing whether an unidentified nuclear material 

came from the inventory described or mapped by the NNFL. 

Only quite limited additional sampling and analysis might be 

required to fill in critical gaps between extremes and further 

validate the models.

Conclusion
The Galaxy Serpent TTX task of distinguishing the “seized ma-

terial” from some materials in a virtual inventory on the basis of 

the sample analysis data provided could be solved in a straight-

forward way by application of uranium and plutonium isotopic 

correlations that were known to have particular discriminating 

power in most cases involving irradiated nuclear material. If the 

uranium and plutonium isotopic correlations used had proved 

to be ineffective for accomplishing the discrimination, other 

data provided might have been of use, particularly burnup es-

timates and age-dating on the basis of 241Am/241Pu ratios. For a 

large nuclear material inventory, based on an extensive nuclear 

fuel cycle, mapping the entire realm of possible signatures 

solely by sampling and analysis could become a prohibitively 

cumbersome and expensive endeavor, unless guided by a well-

conceived strategy. Such a strategy would most likely make 

extensive use of existing operating and accountancy records 

as well as of fuel depletion modeling. Ongoing and future work 

with development of the NNFL concept in different States will 

need to address some of these issues. 
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Abstract
In the framework of the Galaxy Serpent exercise, a data set of 

an unknown spent fuel material (code name Terpsichore) was 

compared against three data sets associated with three dis-

tinct reactors. The data of the known materials were compiled 

in a model national nuclear forensics library. The comparative 

evaluation aimed at (i) assessing whether the hypothetical sei-

zure is or is not consistent with material contained in the library, 

and, (ii) identifying the reactor the unknown material may be as-

sociated with. Two different evaluation methods were applied. 

The first one is based on the isotope correlation technique 

and concluded that one of the three known reactors (code 

name Siarnaq) as potential origin of the unknown material. The 

second method uses multivariate analysis for clustering and 

classification of the data, identifying the same known reactor 

(Siarnaq) as the likely origin of the Terpsichore material. Thus, 

the evaluation resulted in a consistent answer provided by two 

independent methods. In addition to demonstrating the useful-

ness of having a national nuclear forensics library, the exercise 

showed that selected statistical techniques, such as principal 

component analysis or factor analysis, may serve to optimize 

the content of a national nuclear forensics library by eliminating 

redundant (correlating) variables.

Introduction
In the framework of the Nuclear Forensics International Techni-

cal Working Group (ITWG) a cooperative tabletop exercise was 

conducted.1 Participating laboratories were provided with data 

sets of spent fuel of known origin. Though the data had been 

taken from real samples (available through a publicly accessible 

database) the scenario was hypothetical and the reactors were 

given code names.  The Institute for Transuranium Elements 

(ITU) was provided with data sets on spent fuel originating 

from three known reactors. Two of the reactors, Anthe and 

Siarnaq, were pressurized water reactors while the third reac-

tor, Hyperion, was a boiling water reactor. In the hypothetical 

scenario of the present exercise a data set of an unknown ma-

terial (originating from Terpsichore reactor) had to be compared 

against the known materials in order to determine whether 

the Terpsichore material is or is not consistent with one of the 

three known reactor materials. Participants were free in the 

choice of methodology for analysing and comparing the data.

In a first step the data of the known samples were com-

piled in a common format using a simple Excel spreadsheet.  

This repository of data served for the purpose of the exercise 

as the national nuclear rorensic library (NNFL).  It should be 

noted, though, that the data provided for the known samples 

were not homogeneous, i.e., the samples did not share the 

same complete set of parameters. This applied also to the un-

known sample. For example, the concentration certain fission 

products (such as 99Tc) or actinides (such as 237Np) were not 

available for every sample.

ITU decided to use a two-track approach. On the one side 

we used an isotope correlation technique, which made direct 

use of the (sometimes fairly small) difference in nuclear phys-

ics behavior of distinct reactor types. The differences are re-

lated to factors such as varying initial enrichment of the fuel or 

different neutron energy distribution. Correlating measurable 

parameters of the spent fuel may help to distinguish between 

different reactors. The second method we used was a statisti-

cal approach using a supervised technique. Both methodolo-

gies and the respective findings are described here in some 

detail.

Isotopic Correlation Technique
The first technique used for comparing the data of the unknown 

sample (Terpsichore) with the data in the NNFL, was the so-

called isotope correlation technique (ICT). ICT is a method that 

has been examined earlier for its applicability in nuclear mate-

rial safeguards, where it was used to check the consistency 

of the safeguards declarations of spent fuels as well as to re-

place some analysis by correlations.2,3 The correlations were 
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typically two-dimensional and could thus be easily visualized 

using x,y diagrams. However, not all of the correlations that 

had been identified as useful through the Isotope Correlation 

Experiment2 could be applied for Galaxy Serpent due to the 

incompleteness of data. The latter, however, has to be recog-

nized as a realistic constraint in the use of NNFLs. 

In the first step, we established the correlations that pro-

vide the best possible distinction between the three reactors 

contained in our NNFL. Typically such correlations reflect dif-

ferences in the initial 235U enrichment, neutron fluence, and 

neutron spectrum hardness (among others). In our case, the 

investigated correlations included uranium and plutonium iso-

topes. If the data set for the unknown sample had been more 

complete, other transuranium elements (Np, Am, and Cm) 

could also have come into consideration together with certain 

fission products. 

In the second step, the data points of the unknown sample 

(Terpsichore) were inserted in the graphs. Some of the correla-

tions we examined are illustrated in Figures 1-3. These were 

chosen, because they visualize the distinct separation of the 

three reactors from each other (Figures 1 and 2).  Most of the 

correlations indicated inconsistencies for the Anthe data set, 

which showed a non-linear and sometimes a discontinuous be-

haviour as can be seen in Figure 1. Also data sets from other 

reactors (Hyperion and Siarnaq) showed occasionally non-linear 

behavior, though for fewer correlations (e.g. Hyperion data in 

Figure 2). 

For visualization of the data and correlations some simpli-

fications were used:

1. 	 The uncertainties were excluded from the figures, be-

cause they were generally low compared to the scatter 

of data points (with a given reactor) and to the differences 

between the reactors.

2. 	 241Pu was generally excluded from the ICT, because of the 

relatively short half-life of 241Pu and the fact that the cool-

ing time of the spent fuel was not known for most of the 

data sets.

3. 	 In Figures 2 and 3 the data points have been arbitrarily 

connected by a solid line for better visualization. Due to 

the sometimes poor linearity or discontinuous appearance 

of data, an extrapolation outside the range of available data 

was not recommended. 

Generally we observe in Figures 1-3 that the Terpsichore 

data points are largely outside the range covered by the other 

reactors. More specifically, the 235U/238U ratio in two out of four 

data points of Terpsichore is higher than in the three known 

samples (Figures 1 and 3). This might be due to higher initial 

enrichment or to a lower burnup of the unknown material. Also 

the 240Pu/239Pu and the 242Pu/239Pu ratios in two out of four data 

points in the Terpsichore data set are lower than in the other 

materials (Figure 2) indicating a lower burnup of the fuel.

The isotope correlations suggest the unknown material 

(Terpsichore) to be consistent with one of the known reactors 

(Siarnaq). Figure 3 shows a partial overlap of the curves estab-

lished for these two reactors, while for Hyperion and Anthe the 

curves would need to be extrapolated to a degree which is nei-

ther recommended nor justified. The same applies for Figure 

2. The correlation shown in Figure 1 allows a clear distinction 

between Terpsichore and Siarnaq on the one side and Anthe 

and Hyperion on the other.

Figure 1. Isotope correlation using the relative isotope abundances 
235U vs. 236U

Figure 2. Isotope correlation using isotope abundance ratios 240Pu/ 
239Pu vs. 242Pu/239Pu
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Multivariate Analysis
If a NNFL is available, a more advanced approach, multi-variate 

statistics, can also be applied to help identify the origin of an 

unknown sample. Using this method, we can not only consider 

multiple variables at the same time, but we can also under-

stand the relationship between the variables and interpret the 

measurement results with higher confidence. The multivariate 

analysis has the advantage that, due to the higher number of 

variables, it can generally cope with higher measurement un-

certainties (both in the library data set and for the measured 

data of the unknown sample), redundant data or incomplete 

data sets in the NNFL. Eliminating correlations between vari-

ables can significantly simplify the assignation (identification) 

problem of the unknown and can help rationalize the param-

eters, which have to be included in the NNFL or have to be 

measured from the unknown material.

There are several multivariate statistical methods available 

to use for the identification of an unknown material, such as 

clustering systems, principal component analysis, factor analy-

sis or discriminant analysis.4 Each technique could be used for 

nuclear forensics purposes, however, for the Galaxy Serpent 

exercise, where the task is (i) to assess whether the hypotheti-

cal seizure is or is not consistent with the reactors assigned, 

and, (ii) to answer from which reactors the unknown sample 

may derive, possibly the best suitable approach is the linear 

discriminant analysis (LDA). This method is used for classify-

ing observations into two or more groups, if we have already a 

library with known and pre-defined groups. LDA is a supervised 

classification (learning) technique, which uses a training (learn-

ing) data set to construct a model to differentiate the groups, 

which are the different reactors in our case now. The setup 

of the model is based on the variables present in the NNFL 

by establishing the discriminant function with the linear com-

bination of independent variables (also called predictors) that 

creates the maximum difference (distance) between groups. 

The validation of the model is usually done with the classifica-

tion matrix (confusion matrix) and cross-validation. Having built 

the model, one can also predict a group membership for an 

unknown sample using the discriminant function.

LDA Classification of NNFL Exercise Data
Minitab v.17 software (Minitab Inc., PA, USA) was used for the 

calculations. In order to eliminate correlating variables, missing 

values or non-equal number of data points for the variables, four 

variables (predictors) were used: 239Pu/Putotal, 
240Pu/Putotal, 

241Pu/

Putotal and 235U/238U. Note that initially most variables, which 

were complete in the present test exercise, were included in 

the training set (e.g., burnup values), but as the variables are of-

ten highly correlated, there is no need to increase the number 

of variables. Three Siarnaq samples contained missing values, 

thus they were left out of the learning set. It was assumed that 

the data of the variables represent a sample from a multi-vari-

ate normal distribution and the variance/covariance matrices of 

variables are homogeneous across groups. The summary of 

LDA classification as the classification table (confusion matrix) 

is shown in Table 1. The classification table is simply a table 

(matrix) in which the rows are the observed (calculated) cases 

of the training set based on the model, while the columns are 

the true (known) group assignations used to build the model. If 

the prediction is perfect, all cases will lie on the diagonal. The 

percentage of cases on the diagonal is the percentage of cor-

rect classifications. As shown in Table 1, the LDA correctly as-

signed fifty-five cases out of fifty-seven (96.5 percent correct), 

although the probability of correctly classifying the Anthe and 

Hyperion group members are somewhat worse (88.9 percent 

and 91.7 percent, respectively), while all Siarnaq cases were 

correctly assigned. 

It has to be noted that the classification matrix often over-

estimates the correctness of the classification compared to the 

true error rate. This is because the data being classified are the 

same data used to build the classification function. The cross-

validation routine works by omitting each observation one at a 

time, re-calculating the classification function using the remain-

ing data, and then classifying the omitted observation. This 

Figure 3. Isotope correlation using 239Pu/ 240Pu  vs. 235U/ 238U
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process is repeated with each case left out in turn. Therefore, 

cross-validation is a more honest presentation of accuracy than 

that provided by the original classification table. The summary 

of classification correctness using cross-validation is shown in 

Table 2. 

Based on the cross-validation the overall correctness of 

classification (i.e. the goodness of the model) is 94.7 percent, 

less correct for the Anthe and Hyperion groups (77.8 percent 

and 91.7 percent), and all the Siarnaq samples were correctly 

classified. The predictive accuracy of the LDA model also high-

lights the requirements of data quality in the NNFL data set: 

the best prediction could be achieved for the Siarnaq, where 

the highest number of samples was included in the library (thir-

ty-nine) in contrast to Anthe and Hyperion reactors (number 

of samples are nine and twelve, respectively). Therefore, the 

more comprehensive the NNFL is, the better the predictive ca-

pability of multivariate analysis. 

	 Using such calculations, not only is the linear discrimi-

nant function obtained, but also the group means of the predic-

tor variables (also known as the centroids) and the squared dis-

tances between the groups (Table 3). The higher the distance 

between the groups, the better they are separated from each 

other. From Table 3 it can be seen that Siarnaq forms a very 

distinct group, well separated from the other two groups.

Predicting Group Membership of the  
Terpsichore Samples
Using the validated model, we can also predict the group mem-

bership of the four unknown Terpsichore samples. The mea-

sured nuclear data of the unknowns can be substituted into 

the calculated model discriminant function and the samples 

can be assigned to the group with highest function value. The 

assignation is based on the distance between the observed 

samples from the centroids of the groups of the learning set. 

The predicted group memberships of the Terpsichore samples 

are given in Table 4. Table 4 summarizes the predicted group 

for each Terpsichore subsample, their squared distances from 

the learning set centroids (i.e. the measure of similarity) and 

the calculated probability of prediction.

It can be seen from Table 4 that the low burnup Terpsicho-

re samples (Terpsichore 1 and 2) have slightly higher distance 

from the Siarnaq learning set samples, but it is still significantly 

closer than to the other two groups, and the model predicts 

the assignation to the Siarnaq group with very high probability 

Table 1. Summary of classification (confusion matrix) Table 3. Squared distances between groups

Table 4. LDA prediction for the unknown Terpsichore samples 

Table 2. Summary of classification accuracy using cross-validation

Anthe
True group

Hyperion Siarnaq

A
ss

ig
ne

d 
to

Anthe 8 0 0

Hyperion 1 11 0

Siarnaq 0 1 36

Total number 9 12 36

Correct (number) 8 11 36

Correct (proportion) 88.9% 91.7% 100%

Anthe Hyperion Siarnaq

Anthe 0.00 16.91 63.32

Hyperion 16.91 0.00 20.65

Siarnaq 63.32 20.65 0.00

Unknown 
sample

Predicted 
group

Squared distance  
from group

Probability

Terpsichore-1 Siarnaq

Anthe 75.0 0.000

Hyperion 37.4 0.000

Siarnaq 7.5 1.000

Terpsichore-2 Siarnaq

Anthe 82.1 0.000

Hyperion 45.4 0.000

Siarnaq 11.9 1.000

Terpsichore-3 Siarnaq

Anthe 64.4 0.000

Hyperion 23.3 0.000

Siarnaq 0.7 1.000

Terpsichore-4 Siarnaq

Anthe 67.9 0.000

Hyperion 23.6 0.000

Siarnaq 0.1 1.000

  

Anthe
True group

Hyperion Siarnaq

A
ss

ig
ne

d 
to

Anthe 7 0 0

Hyperion 2 11 0

Siarnaq 0 1 36

Total number 9 12 36

Correct (number) 7 11 36

Correct (proportion) 77.8% 91.7% 100%
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(above 99.9 percent). The LDA model in this case works also 

well in spite of extrapolation. The higher burnup Terpsichore 

samples (Terpsichore 3 and 4) are very close to the Siarnaq 

learning set centroids and are predicted to belong to the Siar-

naq group with very high probability (above 99.9 percent). Note 

that for the LDA calculation, an assumption was made that 

the covariance matrices are equal for all groups. Calculations 

were also performed without this assumption using quadratic 

discriminant analysis, which gave the same prediction for the 

questioned samples with even better classification probability.

Other Uses of Multivariate Techniques
Other multivariate statistical techniques can also be effectively 

used if a NNFL is available. For instance, principal component 

analysis (PCA) can help identify the meaningful variables in 

the NNFL. PCA is a statistical procedure that uses orthogonal 

transformation to convert a set of observations of possibly cor-

related variables into a set of values of linearly uncorrelated vari-

ables called principal components. By the dimension reduction 

of the transformed data the internal structure of the data can 

be revealed, which best explains the variance in the data. This 

cannot only simplify the NNFL by eliminating redundant (corre-

lating) variables, but it can also accelerate the identification by 

focusing on the relevant measurable parameters. Performing 

PCA on the Galaxy Serpent exercise, data several correlations 

could be identified using the loading plot (Figure 4). The load-

ing plot is a plot of the relationship between the original vari-

ables projected onto the space of the principal components, 

and can be used to interpret relationships between the original 

variables. From Figure 4 it can be seen that several variables 

are highly correlated, thus the NNFL can be significantly simpli-

fied: the ratio of fissionable nuclides (235U and 239Pu) and the 
235U/238U ratio are inversely proportional to the burnup, while 

the normalized values of 236U, 238Pu, 240Pu, 242Pu or the 238U/Utotal 

are in correlation with the burnup of the spent fuel as expected 

for a nuclear reactor. The behavior of 241Pu/Putotal is somewhat 

different, possibly due to the variable cooling times. By know-

ing the relationships between the variables, the content of the 

NNFL can be optimized without including redundant data.

Figure 4. Loading plot of the PCA analysis. The red lines are the original variables in the space of the first and second component.
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A similar multivariate statistical technique, factor analysis 

(FA), can be used to describe variability among observed cor-

related variables to potentially lower the number of unobserved 

variables called "factors." Factor analysis searches for joint vari-

ations as a result of unobserved latent variables. The observed 

variables are modelled as linear combinations of the factors, 

including also error terms. In contrast to PCA, the emphasis 

in factor analysis is the identification of underlying factors that 

might explain the dimensions associated with large data vari-

ability. Similarly to PCA, plotting the data points projected onto 

space of the first two factors, which are usually responsible for 

the bulk of the variance, we can identify different clusters of 

the data (Figure 5). Note that the Siarnaq samples are distinctly 

separated from the other two reactors types even in the projec-

tion of the first two factors.

The above considerations have shown that multi-variate 

analysis can be used very effectively for the identification of an 

unknown spent fuel sample if comparison data (i.e., a “learn-

ing set”) are available. A national nuclear forensics library may 

constitute such a resource of comparison data on samples of 

known origin and process history. Multivariate techniques can 

also cope with missing values, outlier unknowns or values with 

higher uncertainty at a certain degree, though the prediction 

probability will be significantly worse in such cases.       

Conclusions
In the framework of the ITWG exercise Galaxy Serpent, a mod-

el national nuclear forensics library was built using a simple 

Excel spreadsheet. The library included data sets of spent 

fuel samples from three different reactors (Anthe, Hyperion, 

and Siarnaq). A data set of an unknown material (Terpsichore) 

was found to be consistent with the Siarnaq reactor. Using 

the methodology and terminology of the ITWG Guideline for 

Graded Nuclear Forensics Decision Framework the two mate-

rials are considered suggestive positive. This conclusion was 

obtained and corroborated, using two completely independent 

approaches. The first one is based on the isotope correlation 

technique and makes use of a simple and transparent two-

Figure 5. Score plot of the FA analysis
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dimensional visualization of the data. The second approach 

makes use of multivariate analysis, hence exploiting complex, 

multi-dimensional data sets.

The exercise also showed that selected techniques, such 

as principal component analysis or factor analysis, can be 

effectively used to optimize the NNFL content by eliminating 

redundant (correlating) variables. This knowledge may be 

used to reduce time and effort for both setting up a NNFL and 

identifying an unknown sample.  
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Book Review

A Global History of the  
Nuclear Arms Race
Weapons, Strategy, and Politics

Richard Dean Burns and  

Joseph M. Siracusa

Hardcover, 642 pages in two volumes, 

ISBN 978-1-4408-0094-8

Praeger Security International, 

ABC-CLIO, LLC 2013

Fanfare is deserved for this effort by two 

masters of the history of nuclear weap-

ons. This is an eminently readable, care-

fully crafted, and ultimately satisfying ac-

count of armaments, tactics, and policies 

from World War II to nearly the present 

day.  Composed by professor emeritus 

and director of the Center for Armament 

and Disarmament at California State Uni-

versity (Burns) and by professor of hu-

man security and international diplomacy 

at the Royal Melbourne Institute of Tech-

nology (Siracusa) — both prolific authors 

— this presentation will be of great edu-

cational value to anyone and everyone 

entering the field of nuclear proliferation. 

It is a scholarly and I daresay an enjoy-

able means to an education about how 

the world’s polities have inherited their 

nuclear weapons.

The book is divided into two vol-

umes separating the discourse into the 

1930s to 1980s timeframe (volume one); 

while volume two takes us to the pres-

ent day. Volume one contains the entire 

work’s table of contents whereas vol-

ume two carries the in-depth index and 

selected references for the collective ef-

fort. There are illustrations but not many 

and they are mostly of secondary impor-

tance to the well-conducted narrative. 

Several tables primarily useful for sum-

marizing weapons specifications and a 

useful two-page “sidebar” on ballistic 

missile basics also buoy the text. These 

however are not the strengths of the vol-

umes.  The intellectual gratification lies 

squarely in the writing. Clear, rather con-

cise, and occasionally hard-hitting when 

opinion is called for, the outstanding writ-

ing makes purchase of the book so very 

worthwhile.

The level of deep historical research 

is quite evident. The vaults of unclassi-

fied material appear to have been thrown 

open. Of particular value is the informa-

tion about nations other than the United 

States: the writings and opinions of the 

Soviets for example on such matters 

as the arms race and the Cuban missile 

crisis. Such insight reveals the supposi-

tions, assumptions, and the guesswork 

of politicians, their subordinates, and 

their intelligence agencies as they tried 

over the course of decades to maneuver 

their nations successfully over the nu-

clear chessboard.  One finds alarmingly 

and frustratingly that the United States 

time and time again overestimated the 

nuclear capabilities of the Soviet Union 

(and was not very accurate about China 

as well).     

As a student at Manhattan College, 

I had been taught that education is re-

petitive. Rarely does the subtlety of any 

material find understanding at first blush. 

The authors, for another reason entirely, 

made subtle use of this technique, which 

I think, proves invaluable to readers of 

this history. Creatively repeating the ma-

jor events now and again obviates the 

need to flip back to previously covered 

ground when it may become unclear or 

forgotten. The authors have done this 

for us. Their reason is just as valuable: 

so that the book need not be read cover 

to cover. Chapters can stand alone. That 

works fine for research purposes, but 

the crisp thoughtful writing does permit 

the recommended cover-to-cover read.

Another approach the authors use 

honors the players in these affairs — the 

scientists, military leaders, politicians, and 

the scholars who study them — by quoting 

their assessments of the events. This is 

another reason for the healthy discourse 

found in this history and is especially 

rewarding when the players disagree. 

There is little analysis from the authors. 

NUCLEAR ARMS RACE

OF
THEA GLOBAL HISTORY

Weapons, Strategy, and Politics

Richard Dean Burns and Joseph M. Siracusa

VOLUME ONE

Book Review
By Mark L. Maiello, 
Book Review Editor
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Book Review

They flatly claim that drawing conclu-

sions lies squarely with the reader. Their 

credentials and expertise surely gave 

them license to expound and occasion-

ally they cannot resist. Their subtle cri-

tique of the George W. Bush administra-

tion’s approach to treaties in general, the 

Comprehensive Test Ban Treaty in par-

ticular, and the fruitless search for weap-

ons of mass destruction in Saddam Hus-

sein’s Iraq was factual and refreshing to 

encounter. The authors also reveal (and 

implicitly comment on) Henry Kissinger’s 

and President Richard Nixon’s unique 

and disparaging language of diplomacy 

especially with regard to India.

If the narrative bogs down at all, it 

is in the descriptions of weapons—both 

nuclear and those systems that can carry 

them. However, this comprises a rela-

tively small portion of chapter 6. For my 

money, the politics and the international 

strategies are where the action lies. 

But to be fair, ballistic missile develop-

ment simply cannot be ignored. Another 

“system” that cannot be discounted, 

Reagan’s “Star Wars” initiative (officially 

called the Strategic Defense Initiative), 

had significant effects on the relations 

between the United States and the So-

viet Union. Not as tangible and nor dry 

a subject as ballistic missiles, Star Wars 

receives a discussion by the authors 

commensurate with its impact. With 

that in mind, it is reasonable that previ-

ous and far more realistic and practical 

systems were discussed in volume one 

but just not with the same aplomb one 

encounters when the authors address 

the personalities and issues that shaped 

the post-atomic bomb world.  

This minor glitch aside, the authors 

must be commended for their level of 

detail. Clearly they meant this work for 

serious students but whether deliberate 

or not, they found the point where I think, 

the general reader is also well accommo-

dated.  They did have one advantage: the 

history they convey is intrinsically inter-

esting. Given that, the authors could still 

have sunk the ship with a boring treatise 

crushed under a weight of names, dates, 

and mere facts.  But they hit the mark 

between scholar and interested reader; 

between need-to-know and nice-to-

know.  One wonders what heights this 

work could attain if the authors were as 

well known in popular circles as they are 

in academia — or if a strong campaign to 

commercialize the book was instituted. 

Nonetheless, Burns and Siracusa have 

achieved the brass ring of all technical 

writers: they verge on general popularity.

Details are where the devil lives but 

in these volumes, one can wade into 

them with confidence and courage. An 

example of the authors’ ability to teach 

scholar and layman alike is their approach 

to the history of National Security Coun-

cil Policy Paper Number 68 (NSC-68), 

that for all intents and purposes outlined 

U.S. nuclear strategy for decades since 

its inception on April, 7, 1950. Basically 

a grim assessment of the world view 

of that time (the Soviets were growing 

militarily), and obscure to most laymen, 

NCS-68 proffered possible courses of 

action that the United States could take 

to stem the influence of its communist 

rival. Long-serving government advisor 

Paul Nitze is introduced as its primary 

author and he along with government 

colleagues and scholars are quoted ex-

tensively throughout the subsequent dis-

cussion. The importance of NSC-68 and 

its legacy are nicely debated, providing a 

well-considered discourse on an impor-

tant subject that eventually led to U.S. 

development of the hydrogen bomb. An 

important document is painlessly given 

an edifying treatment. Education is well 

served. The reader is not burdened.

The proliferation of nuclear arms to 

other powers such as the Soviet Union, 

Great Britain, China, India, and the rest 

is treated with the same dedication to 

scholarly research and readability. Sta-

lin’s doctrines and strategies, so crucial 

to an understanding of the early phases 

of nuclear proliferation, and Khrush-

chev’s realignment of them, revealing 

that he too understood the dangers of 

nuclear warfare, are given excellent dis-

sertations.  How then the Cuban Missile 

Crisis? See Khrushchev’s explanation 

in chapter 10 about the Soviet’s desire 

to frighten the Americans (not to pre-

cipitate a war), and the Soviet confusion 

over the hostile American reaction. After 

all, did not the Americans have missiles 

staged in Turkey that were aimed at the 

Soviet Union? This is what objective his-

tory should strive for: the perceptions of 

both sides. Let the reader mull it over.

Burns and Siracusa also successful-

ly tackle the question that spanned a few 

presidential administrations about the 

efficacy of anti-ballistic missile technol-

ogy (it arose again with Star Wars), the 

Eisenhower years when the build up of 

nuclear arms ignited and the atoms for 

peace initiative sought to reign in prolif-

eration, and the events more familiar to 

the current generation of non-prolifera-

tion experts: the birth of the International 

Atomic Energy Agency and the Nuclear 

Nonproliferation Treaty (NPT).  Nuclear 

development in Israel, India, Pakistan, 

and North Vietnam, all receive treat-

ment due their importance and impact 

on world events. The NPT and its evolu-

tion takes us to nearly the present day as 

the authors analyze the most recent NPT 

review sessions, the interactions of NPT 

participants in the post Cold War era and 
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the initiatives complementing the treaty 

such as Nuclear Free Zones.

These two relatively slim volumes 

(eighteen chapters in all), fill what the au-

thors describe as a lacuna — a gap — in the 

historical literature apparently because a 

world view of nuclear weapons develop-

ment did not until now exist.  If indeed 

they have filled such a void, they have 

done so in handsome fashion. Where 

it was possible, they have to an extent 

humanized it — certainly not by formu-

lating biographies — nothing of the sort. 

But they did draw on enough of the per-

sonalities that made history to create an 

interesting essay.  Here are Presidents 

Truman and Eisenhower battling the 

Soviets and the specter of runaway pro-

liferation. Here is President Johnson de-

ciding to live with the Chinese bomb. We 

also find Nixon and Brezhnev concluding 

the anti-ballistic missile treaty and Rea-

gan and Gorbachev reaching out to each 

other in an attempt to end the arms race. 

This work is a quiet treasure pro-

duced by modest professors who may 

or may not realize how close they have 

come to perfection.
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Taking the Long View

On April 14, 1998, at the first meeting 

of the newly formed Southwest Chapter 

of the INMM, held at the DOE Central 

Training Academy (now the DOE Na-

tional Training Center) in Albuquerque, 

New Mexico, USA, then-President of 

the INMM Obie Amacker “threw down 

the gauntlet” to the attendees, challeng-

ing the new chapter to help the Institute 

engage the “next generation of nuclear 

stewards.” At the time, the Institute’s 

Executive Committee had been express-

ing growing concern with the aging of 

the membership and the lack of partici-

pation by the younger generation. They 

hoped to identify strategies to better 

engage students, universities and those 

entering the disciplines of nuclear mate-

rials management in the activities of the 

Institute.

Now, sixteen years later,1 we are 

beginning to see the fruits of those ef-

forts as our student chapters almost out-

number all of our U.S. and International 

Chapters combined, and attendance at 

our Annual Meeting is now more than 

10 percent students, with many of them 

presenting technical and policy papers 

on critical issues.

The First Decade of the 
New Millennium
The student initiatives in the INMM be-

gan to take shape in the early part of 

the first decade. There were many sup-

porters, including J. D. Williams,2 John 

Matter, Dennis Mangan, Scott Vance, 

and others who picked up the gauntlet 

to ensure that the efforts became sus-

tainable. This included changes to the 

bylaws to include special support for 

students, encouragement for the forma-

tion of student chapters, and the Annual 

Meeting Student Paper competition.3 

Texas A&M was the first student chap-

ter authorized by the Institute in 2005. 

Their advisor, Dr. William Charlton, is still 

active today, bringing ten students to 

the recent SW Chapter’s Annual Techni-

cal Meeting in Taos, New Mexico, USA, 

this May, with three students present-

ing technical papers (see adjacent photo 

of all of the students who attended this 

meeting, including a presenter from 

the University of New Mexico Student 

Chapter).4 Today, the Institute has four-

teen student chapters, including two in-

ternational chapters,5 and more than 150 

student members (more than 10 percent 

of the total Institute membership). Two 

additional international student chapters 

are also going through the approval pro-

cess, and may be added by the end of 

August.

Painting a Broad Picture 
of the Future — The  
Enduring Nuclear Legacy
The new millennium has proven to be 

far more challenging and threatening 

than many anticipated during the eco-

nomic boom era of the 1990s. Starting 

with the nuclear tests by India and Paki-

stan in 1998, and amplified by the tragic 

events of September 11, 2001, and the 

subsequent decade-long conflicts in Iraq 

and Afghanistan, the continuing issues 

with the nuclear programs in Iran and 

North Korea, and the repercussions of 

the Fukushima nuclear accident, these 

challenges cover a broad spectrum of 

geopolitical and scientific/technical top-

ics that create a difficult and, at times, 

overwhelmingly complex environment.6 

In recent years, these challenges 

have been detailed in a number of ven-

ues including:

•	 President Obama’s April 5, 2009, 

“Prague Speech” in which he set 

the tone for his administration to 

pursue a goal of a world without 

nuclear weapons.7 Also included in 

this major policy speech were the 

goals to negotiate a new verifiable 

Strategic Arms Reduction Treaty 

with Russia (New START, ratified in 

2010); pursuit of U.S. ratification of 

the Comprehensive Test Ban Treaty 

(CTBT); pursuit of an international 

agreement on a Fissile Material Cut-

off Treaty (FMCT); strengthening of 

International Atomic Energy Agency 

(IAEA) inspections; creation of an in-

Throwing Down the Gauntlet to the Next Generation of 
Nuclear Stewards — the Enduring Nuclear Legacy
By Jack Jekowski 
Taking the Long View Editor and Chair of the INMM Strategic Planning Committee
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ternational nuclear fuel bank; and se-

curing vulnerable nuclear materials 

around the world. These challenges 

and others were subsequently reit-

erated in the U.S. National Security 

Strategy,8 and related documents, 

including the Quadrennial Defense 

Review9 (2010 and 2014), and the 

Nuclear Posture Review.10 After five 

years of efforts, however, much still 

needs to be done to achieve some 

of these goals.

•	 President Obama’s Nuclear Security 

Summits (2010, 2012, and 2014)11 

that have encouraged an extraordi-

nary gathering of nations to identify 

and address the critical nuclear is-

sues facing the world today.

•	 President Obama’s “Brandenburg 

Gate Speech” on June 19, 2013, 

in which he reiterated many of the 

tenets of the Prague Speech, and 

suggested further reductions in the 

stockpiles of Russia and the United 

States by one-third would be pos-

sible.12

•	 Various non-governmental organiza-

tions (NGOs), including the Nuclear 

Security Project,13 the Arms Con-

trol Association,14 the Federation of 

American Scientists,15 the Nuclear 

Threat Initiative,16 the Bulletin of 

Atomic Scientists,17 Global Zero,18 

and others have examined the criti-

cal issues associated with “things 

nuclear” and identified recommen-

dations and actions for the interna-

tional community to take.19

Also, in previous columns, I have 

posed a number of challenges/questions 

to the membership of the Institute to 

stimulate strategic discussions.20 

Within the context of all of these 

perspectives, I assembled five “Great 

Challenges” to be “thrown down” to 

the next generation of nuclear stewards 

and presented them to the SW Chapter’s 

Annual Technical Meeting in May. These 

Great Challenges have subsequently 

been vetted with a small group of senior 

members in the Institute and modified to 

reflect initial feedback, including some 

significant recommendations from Jim 

Larrimore, former chair of the INMM In-

ternational Safeguards Technical Division. 

This is our enduring nuclear legacy:

•	 Keeping nuclear materials around 

the globe secure and out of the 

hands of entities wishing to have ac-

cess to them for nefarious purposes

•	 Controlling the spread of dual-use 

nuclear technologies, especially ura-

nium enrichment and plutonium re-

processing

•	 Completing the “back-end” of the nu-

clear fuel cycle with the safe and se-

cure handling and disposition of spent 

fuel from nuclear power reactors

•	 The legacy of high-level nuclear 

waste left from the buildup of nucle-

ar stockpiles during the Cold War 

•	 Developing nuclear power that is 

proliferation-resistant and accepted 

by the general public as safe, eco-

nomically viable and environmentally 

friendly

These five challenges capture much 

of what has been voiced in different ven-

ues and provides a snapshot into the 

difficult world ahead that our younger 

generation is inheriting. These five chal-

lenges are presented here to stimulate 

strategic discussions among the Insti-

tute’s membership with the understand-

ing that they can be reshaped to reflect 

the diversity of perspectives that consti-

tute the collective knowledge of the In-

stitute’s membership.

Alignment with the INMM 
Mission and Technical 
Divisions
The five Great Challenges align well with 

the Institute’s mission21 and the Techni-

cal Division structure.22 In fact, in an at-

tempt to map the Technical Divisions 

into these five challenges, shown here, 

the chart quickly became unreadable 

since almost every challenge has a com-

monality with every Division. A recent 

presentation given by the author to the 

Southwest Chapter’s Annual Technical 

Meeting elaborated on some of the com-

ponent elements of each of these legacy 

Challenges.23 All five of these Challenges 

included the element “Workforce Devel-

opment — preparing the next generation 
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of nuclear stewards.” Within the context 

of the Great Challenges, each nation has 

their own unique issues to address as 

well.24

Throwing Down the 
Gauntlet to the Next  
Generation
Just as Obie Amacker threw down the 

gauntlet to the Southwest Chapter in 

1998, now the time has come for the 

INMM to throw down the gauntlet to 

that generation. The enduring nuclear 

legacy is a challenge to the very future of 

mankind, and it is up to us to ensure that 

we have done all we can to enable the 

next generation to pick up that gauntlet 

and accept the responsibility. 

The INMM is continuing to enhance 

the participation of the next generation 

through a number of actions:

•	 Strengthening student and universi-

ty engagement through senior man-

agement oversight on the Education 

and Training Committee25

•	 Encouraging student participation in 

the INMM Annual Meeting, and in 

the affairs of the institute by includ-

ing representatives “at the table” in 

our Executive Committee meetings

•	 Broadening international membership 

participation, including encouraging 

the formation of international student 

chapters

•	 Creating the enhanced organization-

al structure three years ago to ad-

dress the “Great Challenges” of the 

21st century

•	 Examining the broader strategic role 

for the Institute in standards devel-

opment and collaborations 

•	 Promoting the importance of the 

continuing role for the Institute in-

ternationally as well as in the United 

States

It is critical that all of our member-

ship recognize the importance of support-

ing, mentoring, and encouraging the next 

generation to ensure that the enduring 

nuclear legacy is safely sustained long 

into the future. Those of you who attend 

the INMM Annual Meeting can certainly 

seek out our student members and wel-

come them, as well as volunteer to help 

mentor those students during the meet-

ing. Others can use their spheres of influ-

ence within their chapters to offer assis-

tance to a local student chapter, whether 

it is through guest lectures, encourage-

ment to attend chapter meetings and the 

Annual Meeting, or staying in close touch 

with student chapter advisors who bear 

the burden of sustaining those organiza-

tions as students matriculate. 

This column is intended to serve as 

a forum to present and discuss current 

strategic issues impacting the Institute 

of Nuclear Materials Management in the 

furtherance of its mission. The views 

expressed by the author are not neces-

sarily endorsed by the Institute, but are 

intended to stimulate and encourage 

JNMM readers to actively participate 

in strategic discussions. Please provide 

your thoughts and ideas to the Institute’s 

leadership on these and other issues of 

importance. With your feedback we 

hope to create an environment of open 

dialogue, addressing the critical uncer-

tainties that lie ahead for the world, and 

identify the possible paths to the future 

based on those uncertainties that can be 

influenced by the Institute. Jack Jekows-

ki can be contacted at jpjekowski@aol.com. 

Endnotes
1.	 See Jekowski, J. 2002. Prepar-

ing the Next Generation Nuclear 

Stewards. Journal of Nuclear 

Materials Management, Volume 

30, No. 2, pp. 10-15, for an histori-

cal perspective on the first three 

years of efforts by the Southwest 

Chapter and the Institute to launch 

the next generation initiative. The 

INMM President’s Message in that 

same edition of the JNMM, “The 

Graying Nuclear Workforce” by J. 

D. Williams, and the Technical Edi-

tor’s Note by Dennis Mangan also 

provide additional insight into these 

efforts. 

2.	 J. D. Wiliams, who was an early 

champion of many of today’s stu-

dent initiatives, has posthumously 

been recognized for his efforts 

through the annual “J. D. Williams 

Student Paper Award” at the an-

nual meeting.

3.	 Glenda Ackerman is the chair of 

the Student Paper and Scholarship 

Subcommittee, which oversees the 

annual J. D. Williams Student Paper 

Award competition. Ackerman is 

always seeking more help for paper 

reviewers and oral presentation 

evaluators at the INMM Annual 

Meeting as the number of eligible 

student papers have increased 

dramatically in the recent past. 

4.	 Dr. Charlton was recognized by the 

Institute for his efforts over the 

years with a Special Service Award. 

Similarly, Dr. Sara Pozzi, the advisor 

for the University of Michigan Stu-

dent Chapter, was recognized with 

a Meritorious Service Award two 

years ago for her amazing efforts 

to mentor and encourage students 

to participate in Institute activities, 
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including consistently sponsor-

ing several students to attend the 

INMM Annual Meeting.

5.	 Willem Janssens is the Chapter Re-

lations Committee chair who works 

with all of the INMM chapters to 

encourage their engagement in 

Institute activities. He has been 

working with Steve Ward, chair of 

the Education and Training Commit-

tee to develop more International 

student chapters.

6.	 See “As the World Turns” section 

in Jekowski, J. 2014. Reflecting on 

the Health of the INMM. Journal 

of Nuclear Materials Management, 

Volume 52, No. 3, for the most 

recent update to the global environ-

ment that the INMM must work 

within.

7.	 See http://www.whitehouse.gov/

the_press_office/Remarks-By-Pres-

ident-Barack-Obama-In-Prague-As-

Delivered

8.	 See http://www.whitehouse.gov/

sites/default/files/rss_viewer/na-

tional_security_strategy.pdf 

9.	 See http://www.defense.gov/home/

features/2014/0314_sdr/qdr.aspx 

10.	 See http://www.defense.gov/npr/ 

11.	 See http://www.state.gov/t/isn/

nuclearsecuritysummit/ and https://

www.nss2014.com/en

12.	 See http://www.whitehouse.

gov/the-press-office/2013/06/19/

fact-sheet-nuclear-weapons-

employment-strategy-united-states 

and http://www.defense.gov/pubs/

reporttoCongressonUSNuclearEm-

ploymentStrategy_Section491.pdf 

13.	 See http://www.nuclearsecuritypro-

ject.org/vision-and-steps 

14.	 See https://www.armscontrol.org/ 

15.	 See http://www.fas.org/ 

16.	 See http://www.nti.org/ 

17.	 See http://thebulletin.org/ 

18.	 See http://www.globalzero.org/ 

19.	 Note: This is not an all-inclusive 

list of NGOs engaged in examin-

ing the future of the nuclear world. 

The Strategic Planning Committee, 

along with the help of many others, 

has compiled a matrix of organiza-

tions with nuclear-related missions, 

some of which align with the 

INMM. This list currently comprises 

more than fifty international organi-

zations. This effort was designed to 

help the Institute identify possible 

collaborations. 

20.	 Jekowski, J. 2012. Looking Back at 

a Decade of Tumult — and Looking 

Forward to an Uncertain Future. 

Journal of Nuclear Materials Man-

agement, Volume 40, No. 3, pp. 

99-101.

21.	 Ibid.

22.	 For the most current functional 

organization chart, visit INMM’s 

website, www.inmm.org/AM/Tem-

plate.cfm?Section=Organizational_

Chart1&Template=/CM/ContentDis-

play.cfm&ContentID=4756.

23.	 See www.itpnm.com and click on 

“What’s New” to view the May 

2014 entry on the INMM SW Chap-

ter Annual Technical Meeting.

24.	 See, for example, the continuing 

struggles here in the U.S. with 

the organizational structure of the 

National Nuclear Security Admin-

istration and the difficulties the 

U.S. faces in sustaining a viable 

Nuclear Security Enterprise: http://

www.armed-services.senate.

gov/hearings/14-04-09-national-

nuclear-security-administration-

management-of-its-national-secu-

rity-laboratories-and-the-status-of-

the-nuclear-security-enterprise 

25.	 Steve Ward is the chair of the 

INMM Education and Training 

Committee, having taken over that 

role from long-serving chair, Debbie 

Dickman. Ward is also currently the 

acting chair of the Student Activi-

ties Subcommittee, having taken 

over that position from long-serving 

Dr. Mark Leek. 
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Calendar

August 24–28, 2014
8th International Conference on 
Isotopes and Expo 
Hyatt Regency Hotel
Chicago, Illinois USA

September 17–18, 2014
WINS Best Practice Workshop 
on End of Life Management of 
Radioactive Sources
Novotel Paris Gare  
Montparnasse Hotel
Paris, France

September 29–October 1, 
2014
WINS Best Practice Workshop 
on Understanding and Mitigating 
the Insider Threat
ARES Tower
Vienna, Austria
Email: jadallah.hammal@wins.org 

for more information.

October 20–24, 2014
Symposium on International  
Safeguards: Linking Strategy, 
Implementation and People
Vienna, Austria
Organized by the International 

Atomic Energy Agency (IAEA) in 
cooperation with the European 
Safeguards Research and  
Development Association  
(ESARDA) and the Institute of 
Nuclear Materials Management

January 12–14, 2015
INMM 30th Spent Fuel Seminar
Crystal Gateway Marriott Hotel
Arlington, Virginia US A

July 12–16, 2015
INMM 56th Annual Meeting
Renaissance Esmeralda
Indian Wells, California USA

September 11–16, 2016
PATRAM 2016
Kobe Portopia Hotel
Kobe, Japan

January 12 – 14, 2015
Crystal Gateway Marriott Hotel, Arlington, VA USA



Radiation Detection and Data Logging 

Data Logger  
Remote Telemetry Options:  
Ethernet * USB * Satellite * Bluetooth  
 

Neutron Pulse Monitor (NPM) 

• 
• 
• 
• 
• 

www.quaestainstruments.com 
(520) 882-3706 

COMING SOON! 
 

The Neuchrometer ™  
 
• Neutron Pulse Monitor 
• 1” in diameter  
• Power over Ethernet  
• Pulse Time Stamping 25 ns Resolution 
• Synchronous multiplicity systems 
 

XXX30th INMM Spent Fuel Seminar

The INMM Packaging, Transportation and Disposition Technical Division of the 
Institute of Nuclear Materials Management (INMM) is pleased to announce the

January 12 – 14, 2015
Crystal Gateway Marriott Hotel, Arlington, VA USA

MARK YOUR CALENDAR www.inmm.org



www.inmm.org

Institute of Nuclear Materials Management

Annual Meeting

Meeting Program
July 12 – 16, 2015
Renaissance Esmeralda  
Indian Wells, California  USA

MARK YOUR 
CALENDAR


