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To my father, Robert A. Morse



Preface

This book has its roots in a course that was taught at Lawrence Livermore National
Laboratory in the summer of 2005 entitled “Analytic Methods for
Nonproliferation.” This course was an intensive two-week experience for 22
graduate students from around the United States, with two foreign nationals
included. The instruction was shared among 36 people, with three Berkeley faculty
(Michael Nacht, Stan Prussin, and me), and 33 LLNL scientists. It was an
impressive tour de force of scientific knowledge and technical capability in the area
of nonproliferation and arms control. The Berkeley students followed up with
another week on the Berkeley campus (a required element for them to get course
credit through the university), which allowed a more “hands-on” approach to
detection experiments, but without large quantities of weapons-grade material
available. While at first it was thought that we would hold this class at Livermore in
subsequent summer sessions, the tremendous amount of time, effort, and money
required resulted in this being a one-off experience. It became clear that there was a
need for this type of education on the Berkeley campus in a regular semester-long
course. This resulted in a course at Berkeley with the same title as this book, which
has now been taught in each of the 10 years since the 2005 course at Livermore. It
became clear that the course needed a textbook, and this book is the result.

The level of this book assumes knowledge of some concepts of basic nuclear
engineering, such as the cross-section concept and alpha, beta, and gamma decay.
While some background on gamma and neutron transport is provided here, it is
done so only to show some of the simplified forms of these mathematically rich
subjects, which can lead to approximations that can be used to evaluate detection
schemes in applications relevant to nonproliferation, arms control, and treaty ver-
ification. Thus the book is not intended as a replacement for standard textbooks
such as Lamarsh (for neutron transport and reactor theory) and Knoll (for detector
physics). The exercises in the book are best carried out with a mathematical pro-
cessing language such as Mathematica or Matlab.

This book should be accessible to advanced undergraduates as well as graduate
students in nuclear engineering or applied physics. There is a good bit of material
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outside the normal exposure that students in these disciplines have, such as seis-
mology, chemical engineering, and materials processing techniques. Again, this
book is not intended to be a substitute for stand-alone courses in these areas. Also,
the chapter on public policy is not a replacement for a well-rounded education in
this field, but rather to help a reader with an engineering or science background
understand how the organizations responsible for global nuclear security fit toge-
ther, and perhaps help potential job seekers understand what is out there.

I have many people to thank in the preparation of this manuscript. First, I would
like to thank the 10 year’s worth of graduate and undergraduate students who have
helped shape the contents of this book through their input as students exposed to
most of this material in the graduate and undergraduate courses in this area at
Berkeley. I would also like to thank some experts in the fields covered in this book
who have given certain chapters a critical review. These include Mike Moran
“Nuclear Explosives” and “Nuclear Testing,” Rhonda Righter “Detection Statistics,”
Joon-Hong Ahn “The Nuclear Fuel Cycle,” and Dennis Slaughter “Active
Interrogation.” I am grateful for the conversation with Siegfried Hecker regarding
the plutonium metallurgy material in “Nuclear Forensics”. Also, I am grateful for the
data and insight from Rick Norman and for the data from Ryan Pavlovsky.

I am grateful for careful editing of the manuscript by Lisa Zemelman and for
encouragement and moral support from many friends, especially Wendy Reid.

Berkeley, CA, USA Edward C. Morse
December 2015

viii Preface

http://dx.doi.org/10.1007/978-3-319-29731-6_2
http://dx.doi.org/10.1007/978-3-319-29731-6_7
http://dx.doi.org/10.1007/978-3-319-29731-6_4
http://dx.doi.org/10.1007/978-3-319-29731-6_5
http://dx.doi.org/10.1007/978-3-319-29731-6_8
http://dx.doi.org/10.1007/978-3-319-29731-6_8
http://dx.doi.org/10.1007/978-3-319-29731-6_6


Contents

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1 Nuclear Proliferation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
2 The Threat of Nuclear Terrorism . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
3 Interdiction of Nuclear Material. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

Nuclear Explosives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1 History. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.1 The Dawn of the Atomic Age . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.2 The Cold War and the Arms Race . . . . . . . . . . . . . . . . . . . . . . . 12
1.3 The Fall of the Soviet Union. . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2 Device Physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.1 Critical Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.2 Heat Generation. Neutron Background and Predetonation . . . . . . . 17

3 Special Nuclear Material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

Signatures and Background. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
1 Simplified Transport Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

1.1 Gamma Radiation Field from a Point Source. . . . . . . . . . . . . . . . 24
1.2 Self-Shielded Disk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
1.3 Intermediate Optical Thickness . . . . . . . . . . . . . . . . . . . . . . . . . 28
1.4 Infinite Half-Space Source. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2 The Radiation Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.1 The Primordial Isotopes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.2 Cosmogenic Nuclides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.3 The Compton Continuum and Pair Production . . . . . . . . . . . . . . . 36
2.4 Typical Background Spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.5 Man-Made Radioactivity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.6 Neutrons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

ix

http://dx.doi.org/10.1007/978-3-319-29731-6_1
http://dx.doi.org/10.1007/978-3-319-29731-6_1#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_1#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_1#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_1#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_1#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_1#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_1#Bib1
http://dx.doi.org/10.1007/978-3-319-29731-6_2
http://dx.doi.org/10.1007/978-3-319-29731-6_2#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_2#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_2#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_2#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_2#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_2#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_2#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_2#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_2#Sec5
http://dx.doi.org/10.1007/978-3-319-29731-6_2#Sec5
http://dx.doi.org/10.1007/978-3-319-29731-6_2#Sec6
http://dx.doi.org/10.1007/978-3-319-29731-6_2#Sec6
http://dx.doi.org/10.1007/978-3-319-29731-6_2#Sec7
http://dx.doi.org/10.1007/978-3-319-29731-6_2#Sec7
http://dx.doi.org/10.1007/978-3-319-29731-6_2#Sec8
http://dx.doi.org/10.1007/978-3-319-29731-6_2#Sec8
http://dx.doi.org/10.1007/978-3-319-29731-6_2#Bib1
http://dx.doi.org/10.1007/978-3-319-29731-6_3
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec5
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec5
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec6
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec6
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec7
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec7
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec8
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec8
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec9
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec9
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec10
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec10
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec11
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec11
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec12
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec12


2.7 NORM and TENORM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.8 Medical Isotopes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

Detection Statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
1 Classical and Bayesian Statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2 Counting Statistics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.1 Energy Resolution Statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
2.2 More on Error Propagation Statistics . . . . . . . . . . . . . . . . . . . . . 52

3 Confusion Matrices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4 Receiver Operating Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5 Application of Bayesian Statistical Methods . . . . . . . . . . . . . . . . . . . . 63
6 Pulse Shape Discrimination as an Example of Binary Classification . . . . 66
7 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

The Nuclear Fuel Cycle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
1 Mining and Chemical Processing of Uranium . . . . . . . . . . . . . . . . . . . 71
2 UF6 Conversion and Enrichment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3 Post-reactor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4 Conversion of Military Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
5 Waste Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
6 Enrichment Technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

6.1 Gaseous Diffusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
6.2 Centrifuge Separation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
6.3 Electromagnetic Separation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
6.4 Laser Isotope Separation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

7 Reactors and Proliferation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
8 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

Nuclear Forensics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
2 Attribution Methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

2.1 Chronometers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
2.2 Calculation of Initial Enrichment . . . . . . . . . . . . . . . . . . . . . . . . 96
2.3 Other Nuclear Signatures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
2.4 Morphology and Structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

3 Analysis Tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
3.1 Radiation Detection Equipment . . . . . . . . . . . . . . . . . . . . . . . . . 102
3.2 Mass Spectrometry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

4 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

x Contents

http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec13
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec13
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec14
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec14
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec15
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Sec15
http://dx.doi.org/10.1007/978-3-319-29731-6_3#Bib1
http://dx.doi.org/10.1007/978-3-319-29731-6_4
http://dx.doi.org/10.1007/978-3-319-29731-6_4#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_4#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_4#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_4#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_4#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_4#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_4#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_4#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_4#Sec5
http://dx.doi.org/10.1007/978-3-319-29731-6_4#Sec5
http://dx.doi.org/10.1007/978-3-319-29731-6_4#Sec6
http://dx.doi.org/10.1007/978-3-319-29731-6_4#Sec6
http://dx.doi.org/10.1007/978-3-319-29731-6_4#Sec7
http://dx.doi.org/10.1007/978-3-319-29731-6_4#Sec7
http://dx.doi.org/10.1007/978-3-319-29731-6_4#Sec8
http://dx.doi.org/10.1007/978-3-319-29731-6_4#Sec8
http://dx.doi.org/10.1007/978-3-319-29731-6_4#Sec9
http://dx.doi.org/10.1007/978-3-319-29731-6_4#Sec9
http://dx.doi.org/10.1007/978-3-319-29731-6_4#Bib1
http://dx.doi.org/10.1007/978-3-319-29731-6_5
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec5
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec5
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec6
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec6
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec7
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec7
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec9
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec9
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec15
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec15
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec18
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec18
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec21
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec21
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec22
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Sec22
http://dx.doi.org/10.1007/978-3-319-29731-6_5#Bib1
http://dx.doi.org/10.1007/978-3-319-29731-6_6
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Sec5
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Sec5
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Sec6
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Sec6
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Sec7
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Sec7
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Sec8
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Sec8
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Sec9
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Sec9
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Sec12
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Sec12
http://dx.doi.org/10.1007/978-3-319-29731-6_6#Bib1


Nuclear Testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
1 Introduction and History. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
2 The Comprehensive Test Ban Treaty and the International

Monitoring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
3 Radionuclide Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

3.1 Fission Product Distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
3.2 Xenon and Cesium Signatures . . . . . . . . . . . . . . . . . . . . . . . . . . 111
3.3 Krypton Signatures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
3.4 Argon-37 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
3.5 Atmospheric Transport of Radionuclides . . . . . . . . . . . . . . . . . . . 114
3.6 Radionuclide Monitoring Technology . . . . . . . . . . . . . . . . . . . . . 115

4 Seismic Signals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
4.1 Seismic Wave Types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
4.2 Distance-to-Event Determination . . . . . . . . . . . . . . . . . . . . . . . . 121
4.3 Seismic Signatures of Nuclear Explosive Tests . . . . . . . . . . . . . . 122
4.4 Limitations of Seismic Monitoring . . . . . . . . . . . . . . . . . . . . . . . 124

5 Hydroacoustic Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
6 Infrasonic Signatures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

6.1 Waves in the Atmosphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
6.2 Infrasound Signatures for Atmospheric Nuclear Testing . . . . . . . . 132
6.3 Instruments for Infrasonic Detection . . . . . . . . . . . . . . . . . . . . . . 135

7 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
8 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

Active Interrogation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
2 Neutron Active Interrogation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

2.1 Differential Die-Away Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 142
2.2 Delayed Neutrons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
2.3 Delayed Gammas from Fission Products . . . . . . . . . . . . . . . . . . . 145
2.4 Neutron Transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

3 Photofission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
4 Nuclear Resonance Fluorescence . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

4.1 NRF Physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
4.2 Photon Sources for NRF. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

5 Dose Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
5.1 Radiation Exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
5.2 Health Risks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
7 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

Contents xi

http://dx.doi.org/10.1007/978-3-319-29731-6_7
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec5
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec5
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec6
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec6
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec7
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec7
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec8
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec8
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec9
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec9
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec10
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec10
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec11
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec11
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec12
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec12
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec13
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec13
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec14
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec14
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec15
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec15
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec16
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec16
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec17
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec17
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec18
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec18
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec19
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec19
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec20
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec20
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec21
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Sec21
http://dx.doi.org/10.1007/978-3-319-29731-6_7#Bib1
http://dx.doi.org/10.1007/978-3-319-29731-6_8
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec5
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec5
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec6
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec6
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec7
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec7
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec8
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec8
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec9
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec9
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec10
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec10
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec13
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec13
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec14
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec14
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec17
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec17
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec19
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec19
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec20
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Sec20
http://dx.doi.org/10.1007/978-3-319-29731-6_8#Bib1


Advanced Detection Technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
2 Advanced Scintillator Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
3 Advanced Semiconductor Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . 177
4 Alternatives to 3He . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

4.1 History and Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
4.2 Stilbene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
4.3 CLYC, CLLB, and CLLC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

5 Imaging Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
5.1 Detector Arrays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
5.2 Compton Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

6 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
7 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

Arms Control and Treaty Verification . . . . . . . . . . . . . . . . . . . . . . . . . 193
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
2 Neutron Multiplicity Counting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
3 Pu300, Pu600, and Pu900 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 200
4 Neutron Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
5 Neutrino Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

5.1 Reactor Antineutrino Detection Time Dependence . . . . . . . . . . . . 209
6 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
7 Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212

Public Policy and Proliferation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
2 The International Atomic Energy Agency (IAEA) . . . . . . . . . . . . . . . . 215

2.1 Verification and Safeguards. . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
2.2 Additional Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217
2.3 Peaceful Uses of Nuclear Energy . . . . . . . . . . . . . . . . . . . . . . . . 217

3 Nuclear Nonproliferation Activities Within the US Government . . . . . . 217
3.1 DHS: The Domestic Nuclear Detection Office (DNDO) . . . . . . . . 218
3.2 DNDO Nuclear Forensics Efforts . . . . . . . . . . . . . . . . . . . . . . . . 218
3.3 National Nuclear Security Administration (NNSA) . . . . . . . . . . . . 219
3.4 The Department of State . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220
3.5 The Department of Defense. . . . . . . . . . . . . . . . . . . . . . . . . . . . 222
3.6 The US Department of Justice . . . . . . . . . . . . . . . . . . . . . . . . . . 223
3.7 The US Intelligence Community . . . . . . . . . . . . . . . . . . . . . . . . 223
3.8 The Nuclear Regulatory Commission (NRC) . . . . . . . . . . . . . . . . 224

4 Non-governmental Organizations (NGOs). . . . . . . . . . . . . . . . . . . . . . 225
4.1 The Center for Export Controls (CEC)—Moscow . . . . . . . . . . . . 225
4.2 The Center for International Trade and Security,

University of Georgia (CITS) . . . . . . . . . . . . . . . . . . . . . . . . . . 225

xii Contents

http://dx.doi.org/10.1007/978-3-319-29731-6_9
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec5
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec5
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec6
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec6
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec7
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec7
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec8
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec8
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec9
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec9
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec10
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec10
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec11
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec11
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec12
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Sec12
http://dx.doi.org/10.1007/978-3-319-29731-6_9#Bib1
http://dx.doi.org/10.1007/978-3-319-29731-6_10
http://dx.doi.org/10.1007/978-3-319-29731-6_10#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_10#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_10#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_10#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_10#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_10#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_10#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_10#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_10#Sec5
http://dx.doi.org/10.1007/978-3-319-29731-6_10#Sec5
http://dx.doi.org/10.1007/978-3-319-29731-6_10#Sec6
http://dx.doi.org/10.1007/978-3-319-29731-6_10#Sec6
http://dx.doi.org/10.1007/978-3-319-29731-6_10#Sec7
http://dx.doi.org/10.1007/978-3-319-29731-6_10#Sec7
http://dx.doi.org/10.1007/978-3-319-29731-6_10#Sec8
http://dx.doi.org/10.1007/978-3-319-29731-6_10#Sec8
http://dx.doi.org/10.1007/978-3-319-29731-6_10#Bib1
http://dx.doi.org/10.1007/978-3-319-29731-6_11
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec1
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec2
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec3
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec4
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec5
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec5
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec6
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec6
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec7
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec7
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec8
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec8
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec9
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec9
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec10
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec10
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec11
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec11
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec12
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec12
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec13
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec13
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec14
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec14
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec15
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec15
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec16
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec16
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec17
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec17
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec17


4.3 The Center for Nonproliferation Studies (CNS) . . . . . . . . . . . . . . 225
4.4 The Institute for Science and International Security (ISIS). . . . . . . 226
4.5 The Nuclear Threat Initiative (NTI) . . . . . . . . . . . . . . . . . . . . . . 226
4.6 The Stimson Center . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226
4.7 The Stockholm International Peace Research Institute (SIPRI) . . . . 226
4.8 The Wisconsin Project on Nuclear Arms Control . . . . . . . . . . . . . 226

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227

Appendix A: The Treaty on the Non-proliferation
of Nuclear Weapons . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

Appendix B: The Atomic Energy Act . . . . . . . . . . . . . . . . . . . . . . . . . 235

Appendix C: The Area Under the ROC Curve for Gaussian
Probability Distributions . . . . . . . . . . . . . . . . . . . . . . . . . 237

Glossary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247

Contents xiii

http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec18
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec18
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec19
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec19
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec20
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec20
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec21
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec21
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec22
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec22
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec23
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Sec23
http://dx.doi.org/10.1007/978-3-319-29731-6_11#Bib1


Acronyms

ARIX (Russian) Radio-xenon measurement device
AUC Area Under Curve: metric for ROC performance
AVLIS Atomic Vapor Laser Isotope Separation
CANDU CANada Deuterium Uranium: heavy water reactor
CEC Center for Export Controls
CITS Center for International Trade and Security
CLLB Cs2LiLaBr6:Ce

3+: scintillator material
CLLC Cs2LiLaCl6:Ce

3+: scintillator material
CLYC Cs2LiYCl6:Ce

3+: scintillator material
CNS Center for Nonproliferation Studies
CTBT(O) Comprehensive Test Ban Treaty (Organization)
DHS Department of Homeland Security
DNDO Domestic Nuclear Detection Office
DoD Department of Defense
FSU Former Soviet Union
FWHM Full Width at Half Maximum (probability distributions)
GYGGAG Gd1.5 Y1.5Ga2.2Al1.8O12:Ce (scintillator material)
HEU Highly Enriched Uranium
ICPMS Inductively Coupled Plasma Mass Spectrometry
ICRP International Commission on Radiological Protection
IMS International Monitoring System
ISIS Institute for Science and International Security (ISIS)
ITDB Illicit Trafficking Database
MCNP Monte Carlo N-Particle Transport Code
MIRV Multiple Independent Re-entry Vehicle
MLIS Molecular Laser Isotope Separation
MVRDS Machine Vision Radiation Detection system
MWd/THM Megawatt-days per Ton of Heavy Metal
NATO North Atlantic Treaty Organization
NNSA National Nuclear Security Administration
NNWS Non-Nuclear Weapon States

xv



NORM Naturally Occurring Radioactive Material
NRF Nuclear resonance Fluorescence
NTI Nuclear Threat Initiative (NTI)
NWS Nuclear Weapon States
Pu300/600/900 Tests to determine properties of plutonium (numbers are gamma

energies in keV)
PUREX Plutonium Uranium Redox EXtraction
REM Radiation Equivalent Man
RF Russian Federation
ROC Receiver Operating Characteristic
SAUNA (Swedish) Radio-xenon measurement system
SIPRI Stockholm International Peace Research Institute
SNM Special Nuclear Material
SOFAR Sound Fixing and Ranging
SPALAX (French) Radio-xenon measurement system
SWU Separative Work Unit
TENORM Technologically Enhanced Naturally Occurring Radioactive

Material
TIMS Thermal Ion Mass Spectrometry
UN United Nations
USSR Union of Soviet Socialist Republics

xvi Acronyms



Introduction

Abstract This chapter describes the international development of nuclear weapons
technology, the early history of the US-USSR arms race, and the proliferation of
nuclear weapon technology into other countries. Some of the motivation for other
countries to obtain nuclear weapons is also described. The early efforts at control-
ling this nuclear weapons buildup through international diplomacy efforts is then
discussed. Efforts at nuclear weapon and stockpile reduction by the US and Russian
Federation, through treaties such as START are described. Next, the possibility of
non-state groups such as terrorist organizations procuring nuclearweapon technology
is outlined. Incidents involving interdiction of nuclear material, in a database main-
tained by the International Atomic Energy Agency, are outlined. The commonality
of nuclear smuggling with other criminal activities, such as human trafficking and
drug smuggling, is discussed. Regions particularly vulnerable to nuclear smuggling
are noted.

1 Nuclear Proliferation

Since July 1945 there have been weapons with a destructive power that exceeds that
of all weapons which had come before by many orders of magnitude. These weapons
utilize energy release from atomic nuclei. The awesome and terrifying power of these
weapons has stimulated a re-thinking of what the outcome of isolated acts of violence
can be. While the United States government and its post-WorldWar II allies had sole
access to these weapons at first, there became rather quickly a “nuclear club” of
other nations with their own arsenal of nuclear weapons and stockpiles of nuclear
weapon materials (see Fig. 1). Many countries had leaders that believed that nuclear
weapons were key to their survival. Nuclear weapon production efforts, coupled with
other related efforts such as delivery systems, early warning systems, andmonitoring
programs, often nearly bankrupted countries as they “went nuclear”.

Five early developers of nuclear weapon technology are known as “Nuclear
Weapon States” in the Nuclear Non-Proliferation Treaty, ratified under the aegis of
the United Nations and in force since 1970 (see Appendix A). These are the United
States, the Russian Federation, the United Kingdom, France, and China. Since that
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2 Introduction

Fig. 1 Political cartoon by
Herbert Block depicting
Nikita Khruschev and John
F. Kennedy trying to keep
the lid on the Pandora’s box
of nuclear weapon
proliferation. A 1962
Herblock Cartoon, c©The
Herb Block Foundation

time, other nations have developed nuclear capability, including India, Pakistan,
North Korea, Israel (unofficially), and South Africa. During the past decade, other
countries including Libya, Iraq, and Iran have been suspected of trying to develop
nuclear weapons. South Africa, on the other hand, has eliminated its nuclear weapon
capability.

Today (2015) there are approximately 16,300 nuclear weapons stored at 98 sites
in 14 countries worldwide [10]. In addition to the nine producers of nuclear weapons
listed above, there are fivemore NATO allies with about 180American-made nuclear
weapons in US custody at airbases on their soil: these are Belgium, Germany, Italy,
Netherlands, and Turkey. Table1 gives a synopsis of the total nuclear weapons in

Table 1 Estimated worldwide nuclear weapon inventories as of August 2014

Russia 8000

United States 7300

France 300

China 250

United Kingdom 225

Israel 80

Pakistan 100–120

India 90–110

North Korea <10

From [10]
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stockpiles and in deployment. It should be noted that some arms reduction activities
are in progress; theRussian number includes 3,700weapons slated for dismantlement
and the American number includes 2,540 to be dismantled.

There are several different reasons why a state may develop nuclear weapons [12].
The first and probably most common reason is that the state fears that an adversary is
developing, or already has developed, nuclear weapons capability and poses a current
or future nuclear threat. The development of nuclear weapons in the United States
was largely motivated by the threat that Germany was involved in a similar effort
during World War II. Germany was defeated before the American bomb was ready,
but the decision to deploy the bomb on Japan could be considered as a transference
of that threat. Similarly, the USSR felt that the American bomb was a destabilization
of a power balance, and Joseph Stalin ordered the rapid development of a Soviet
nuclear weapon. As former U.S. Secretary of State George Shultz stated in a 1984
article, “Proliferation begets proliferation” [14].

However the development of nuclear weapons can also serve a political purpose.
A leader or a political party may develop nuclear weapons without a clear threat
from other nations, hoping to establish themselves as showing great leadership in
the eyes of the people. Examples in the current political climate of this approach
might best fit Iran and North Korea. In both cases religion and ideology take on a
more prominent role than an actual threat of invasion by a neighboring country or a
superpower. Indira Gandhi, prime minister of India in the 1970s and 1980s, denied
that the 1974 nuclear test was done for political gain, although she admitted that
the 1974 nuclear test “…would have been useful for elections. But we did not have
any” [5].

A third reason todevelopnuclearweapons is the perception that possessingnuclear
weapons puts that country in a position of prestige and that the country gains regional
and international respect by doing so. Charles de Gaulle, the former president of
France, was known to have communicated with his leadership that having nuclear
capability was a requirement that France be viewed as a great country, even though
France was a member of NATO and would be protected under NATO’s nuclear
umbrella [6].

Apart from developing nuclear weapons, the tests of these weapons present
another facet of the political and global security issues surrounding nuclear weapons.
While the development of nuclear weapons may take years, test shots can be timed
to the microsecond, and often this timing is done to satisfy some agenda.While India
conducted its first test in 1974, it did not test again until 1998. But significantly, the
1998 tests were done just weeks before the first Pakistan test (May 11 for India, May
28 for Pakistan).

There has been a downward trend in the total number of nuclear weapons on the
planet since the mid-1980s. This has been largely due to reductions in the U.S. and
former Soviet Union stockpiles. There have been calls for nuclear disarmament from
many statesmen, foreign policy experts, and even many former weapon scientists.
So far eight Nobel Peace Prizes have been awarded for efforts related to nuclear
disarmament [11].



4 Introduction

2 The Threat of Nuclear Terrorism

The threat of nuclear weapon production and usage should be considered not only
from theviewpoint of newnations developingnuclearweaponsbut also thepossibility
that terrorist groups might try to acquire them as well. There is some evidence that
terrorist organizations have tried, or at least declared their intention of trying, to obtain
nuclear material and build weapons with it. OnMay 29, 1998, Osama bin Laden, then
leader of the terrorist group Al-Qaeda, released a statement entitled “The Nuclear
Bomb of Islam,” in which he stated that “it is the duty of Muslims to prepare as
much force as possible to terrorize the enemies of God” [4]. Subsequently Al-Qaeda
members have attempted to purchase stolen nuclear material [3]. Terrorist groups
in the North Caucasus (including Chechnya) and a Japanese cult known as Aum
Shinrikyo, infamous as the group behind the sarin gas attacks in the Tokyo subway
system in 1995, have made similar attempts at securing weapon-grade material as
well [3].

A common cultural stereotype is to think of terrorist groups being comprised
of poor, uneducated people with no other place to turn, making unsophisticated
makeshift weapons with black powder and ball bearings. Both Al-Qaeda and Aum
Shinrikyo serve as counterexamples to that notion. In the case of Al-Qaeda, the
leader was a man with a degree in engineering born into a billionaire’s family. The
organization included assistance from Pakistani nuclear experts. While the leader
of Aum Shinrikyo was a yoga instructor, the cult collected a wide following of
individuals from the computer and high-tech industries in Japan, and its inner circle
included a Ph.D. in microbiology, an astrophysicist, and a chemist. The organization
owned several businesses and had assets of around $1 billion [13]. The businesses,
some of which were in the food sector, may have helped mask the true purpose for
purchasing expensive chemical equipment ultimately used for manufacturing sarin
and other agents.

This points to the historical existence of motive for nuclear terrorism. What about
the opportunity factor? How much material is out there and how well-guarded is this
material? The current estimate is that there is a global inventory of 1390 metric tons
of highly enriched uranium (HEU) and 494 metric tons of plutonium [9]. Figures
2 and 3 show the distribution of this material by country; about 93% of the HEU
resides in either the US or Russia, and 54% of the plutonium stockpile is in the US
or Russia as well. (In the case of plutonium, the military and civilian quantities are
combined. This can be somewhat misleading, because much of the civilian material
is the result of transmutation from uranium in reactors at high irradiation levels,
making material that is more difficult to use in weapons, as explained in the next
chapter.)

Former Secretary-General of the IAEA and Nobel Prize winner Mohamed ElBa-
radei has stated that “Nuclear terrorism is the most serious danger the world is facing
[1]. Almost all world leaders have voiced similar opinions. This has led to repeated
calls to the UN Security Council to act on the problem of nuclear terrorism. The
Security Council has passed many resolutions on this subject. In one of the more
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Fig. 2 Pie chart showing
distribution of HEU among
nations. Note that
NWS=non-weapon states.
Data from [9] Russia
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Fig. 3 Pie chart showing
distribution of Pu among
nations. Note that
NWS=non-weapon states.
Data from [9]
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recent of these, Article 24 of the UN Security Council Resolution 1887 (2009) “Calls
uponMember States to share best practices with a view to improved safety standards
and nuclear security practices and raise standards of nuclear security to reduce the
risk of nuclear terrorism, with the aim of securing all vulnerable nuclear material
from such risks within 4 years” [16]. The 4 years are now up, but the problem of
nuclear terrorism has not gone away.

3 Interdiction of Nuclear Material

The InternationalAtomic EnergyAgency (IAEA)maintains a list of incidents involv-
ing improper possession and movement of nuclear material and radioactive sources,
known as the IAEA Incident and Trafficking Database (ITDB) [8]. The 2014 report
outlines 2477 incidents of this type reported to IAEA over a period from Janu-
ary 1993 to December 2013. Of these, 424 incidents involved illegal possession,



6 Introduction

unlawful transportation, attempts to sell material, and related criminal activities. Of
these, 16 incidents involved HEU or plutonium. Of the total number of cases, 664
involved theft or loss of nuclear or radioactive material, and 1337 cases involved
other unauthorized activities, such as unauthorized disposal of radioactive materials
or discovery of uncontrolled sources.

Of the 16 cases involvingHEUorplutonium, themajority involvedgramquantities
of material, but a small number involved kilogram quantities. Some of the gram-
quantity seizures have been thought of as “sales samples”, where the seller might
have represented that he/she might have a great deal of the same material elsewhere
and wanted to negotiate a price for a large quantity before showing it. In other cases,
the packaging of the material (such as glass ampoules and other laboratory methods)
probably indicated that the material was stolen from a production quality control
laboratory, out of the normal chain of custody at the time of the theft, and might
never have been missed. In some cases, nearly identical samples have turned up
at different locations, implying that there is a cache of this material at some other
location. For example, a seizure in France in 2001 involved a sample that was almost
identical to one found in Bulgaria 2 years before [2, 7, 15]. In both cases there was
a link back to Moldova [17].

If one examines other criminal activities such as drug trafficking, human traffick-
ing, and other types of contraband movement and smuggling, one finds that nuclear
smuggling can occur along similar lines, with similar routes and sometimes carried
out by some of the same people. The French seizure involved a man who was “well
known as a crook by the police” [2]. Reference [17] points out that an unusually
large number of incidents have occurred in the Black Sea region (Georgia, Russia,
Bulgaria, and Moldova have had confirmed incidents involving HEU trafficking),
an area associated with a great deal of the drug smuggling and human trafficking to
and from western Europe. Turkey has a special role to play in the nuclear smuggling
scenario. It has served as a destination for nuclear materials, but probably not as a
final resting place. With close ethnic and cultural ties to the Middle East, Turkey has
more than 900,000 visitors a year from Arabic countries. Thus Turkey might serve
as the ideal transfer point for terrorist groups operating in the Middle East to connect
with traffickers in nuclear materials coming in from the Black Sea region.
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Nuclear Explosives

Abstract The history of the development of the first nuclear devices in the US are
discussed from the standpoint of both the science and the politics behind this decision
to move towards developing such devices. The Hiroshima and Nagasaki weapons
were developed through completely different processes–one with uranium and one
with plutonium. The different paths are compared and contrasted. The basic physics
of nuclear weapons is discussed from the vantage point of the now-declassified
Los Alamos Primer. The development of fusion-boosted weapons is also described,
alongwith the historical backdrop of the ColdWar and the arms race in the 1960s and
beyond. The impact of the dismemberment of the Soviet Union on the availability of
weapons-usable nuclearmaterial is outlined, and the classification of nuclearmaterial
is described from the viewpoint of various national and international regulatory
bodies.

1 History

1.1 The Dawn of the Atomic Age

TheAtomicAge officially startedwith the test and subsequent deployment of fission-
based nuclear explosives by the United States in 1945. The first nuclear attack came
on the largely civilian population of Hiroshima, Japan on August 6, 1945. The death
toll is uncertain, with estimates of 70,000 killed immediately by the blast and at
least 20,000 more dead from burns and radiation sickness over the next few months.
On August 9, 1945, a second nuclear explosive was deployed at Nagasaki, Japan,
resulting in a cumulative death toll of between 60,000 and 80,000. While these
numbers are small compared to the total deaths in World War II (∼60 million), this
demonstration of nuclear explosives as the most terrifying and lethal weapons in
mankind’s history has changed the world permanently.

The possibility of a weapon based on nuclear fission had occurred to many physi-
cists after the discovery of nuclear fission. An experiment in Germany by Hahn
and Strassman in 1938 showed that bombardment of uranium with neutrons created
enormous energy release compared to other known reactions and created reaction
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10 Nuclear Explosives

products such as barium. By 1939, Lise Meitner and Otto Frisch gave a theoretical
explanation for this process as the breakup of the heavy uranium nucleus due to the
its large coulombic forces, and the production of two lighter nuclei as a result. An
experiment by Enrico Fermi and Leo Szilard at Columbia University in the United
States showed that more than one neutron was produced per neutron-induced fission,
thus paving the way for a nuclear chain reaction. Szilard and Eugene Wigner then
approached Albert Einstein and asked if Einstein would sign a letter addressed to
then-President Franklin Roosevelt, advising him to develop uranium resources and
technology for development of a nuclear explosive. The letter was sent on August 2,
1939. Roosevelt asked Lyman Briggs of the National Bureau of Standards to chair
a committee (the “Advisory Committee on Uranium”) to examine the possibility for
a nuclear explosive. In November of that year, the committee reported back to Roo-
sevelt that the fission concept was very likely to yield a bomb of immense explosive
power. Meanwhile, parallel efforts were going on in England, and Frisch and Rudolf
Peierls had calculated the critical mass for a 235U device to be about 10kg, much
smaller than other prevailing estimates of the day. While this result was ignored in
the United States, an Australian physicist, Mark Oliphant, working in Birmingham,
England at the time, visited Berkeley, California in 1941 and communicated this
result to Ernest Lawrence, who then became a believer in the prospects of a fis-
sion explosive. Lawrence then persuaded several key scientists in the government to
start a large-scale program, and Roosevelt approved what would become known as
the Manhattan Project in October 1941. By the summer of 1942, large numbers of
physicists gathered at the University of Chicago and at Berkeley to discuss theoret-
ical aspects of nuclear fission. In order to preserve secrecy about the project, most
participants were relocated to Los Alamos, New Mexico starting in late 1942, in a
new secret laboratory under the direction of J. Robert Oppenheimer from Berkeley.
Overall direction of the Manhattan project was done by Leslie Groves of the U. S.
Army.

Another important development had occurred in 1941 in Berkeley. Nuclear
chemist Glenn Seaborg and his group had isolated a new element, plutonium. It
was produced by exposing 238U nuclei to neutrons. It quickly became apparent that
this new element also had a high probability of fissioning under exposure to neutrons,
similar to 235U. This made it clear that there would be two paths to developing the
critical material for an atomic bomb: either by enriching uranium to obtain a product
containing mostly 235U or by producing plutonium in a fission reactor. By late 1942,
Fermi and Szilard had demonstrated the first nuclear reactor at the University of
Chicago. By early 1943, a site at Hanford, Washington was commissioned to build
plutonium production reactors.

An initial approach to uranium isotope production was developed at Berkeley
using a method based on ion mass spectrometry and called the Calutron. Large-
scale versions of these machines were built at Oak Ridge, Tennessee and known as
the Y-12 plant. The magnet coils for these machines were made with pure silver
conductors, representing about 395 million troy ounces in silver (worth roughly $
10 billion in today’s market) on loan from the repository at West Point, New York.
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(After the war, the silver was returned to West Point, and gaseous diffusion replaced
electromagnetic separation.)

The difficulty of producing adequate quantities of weapon-grade uranium resulted
in the decision not to test the uranium weapon, which was ultimately used at
Hiroshima and called Little Boy. However, the design of Little Boy was not sophis-
ticated, and relied upon the combination of two subcritical components by firing an
explosive behind one of the components, causing it to mate with the other with a
linear trajectory. This “gun-type” design was very heavy (almost five tons), required
a great deal of enriched uranium (64kg of 80% enriched U), and was inefficient (its
nuclear yield was around sixteen kilotons TNT equivalent, or a little over one percent
burnup of its nuclear fuel).

The Nagasaki weapon, known as Fat Man, was a very different device. It was
made with plutonium produced mostly in reactors at Hanford. It also used a more
sophisticated system of implosion of the subcritical components in a symmetrical
way. The timing of the shock waves had to be carefully controlled, and the design
of the explosive lens had to be carefully worked out. However, there were signif-
icant advantages to the Fat Man design. Firstly, it used a much smaller amount of
fissile material (only about 6.2kg, less than a tenth of Little Boy), secondly, that
material could be plutonium, which was easier to obtain at the time, and thirdly, the
device would only detonate if all of the chemical explosives worked together, so that
an accidental criticality during handling was very unlikely. Enough plutonium was
available at the time to perform a test before the actual deployment in Japan, and this
test (of a device called “Gadget”) was performed at the White Sands test site near
Alamogordo, NewMexico on July 16, 1945. The code name for this test was Project
Trinity. The test was successful, and produced about 20 kilotons of TNT equivalent
energy. Preparations began immediately following this test to deploy both Little Boy
and Fat Man in Japan, and both devices were used three weeks later.

At this point it is interesting to consider the resources that were available for
this endeavor. On the one hand, financing for this project was practically unlimited.
Almost $2 billion (equivalent to about $25 billion today) was spent on theManhattan
Project from its start until August 1945, an unprecedented amount for a government-
supported research and development program at that time. The human capital for the
project was also impressive, representing some of the brightest physicists, chemists,
mathematicians, and engineers on the planet. But compared to today’s technology,
one can see some great disadvantages. “Computers” were not computers in the mod-
ern sense, but were humans using mechanical calculators, and only late in the project
were there mechanical calculators using punched cards. Implosion calculations took
months at a time. The transistor was not invented until 1948, and electronic sys-
tems in 1945 used vacuum tubes, gas-filled switch tubes, and mechanical relays.
Gamma-ray spectroscopy was in its infancy (The Manhattan Project resulted in the
invention of the scintillation detector in 1944, by Samuel Curran at Berkeley), and
solid-state germanium detectors came along much later. High-speed photography
was also developed out of necessity for the project, and high-speed radiography did
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not exist. Conjectures about the difficulty for small countries or terrorist organiza-
tions to stand up a nuclear weapon development program, seventy years later, should
consider these changes.

1.2 The Cold War and the Arms Race

While American nuclear experts knew that the Soviet Union would be trying to
develop nuclear explosives, it came as a surprise that the first successful Soviet test
would happen as soon as 1949,when onAugust 29 the Soviets detonated a device they
referred to as “First Lightning”(nicknamed “Joe-1” in the West, after Joseph Stalin).
The test was performed at Semipalatinsk in what is nowKazakhstan. The design was
an implosion-type plutonium device with a 22 kiloton yield and was almost identical
to Gadget and Fat Man. In retrospect this was not so surprising once the extent of
espionage at Los Alamos became known. This test also demonstrated the beginning
of airborne radioactivity monitoring to detect nuclear testing, as the United States
used a specially fitted B-29 aircraft with radioactivity-sensing equipment, which
picked up a plume of radioactivity about a week later when the plume appeared east
of the Kamchatka peninsula.

The racewas then on to develop a large arsenal of nuclear weapons, and to develop
more powerful and more easily deployable designs. Starting with early meetings in
Berkeley in 1942, Edward Teller had argued for the development of the “Super”,
which would exploit nuclear fusion reactions

2
1H +2

1 H → n +3
2 He

2
1H +2

1 H → p +3
1 H

2
1H +3

1 H → n + α

The last reactionmakes 17.6MeVof energy,much less than the 200MeV released
in a fission event, but with three times the yield per gram of material, and is a net
producer of fast neutrons, which can in turn be used to trigger more fission reactions.
The two isotopes of hydrogen used, 2H and 3H, known as deuterium and tritium,
are easily obtainable: deuterium exists as a minority isotope in ordinary water (fully
deuterated water is called heavy water), and tritium can be manufactured in a nuclear
reactor by neutron absorption on lithium. (Or the tritium can be created at the time of
detonation by introducing lithium deuteride into the device.) While Oppenheimer at
Los Alamos did not encourage the development of the Super, renewed interest came
after the detonation of Joe-1. After some failed attempts at testing some fusion-
boosted designs, a successful (deuterium-only) test was done on November 1, 1952
at the Eniwetok Atoll in the South Pacific. The test, code-named Ivy Mike, produced
a little over ten megatons of yield. However, this test involved a device that was far
too massive (82 tons) to be used as a weapon.
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Fig. 1 Stockpile size per
year for the United States
and Soviet Union/Russian
Federation, 1945–2006. Data
from [6]
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Soviet tests progressed along similar lines, culminating in the first detonation in
the megaton range by November 22, 1955. By 1961, the Soviets had assembled a
device nicknamed “Tsar Bomba”, which was detonated on the remote Arctic island
of Novaya Zemlya on October 30, with a yield of 58 megatons.

Meanwhile, the buildup of field-usable nuclear weapons began to grow and
become more sophisticated. A typical example was the W-7 device developed in
the United States in 1952, which weighed only 400kg and could be placed on a
small short-range missile. As shown in Fig. 1, inventories grew exponentially in the
1950s in theUS,with a slower but similar rise in the Soviet Union, continuing upward
until the mid-1980s.

Other members were added to the “nuclear club”. Great Britain, a partner along
with Canada in the U.S. nuclear program during World War II, developed its own
arsenal of nuclear weapons starting in 1953. France made its first nuclear test in
1960, and had a nuclear weapon by 1964. China tested in 1964 and started weapon
production within the year.While not openly disclosing any details, Israel is believed
to have developed nuclear capability, starting in 1967 [10]. In 1974 India tested
(“Smiling Buddha”) [8] and began putting weapons into stockpile after that time.
Pakistan probably started a program shortly after that, and under the leadership of
Abdul Qadeer Khan by 1981, and performed cold tests in about 1983. They tested for
the first time on 28May 1998 [1]. A nuclear programwas started and later abandoned
in South Africa [7]. More recently North Korea has developed a nuclear program,
with a low-yield test in 2006 but with substantially higher-yield tests in 2009 and
2013 [2].

1.3 The Fall of the Soviet Union

In 1985, The General Secretary of the Soviet Politburo, Mikhail Gorbachev,
announced that the Soviet economic system was not sustainable and called for vast
reforms of the Soviet system. Ultimately this led to the breakup of the Soviet Union
starting in 1989, followed by complete dissolution of the Soviet Union in 1991. Some
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of the former Soviet countries possessed nuclear weapons at that time. Of particu-
lar interest were Ukraine and Kazakhstan, which had approximately 5000 and 1400
devices respectively in 1991 at the time of the dissolution. All of these weapons
were returned to Russia by 1997. However, questions remain about weapons-usable
nuclear materials stored (by a DOE estimate in 1998) at over 150 facilities at 53
sites, in Russia and former Soviet republics. Of continuing interest is the former
Soviet test site of Semipalatinsk in Kazakhstan, which covers 7000 square miles.
The lack of recordkeeping and the lack of site security over this vast area form a
risky combination of factors.

2 Device Physics

The treatments given here closely follow the now-unclassified document known as
the LosAlamos Primer, distributed at LosAlamos in 1943 as part of an indoctrination
course for scientists working on the Manhattan Project [9].

2.1 Critical Mass

The smallest size for a fission explosive is given by neutron transport theory. For a
complete derivation of the theory, consult a standard textbook such as Lamarsh [4].

We assume that we have a spherical assembly of pure 235U with radius a. The
equation concerning the rate of growth of the fast neutron population is given by:

ṅ = DΔn +
(

ν − 1

τ

)
n. (1)

Here n is the number density of neutrons in the assembly, D is the diffusion
coefficient and is equal to (1/3)λtrv, where λtr is the mean free path for the neutrons,
and v is the average speed of the neutrons. The mean free path is given by the number
density in the fuel material nf and the total cross section Σt = nfσt as

λtr = 1

Σt
= 1

nfσt
(2)

and the quantity ν is the average number of neutrons produced per fission event. The
quantity τ is the average time for a neutron to cause another fission event with a fuel
nucleus after production and is given by

τ = 1

Σfv
. (3)
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Here Σf = nfσf , with σf as the fast fission cross section in the material. The
operator Δ is the laplacian operator, sometimes written as ∇2. We can separate the
variables in this equation so that

n(r, t) = T(t)R(r) (4)

where we assume spherical symmetry. The time dependence is then given by

T(t) = exp

(
ν ′t
τ

)
(5)

with

ΔR(r) + −ν ′ + ν − 1

Dτ
R(r) = 0 (6)

If we solve this equation with a boundary condition n(a) = 0, we find that the
lowest order solution is given by

R(r) = n0
sin(π r/a)

π r/a

and then the operator Δ is replaced by − (π/a)2. However, the choice of boundary
condition n(a) = 0 isn’t quite correct; the actual boundary condition requires a
correction to account for the free streaming of neutrons at the boundary, with no
returning flux. A simple way to handle this is to add an “extrapolation length” to the
actual radius, giving an effective radius as

a′ = a + δ (7)

for planar geometries, δ ≈ 0.71λtr , and we assume that this is approximately correct
for the spherical problem. The critical size (for which ν ′ = 0) is given by

(a + δ)2 = π2

3ΣfΣt(ν − 1)
(8)

and then the critical mass Mc = (4/3)πρa3.
We can now calculate the critical mass for 235U as an example. Using modern

values for 235U for fast neutrons, ν = 2.70, Σf = 0.06192 cm−1, Σt = 0.2160
cm−1, and ρ = 18.7 g cm−3 gives

Mc = 52 kg

(The original Los Alamos number was 60kg, quite close considering the error
bars on the data at that time.)
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A similar calculation for 239Pu (ν = 3.10, Σ f = 0.0936 cm−1, Σt = 0.2208
cm−1, ρ = 15.92 g cm−3) gives an much smaller value of Mc = 11.0 kg. Note that
in general, the critical mass scales as

Mc ∝ 1

ρ2[σtσ f (1 − ν)]3/2 (9)

Note especially the 1/ρ2 dependence, showing that significantly less material is
required for an implosion-type device.

The above calculations assume that only one species is present. The crude one-
speed diffusion theory shown here works fairly well for these examples because the
fission cross section is roughly constant over the fast neutron energy spectrum, and
the details of more complex scattering physics, such as angular dependence of the
scattering and inelastic scattering, are less important. For the case of 235U and 238U at
arbitrary enrichment, this is no longer the case, because the neutron-induced fission
of 238U is a threshold processwith aminimumenergy required of about 1MeV,which
is inside the range of energies of neutrons produced in fission. (The neutron energy
spectrum from fission is a roughly maxwellian spectrum with a “temperature” of
about 1.3 MeV.) Inelastic scattering can lower the fission-produced neutron energy
to below the fission energy threshold for 238U in one collision.

For this type of neutronics problem, one is better served by using a Monte Carlo
computer code such as MCNP to calculate the critical mass. An example of such
a calculation, for uranium spheres at various enrichment levels, is shown as Fig. 2.
This calculation shows that the critical mass required goes to very impractical values
for enrichments below 15%, and that no fast assembly (i.e. a bomb) can be made
with material at standard power plant nuclear fuel enrichments of 3–4%.

20 40 60 80
0

200

400

600

800

1000

1200

Enrichment (wt %      U)235

C
rit

ic
al

 M
as

s 
(k

g)

Fig. 2 Critical mass versus enrichment for bare uranium spheres. Data from [3]



2 Device Physics 17

0 2 4 6 8 10 12 14

4

6

8

10
C

rit
ic

al
 m

as
s 

(k
g)

Tamper thickness (cm)

Fig. 3 Critical mass versus Be tamper thickness for weapon-grade Pu. Data from [3]

One further detail of weapon construction needs to be considered as part of a
discussion about criticality, however. That is the possibility that a second non-fissile
zone may be added to the outside of the fissile material. This is called a “tamper” and
it serves two purposes. Firstly, neutrons leaving the fissile zone into the tamperwill be
scattered and thus some of them will re-enter the fissile zone, or be “reflected” back
into the fissile zone. Secondly, by its mere inertia, the tamper slows the expansion of
thefissile zonewhen it is supercritical, thus prolonging the timeof exponential growth
and increasing the yield. Tamper criticality calculations are also more complex than
can be derived accurately with one-speed diffusion theory, but again, Monte Carlo
calculations can assist in getting an accurate picture of how the tamper can lower the
critical mass required. Figure3 shows the effect of adding a beryllium tamper to a
sphere of weapon-grade plutonium.

2.2 Heat Generation. Neutron Background
and Predetonation

Several other details concerning the physics of nuclearweaponsmust be considered in
order to appreciate the risk potential of various fissionable actinide isotopes. The first
and simplest topic is the radioactivity of the isotopes involved and their propensity to
generate heat. Excessive heat may cause thermal distortions of parts of the device and
lead to degradation of the chemical explosive in the device. Table1 lists the specific
heat generation rates for various isotopes of interest. This shows, for example, that
while 233U is a usable weapon material, the material must be produced with very
tight limits on the presence of 232U, because of its high heat generation rate; the same
applies to 238Pu in 239Pu-based assemblies. Also, some of these isotopes generate
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Table 1 Properties of various isotopes of interest in fission-based nuclear explosive assemblies

Nuclide Half-life Specific activity Heat Gen. Spont. fission rate

U-232 6.89E+01 y 8.25E+11 Bq g−1 7.14E-01 W g−1 n/a

U-233 1.59E+05 y 3.57E+08 Bq g−1 2.76E-04 W g−1 2.1E-04 g−1s−1

U-234 2.46E+05 y 2.30E+08 Bq g−1 1.79E-04 W g−1 3.98E-03 g−1s−1

U-235 7.04E+08 y 8.00E+04 Bq g−1 5.99E-08 W g−1 5.60E-06 g−1s−1

U-236 2.34E+07 y 2.39E+06 Bq g−1 1.75E-06 W g−1 2.30E-03 g−1s−1

U-238 4.47E+09 y 1.24E+04 Bq g−1 8.50E-09 W g−1 6.78E-03 g−1s−1

Np-237 2.14E+06 y 2.61E+07 Bq g−1 2.06E-05 W g−1 5.22E-05 g−1s−1

Pu-238 8.78E+01 y 6.34E+11 Bq g−1 5.67E-01 W g−1 1.20E+03 g−1s−1

Pu-239 2.41E+04 y 2.30E+09 Bq g−1 1.93E-03 W g−1 7.11E-03 g−1s−1

Pu-240 6.57E+03 y 8.39E+09 Bq g−1 7.06E-03 W g−1 4.78E+02 g−1s−1

Pu-241 1.44E+01 y 3.82E+12 Bq g−1 3.28E-03 W g−1 9.18E-04 g−1s−1

Pu-242 3.74E+05 y 1.46E+08 Bq g−1 1.17E-04 W g−1 8.04E+02 g−1s−1

Am-241 4.32E+02 y 1.27E+11 Bq g−1 1.14E-01 W g−1 5.47E-01 g−1s−1

Data from [5]

energetic gamma rays in their decay sequence, and the presence of these may make
it difficult for workers to assemble these devices or to be near them after they are
made.

Also of interest is the rate of neutron emission from these materials. Neutrons
can be produced in fissile materials by spontaneous fission. In order for a device to
perform with substantial yield, the device must be sufficiently supercritical before
neutrons induce a fission chain reaction, which in turn produces enough energy to
start the dis-assembly of the device. A predetonation caused by the spurious presence
of early neutrons is called a “fizzle”. For the relatively slow assembly afforded by a
gun-type process such as used in the Little Boy design, with velocities around 1000
meters per second and distance traveled between exact criticality and supercriticality
on the scale of ten centimeters or so, the period when a fizzle is possible by premature
neutron-induced fission is on the order of 10−4 s. Plutonium, on the other hand,
typically gets manufactured in a nuclear reactor by absorption of neutrons on 238U.
Further nuclear reactions will turn some of this plutonium into 240Pu, and at least a
few percent concentration of 240Pu is unavoidable. This isotope has a high rate of
spontaneous fission.

For this reason, even though 235U is a less desirable material than Pu for construct-
ing a nuclear weapon for large programs such as the US and Russian programs, 235U
can be considered a greater terrorism/rogue nation threat because the technological
barrier is much less for developing a usable weapon, given that sufficient quantity
of material is available. On the other hand, kilogram quantities of weapon-grade Pu
(usually taken to be<7% 240Pu) is a credible threat in the hands of a somewhat more
sophisticated adversary.

The foregoing analysis also points to the types of nuclear reactors that are more
of a threat to the production of weapon-usable plutonium. A large power reactor,
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say an 1100 MWe (3300 MWth) reactor (such as most of the reactors online in the
US) typically has very high burnup rates for the fuel, and the fuel elements are in
the reactor for years at a time. The plutonium in the spent fuel from these reactors
typically has more 240Pu than 239Pu, and is extremely difficult to be used in a nuclear
weapon. Small research reactors in the 15–30 MWth class pose more of a risk, as
these aremore open, accessible systemswith lower typical fuel irradiation. CANDU-
type reactors, with their ability to be fuel-swapped while they are running, are also
more difficult to control from a safeguarding viewpoint.

3 Special Nuclear Material

The purpose of this section is to define the terms that are used to describe materials
connected to the development of nuclear weapons.

Special Nuclear Material, or SNM, is a term used by the U. S. Nuclear Regulatory
Commission (NRC) to mean uranium enriched in 235U or 233U, 233U, and plutonium
of any isotope. This definition is given in Title I of the Atomic Energy Act of 1954.
The NRC has the authority to add other materials to the list of SNMmaterials, but it
never has done so.

The NRC has also broken down SNM into three Safeguard Categories of risk.
Category I is defined as Strategic Special Nuclear Material, or SSNM, and is defined
as material containing:

• 2kg or more of plutonium; or
• 5kg or more of U-235 (contained in uranium enriched to 20% or more in the
U-235 isotope); or

• 2kg or more of U-233; or
• 5kg or more in any combination computed by the equation grams = (grams con-
tained U-235) + 2.5 (grams U-233 + grams plutonium).

Category II, “Special nuclear material of moderate strategic significance” is
defined as

• Less than a formula quantity of strategic special nuclear material but more than
1,000 grams of uranium-235 (contained in uranium enriched to 20% or more in
the U-235 isotope) or more than 500 grams of uranium-233 or plutonium, or in
a combined quantity of more than 1,000 grams when computed by the equation
grams = (grams contained U-235) + 2 (grams U-233 + grams plutonium); or

• 10,000 grams or more of uranium-235 (contained in uranium enriched to 10% or
more but less than 20% in the U-235 isotope).

Category III, “Special nuclear material of low strategic significance” is defined as

• Less than an amount of special nuclear material of moderate strategic significance
(see category II above) but more than 15 grams of uranium-235 (contained in
uranium enriched to 20% or more in U-235 isotope) or 15 grams of uranium-233



20 Nuclear Explosives

or 15 grams of plutonium or the combination of 15 grams when computed by
the equation grams = (grams contained U-235) + (grams plutonium) + (grams
U-233); or

• Less than 10,000 grams but more than 1,000 grams of uranium-235 (contained in
uranium enriched to 10% or more but less than 20% in the U-235 isotope); or

• 10,000 grams or more of uranium-235 (contained in uranium enriched above nat-
ural but less than 10% in the U-235 isotope).

Enriched Uranium means any uranium containing more that 0.71% 235U. Highly
Enriched Uranium, or HEU, is defined by the U. S. Department of Energy (DOE) as
uranium containing more that 20% 235U. This is considered the lowest enrichment
for which a nuclear explosive is possible. In 1996, the DOE had about 740 metric
tons in this category. (Since that time, the inventory has been reduced by downblend-
ing and disposal.) The DOE also separates out its inventory of >90.0% enriched
uranium, which might be considered “weapon grade”, although DOE does not use
that terminology specifically, nor does it report its total inventory in that category.

The term Significant Quantity is used by the International Atomic Energy Agency
(IAEA) to denote “the approximate amount of nuclear material for which the possi-
bility of manufacturing a nuclear explosive device cannot be excluded.” The signif-
icant quantities are 8kg of Pu(<80% 238Pu), 8kg 233U, 25kg HEU, 75kg enriched
U(<20% enriched), 10 metric tons natural U, 20 metric tons depleted U, or 20 tons
Th. These quantities are used as the trigger points for further action following their
detection during inspections.

One can notice some decoupling of these definitions from the actual threat. It
is interesting to note that 237Np is not SNM under U.S. guidelines, although it is
generally known as a nuclear weapon-usable material. Also, the IAEA would not
consider the quantity of plutonium used in the Fat Man Nagasaki weapon to be
“significant”!
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Signatures and Background

Abstract Models for radiation transport in simple geometries are developed, with
an emphasis on self-shielding and distributed sources. Three mechanisms for gamma
ray attenuation—photoelectric, Compton, and pair production, are described. Some
end-to-end calculations are shown for the estimated count rates with realistic sources
and detectors. The impact of background radiation in potentially masking a source
from detection is explored. Radiation background sources in the ground and air are
described, with particular emphasis on the uranium and thorium decay chains, with
tables of the characteristic gamma-ray lines given. Cosmogenic radiation is also
explored, along with neutron backgrounds. Next, the impact of naturally occuring
radioactive material (NORM) and technologically enhanced NORM (TENORM) are
discussed.

1 Simplified Transport Calculations

The modeling of photon and neutron transport in real environments, with real detec-
tors, is the domain of highly sophisticated computer codes. A popular example is
MCNPX, a Monte Carlo code package available through the Radiation Safety Infor-
mation Computational Center (RSICC) in Oak Ridge, TN. (http://www-rsicc.ornl.
gov/). This code, originally developed at Los Alamos National Laboratory in the
late 1950s, has been refined and thoroughly tested over more than half a century.
This approach does have some drawbacks, however. First, users must be aware of
the validity of results based on the number of particles used, the correctness of the
geometrical model being input to the code, and the quality of the physics approxi-
mations being made within the code for those cases where real nuclear and particle
data are unavailable. Second, there are export control issues in using this code, and
the process of getting set up for a license, even for a single user, may be difficult at
times. Thirdly, some decision makers in the various government agencies involved
in nuclear security issues are skeptical of code model predictions of the performance
of real-world detection systems, having been disappointed in the past.

For these reasons, it is always important to be able to perform simple calcula-
tions of the expected behavior of proposed detection schemes based upon the first
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principles of radiation transport. While these are not a substitute for the more detailed
computations that would be available with MCNPX or other codes, the simple mod-
els given here provide insight into the physical processes going on in any detection
scheme, and provide a “sanity test” for evaluating code output.

1.1 Gamma Radiation Field from a Point Source

Suppose one has a small gamma-emitting source containing N atoms of a radioactive
substance with a half-life t1/2. Suppose that the detector is a distance R from the
source. The activity

A = −Ṅ = λN,

where λ is the decay constant

λ = ln 2

t1/2
.

The production of a particular gamma ray is given by −ṄB, where B is the branching
ratio for that gamma ray line.

Consider all gammas being generated out of the source. These gamma rays are
uniformly distributed in all directions, i.e. into 4π sterradians of solid angle, and thus
uniformly distributed on a surface of area 4πR2 at a distance R. We define the flux
φ as being the number of particles passing through a unit area (normal to the source
location) per unit time, with units cm−2s−1. The total flux at the detector is

φ = −ṄB

4πR2
= ln 2 · BN

t1/2 · 4πR2
cm−2s−1. (1)

Suppose that the detector has a surface area Ad in the direction facing the source,
and the physical dimensions are small compared to R, so that near-field effects can
be neglected. Suppose that the efficiency for that detector to report a gamma-ray hit,
given that a gamma ray entered the detector, is ηd. Then the total count rate CR for
that gamma ray line is given by

CR(s−1) = φAdηd = ln 2 · BNAdηd

t1/2 · 4πR2
. (2)

Count rates are usually reported in counts per minute, however, so it is worth
adding this last minor step:

CR(min−1) = 60 ln 2 · BNAdηd

t1/2 · 4πR2
. (3)
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Another simple task remains. What is N? Often more than one species is present
in the source, and the characteristic gamma ray under investigation comes from only
one component. For example, suppose that we have a mass m of weapon-grade
uranium with an enrichment f, expressed as a weight fraction of the 235U content,
with the rest being mostly 238U. Then using Avogadro’s constant

N235 = fmNA

235
. (4)

So if we had a (very small!) piece of uranium, the 235U gamma ray signal count
rate would be

CR(min−1) = 60 ln 2 · BfmNAAdηd

235 · t1/2 · 4πR2
. (5)

1.2 Self-Shielded Disk

The above calculation needs to be modified if the radiation source is large enough
to absorb some of its produced gamma photons before they leave the source. This is
especially important for low-energy gammas in high-Z elements.

Gamma rays interact with matter by three primary processes. At low energies,
the primary process is photoelectric absorption by valence electrons in the atomic
structure of the material. At intermediate energies (∼1 MeV), gamma-ray photons
simply scatter in elastic collisions with the electrons in the material. At high energies,
gamma rays in the vicinity of nuclei lose energy by the creation of electron positron
pairs. (Details of these reactions are described later in this chapter.) For the present
discussion, we are interested in the fraction of the gamma rays surviving at full energy,
regardless of whether a secondary, lower-energy photon is produced or not. We use
a probability μ to describe the incremental fraction dI per incremental length dx of
gamma rays removed from the full-energy channel. The change in the full-energy
intensity dI as the photons move through a distance dx is given by:

dI

I
= −μdx. (6)

And thus the full-energy intensity of a beam of photons with initial intensity I0

passing through a distance x is given by:

I = I0e−μx. (7)

The quantity μ is called the linear attenuation coefficient and has dimensions of
inverse length, i.e. cm−1. Linear attenuation coefficients are proportional to mass
density ρ, and thus mass attenuation coefficients are given as μ/ρ, i.e. in units of
cm2 g−1. Tables and graphs of the mass attenuation coefficients for elements and
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Fig. 1 Mass attenuation coefficient for uranium. Based on the NIST X-ray attenuation data, NIST
IR5632, available at http://www.nist.gov/pml/data/xraycoef/

compounds are given at the National Institute for Standards and Technology website
www.nist.gov/pml/data/xraycoef/. Figure 1 shows the mass attenuation coefficient
μ/ρ for uranium as a function of photon energy. Note that the labels K, L, M refer
to the atomic shells, and that the photoelectric effect is responsible for the large
attenuation values at energies <1 MeV.

Consider a small disk of area As and diameter d which has a thickness t � 1/μ,
where μ is the removal attenuation coefficient. (The situation where t � 1/μ is
called the “optically thick” limit.) Suppose that the detector is a distance R � d
from the detector. The specific activity is

−ṅ = λn,

where λ is the decay constant as before. The production of a particular gamma ray
per unit volume is −ṅB, where again B is the branching ratio for that gamma ray
line.

Consider all gammas being generated in the forward direction out of the disk.
Then the fraction F of those gammas surviving out of the front face of the disk is
given by:

F = 1

t

∫ t

0
e−μxdx = 1

μt

(
1 − e−μt) ≈ 1

μt
, (8)

and then the total flux at the detector is

φ = −ṄBF

4πR2
= −ṅBAstF

4πR2
≈ λnBAs(1/μ)

4πR2
. (9)

http://www.nist.gov/pml/data/xraycoef/
www.nist.gov/pml/data/xraycoef/
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This is equivalent to saying that all gammas from a distance 1/μ survive to the
surface of the disk and are transported. The effective volume of the source is then
only As/μ.

The number of counts seen in a detector of area Ad and efficiency ηd is then

CR(s−1) = λnBAs(1/μ)Adηd

4πR2
. (10)

Note that this formula can be re-written to show that the result does not actually
depend on density. Noting that

n = fρNA

M
, (11)

where f is the mass fraction of the gamma-emitting component and M is the atomic
mass of that component, the above formula can be written as

CR(s−1) = λNABfAsAdηd

M · 4πR2 · (μ/ρ)
, (12)

and in a more practical form

CR(min−1) = 60 ln 2NABfAsAdηd

t1/2 · M · 4πR2 · (μ/ρ)
, (13)

We now show an example calculation. Suppose that a bare spherical solid 10 kg
pit of 93 % 235U (f235 = 0.93) is 10 feet from a detector. 235U has a half-life t1/2 =
704 million years, and produces a 185.7 keV gamma ray with branching ratio B185 =
0.572. Note that μ/ρ for U at 185 keV is 1.56 cm2g−1. We need to assume a value
of the density of the pit to find its radius Rpit. The mass m is related to the radius
Rpit by

m = 4

3
πρR3

pit (14)

Using density ρ = 19.1 g cm−3, this gives Rpit = 5.00 cm. Then As =78 cm2 (note
that the area is not 4πR2

pit, but rather πR2
pit, because the area seen by the detector is

its cross-sectional area, not its total surface area) and 1/μ = 1/(29.83) cm=0.0305
cm = 335 μm. Thus the total equivalent emitting volume is only 2.6 cm3.

The effective source strength is then

Ṅ185 = f235ρNA

M
(As/μ)λB = 2.13 × 106 s−1 (15)



28 Signatures and Background

A 50 % efficient detector ten feet away with Ad = 100 cm2 would see 91 counts per
second, or 4700 counts per minute. However, one inch of steel (μ/ρ = 0.156 cm2g−1,
ρ = 7.8 g cm−3 , L = 2.5 cm) shielding would take this down by a factor of

e−(μ/ρ)ρL = e−(0.156)(7.8)(2.5) = 0.045

or to 249 counts per minute.

1.3 Intermediate Optical Thickness

If the optical depth parameter μt is of order unity, neither the fully self-shielded case
nor the point source case applies, and a more detailed transport calculation must be
done. However, for simple geometries such as spheres, hemispheres, spherical shells,
cylinders, annular cylinders, cubes, rectangular slabs, and so forth, these calculations
are fairly simple to perform. The general form used to quantify these results is to
define a shielding factor F(μt) such that, for a detector at some distance R � t,
where t is a characteristic dimension of the radiating object, the count rate CR seen
is given by

CR = F(μt)CR(μ → 0), (16)

i.e. F(μt) represents the attenuation factor of the signal at the detector compared to
what would be observed for the same source with zero self-attenuation. In general

F(μt) = 1

V

∫
dV e−μz, (17)

where z is the distance to the surface of the radiating body in the direction of the
detector. As an example, consider a sphere of radius R0. The self-attenuation factor
F(μR0) is given by

F(μR0) = 3

4πR3
0

∫ R0

0
2πRdR

1 − e−2μ
√

R2
0−R2

μ
, (18)

and this integral is given by (using x = μR0):

F(x) = 3
(
2x2 + e−2x(2x + 1) − 1

)
8x3

. (19)

This function has the asymptotic values limx→0 F(x) = 1 and limx→∞ xF(x) =
3/4, thus recovering the formulae given above. The optically thin and optically thick
approximations are within 10 % for x < 0.14 and x > 2.16, respectively.
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1.4 Infinite Half-Space Source

The following is especially useful in evaluating the intensity of background radiation
from radioactivity embedded in the earth.

Suppose there is an thick planar source of radiation of infinite extent. A detector
is a distance R above this source. The detector sees this source as covering 2π

sterradian of solid angle. Each solid angle increment dΩ intercepts the surface with
an equivalent area R2dΩ . By the previous rule, we know that a depth 1/μ is the
effective radiative depth. Figure 2 illustrates the geometry involved.

If the gamma production rate per unit volume is −ṅB, then the total flux to the
detector is

φ = −ṅB

4πR2μ
· R2

∫
dΩ = −ṅB

2μ
. (20)

We can then replace −ṅ with λn = ln 2n/t1/2, and substitute n = fρNA/M, where
again f represents the mass fraction of the emitting isotope of interest. Then we have

φ = ln 2NABf

2 · t1/2 · M · (μ/ρ)
. (21)

As before, this can be converted into a detector count rate by multiplying by ηd Ad

and then

CR(min−1) = 60 ln 2NABfAdηd

2t1/2 · M · (μ/ρ)
. (22)

Some features of this result are worth noting. Firstly, the count rate does not
depend on the height of the detector R above the half-space. (Note that this result
ignores the attenuation by air, which has a half-length of about 40 m at 200 keV
and 150 m at 3.0 MeV. See Fig. 3.) Secondly, the result does not depend on the mass
density of the emitting medium, but only upon the mass fraction of the emitting
component. Thirdly, one can estimate the effects of changes in the count rate caused

Fig. 2 Detector-source
geometry for infinite
half-space calculation

L=1/μ

dA=R dΩ2

R

Detector
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Fig. 3 Attenuation (1/e) length for gamma rays in air

by changes in the emitting medium (such as a measurement on an asphalt roadbed
with uncovered soil nearby) by calculating the fraction of the solid angle as seen by
the detector from each type of emitting surface. It is important to keep in mind that
only a depth of a few times 1/(μ cos θ) is involved in transport of photons to the
detector, and this is on order of 10–20 cm in soil in the energy range from 150 keV
to 3 MeV.

The following calculation illustrates this result. Suppose that a measurement of
the 185 keV 235U photon flux is made at a 1 m height above topsoil containing 3 wppm
uranium. (This is a typical value in the United States.) The enrichment of natural
uranium in 235U (as a mass fraction) is 0.711 % and thus f = 2.1 × 10−8. The mass
attenuation coefficient of soil at 185 keV is about 0.14 cm2g−1. Taking Ad = 100
cm2 and ηd = 0.5 as before then gives a count rate of around 10 counts per minute.
This would seem small compared to the 10 kg spherical pit of uranium with one inch
of steel shielding mentioned before, with a count rate of 249 counts per minute. But
increasing the shielding to just 2.04 inches would make these rates equal.

2 The Radiation Background

2.1 The Primordial Isotopes

The earth’s crust contains three elements, in four isotopes, that have sufficiently
long half-lives so that they are still present in significant quantities following their
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primordial synthesis. These elements are uranium, thorium, and potassium. The
isotopes are 235U, 238U, 232Th, and 40K. The first three isotopes are actinides and
decay primarily by alpha-particle emission. The latter, 40K, decays primarily by a
beta emission, with a long half-life because of the large disparity in spin-values
between the parent and daughter nucleus, a so-called third-forbidden decay. A table
of key properties of these isotopes is given as Table 1.

Average elemental concentrations of these three elements U, Th, and K in the
earth’s crust are 2.7 ppm, 8.5 ppm, and 2 %, respectively. In the case of 238U and
232Th, no significant gamma rays are emitted during their direct decay, but subsequent
decays of the decay products of these isotopes contribute to the natural background
radiation field. 235U does produce gamma radiation during its decay, and there are
also gamma rays associated with its daughter products as well. The two byproducts
of 40K decay, 40Ca and 40Ar, are both stable. One significant radiation is produced
by 40K decay: the electron capture channel to 40Ar, which has an 11.0 % branching
probability, emits a 1.460 MeV gamma with 100 % probability in that channel. With
the photons produced by all members of the decay series taken into consideration,
these three elements form roughly equal shares of the natural radiation background.

The three alpha-decaying isotopes, 235U, 238U, and 232Th, have daughter products
that decay either by alpha decay or beta decay, hence all elements in the decay chain
have masses that are integer multiples 4n smaller than the parent nucleus. Thus 235U
is the 4n + 3 series, 238U the 4n + 2 series, and 232Th the 4n series. The end-points of
these series are all stable lead isotopes, namely 207Pb, 206Pb, and 208Pb, respectively.
The short half-life of 233U (159,000 years) precludes there being a complete 4n + 1
decay chain in natural radioactivity.

Diagrams of the complete 4n + 2, 4n + 3, and 4n decay series are given as Figs. 4,
5 and 6. Tables of the gamma rays produced are shown as Tables 2, 3 and 4. Note
that these tables only contain gamma energies above 100 keV and branching ratios
above 0.2 %. Also note that there are alternative decay modes in these systems; only
the principal ones are given here.

The condition where the parent isotope has a long half-life compared to the daugh-
ters, and the daughters remain co-located with the parent, is called secular equilib-
rium. In this case, the activity of the daughters, if there is total branching to that
state, is equal to the activity of the parent. However, with some of the longer-lived
isotopes, there can be some migration of the parent and daughter nuclides for both

Table 1 Properties of the primordial isotopes

Nuclide Z N Decay mode Half life Jπ Abundance
(atom %)

235U 92 143 α, SF, 20Ne 7.038×108 y 7/2− 0.7200
238U 92 146 α, SF, β−β− 4.468×109 y 0+ 99.2745
232Th 90 142 α, SF 1.405×1010 y 0+ 100
40K 19 21 β−, EC, β+ 1.277×109 y 4− 0.0117

Note that SF= spontaneous fission, and EC=electron capture. Abundances are the fraction of the
isotope to all isotopes of that element as found in nature
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Fig. 5 4n + 3 decay chain

chemical and physical reasons–a process called fractionation. For example, 222Rn in
the 238U decay chain is a gas and may be released from fractured media. Also, U
and Ra are soluble, and Ra with its calcium-like chemistry is a candidate for plant
uptake. Thus the U decay series may not be in complete equilibrium. The thorium
decay series, with its less-soluble parent and short Rn half-life, is more likely to be
in complete equilibrium.
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Table 2 Gamma-ray lines associated with 238U decay
234mPa 234Th 226Ra

Energy (keV) B (%) Energy (keV) B (%) Energy (keV) B (%)

1001.03 0.837 112.81 0.277 186.211 3.59

766.38 0.294
214Pb 214Bi 214Bi (contd.)

Energy (keV) B (%) Energy (keV) B (%) Energy (keV) B (%)

351.932 37.6 609.312 46.1 1385.31 0.757

295.224 19.3 1764.494 15.4 1583.22 0.69

241.997 7.43 1120.287 15.1 703.11 0.472

53.2275 1.2 1238.11 5.79 1207.68 0.451

785.96 1.07 2204.21 5.08 719.86 0.379

839.04 0.587 768.356 4.94 1538.5 0.376

258.87 0.524 1377.669 4 388.88 0.37

274.8 0.474 934.061 3.03 964.08 0.362

487.09 0.422 1729.595 2.92 1838.36 0.36

580.13 0.352 1407.98 2.15 1051.96 0.315

480.43 0.32 1509.228 2.11 386.77 0.31

462 0.221 1847.42 2.11 786.1 0.31

533.66 0.186 1155.19 1.63 2293.4 0.305

2447.86 1.57 454.77 0.3

665.453 1.46 1069.96 0.275

1280.96 1.43 1594.73 0.25

1401.5 1.27 1133.66 0.248

806.174 1.22 1599.31 0.23

1661.28 1.15 1873.16 0.219

2118.55 1.14 1683.99 0.216
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Table 3 Gamma-ray lines associated with 235U decay
235U 235U (contd.) 231Th 231Pa

Energy (keV) B (%) Energy (keV) B (%) Energy (keV) B (%) Energy (keV) B (%)

185.712 57.2 202.111 1.08 102.268 0.41 300.07 2.46

143.764 10.96 194.94 0.63 302.65 2.2

163.358 5.08 182.52 0.34 283.69 1.7

205.309 5.01 279.5 0.27 283.69 1.396

109.16 1.54 221.399 0.12 302.65 0.68
227Th 227Th (contd.) 227Th (contd.) 223Ra

Energy (keV) B (%) Energy (keV) B (%) Energy (keV) B (%) Energy (keV) B (%)

235.971 12.3 334.381 1.05 234.81 0.41 269.459 13.7

256.25 7 254.68 0.7 342.5 0.39 154.21 5.62

329.851 2.7 113.159 0.5 250.35 0.34 323.871 3.93

300 2.32 312.69 0.48 300 0.34 144.232 3.22

286.122 1.54 296.51 0.46 206.11 0.21 338.281 2.79

304.519 1.2 314.78 0.44 204.27 0.2 445.03 1.27

210.65 1.11 314.78 0.44 122.319 1.192
223Ra (contd.) 219Rn 211Pb 211Bi

Energy (keV) B (%) Energy (keV) B (%) Energy (keV) B (%) Energy (keV) B (%)

158.633 0.685 271.23 10.8 404.853 3.78 351.059 12.91

371.68 0.480 401.81 6.37 832.01 3.52

342.90 0.219 427.088 1.76

328.40 0.206 766.51 0.617

704.64 0.462
207Tl

Energy (keV) B (%)

897.80 0.26

Some comments regarding the gamma ray data for these isotopes are in order. For
the 238U series, the most prominent features are the 351.9 and 609 keV lines from
214Pb and 214Bi. For the 235U series, the most prominent feature is the 185.712 keV
line in the 235U decay to 231Th, with B = 57.2 %. However, there is a coincidental
match-up of this line with the 186.211 keV line in the 238U decay chain, in the decay of
226Ra (B = 3.59 %). Because of the lower abundance of 235U, but taking the shorter
half-life of 235U into account, the activity ratio for these lines in natural U (with no
fractionation) is almost unity:

A (186.211)

A (185.712)
= 1 − f

f
· B(186.211)

B(185.712)
· t1/2

(
235U

)
t1/2

(
238U

) = 0.9928

0.0072
· 3.59

57.2
· 7.08 × 108

4.468 × 109

= 1.36
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Table 4 Gamma-ray lines associated with 232Th decay
228Ac 228Ac (contd.) 228Ac (contd.) 228Ac (contd.)

Energy (keV) B (%) Energy (keV) B (%) Energy (keV) B (%) Energy (keV) B (%)

911.204 25.8 129.065 2.42 1459.138 0.83 1501.57 0.46

968.971 15.8 409.462 1.92 904.19 0.77 508.959 0.45

338.32 11.27 835.71 1.61 153.977 0.722 332.37 0.4

964.766 4.99 1630.627 1.51 726.863 0.62 340.98 0.369

463.004 4.4 772.291 1.49 1580.53 0.6 199.407 0.315

794.947 4.25 99.509 1.26 830.486 0.54 1110.61 0.285

209.253 3.89 755.315 1 1247.08 0.5 958.61 0.28

270.245 3.46 840.377 0.91 782.142 0.485 1625.06 0.255

1588.19 3.22 562.5 0.87 57.766 0.47 321.646 0.226

328 2.95 1495.93 0.86 1638.281 0.47 478.4 0.209
228Th 224Ra 212Pb

Energy (keV) B (%) Energy (keV) B (%) Energy (keV) B (%)

215.983 0.254 240.986 4.1 238.632 43.34

300.087 3.28

115.183 0.592
212Bi 208Tl

Energy (keV) B (%) Energy (keV) B (%)

727.33 6.58 2614.533 99

1620.5 1.49 510.77 22.6

785.37 1.102 860.564 12.42

39.858 1.091 277.351 6.31

1078.62 0.564 763.13 1.81

893.408 0.378 252.61 0.69

452.83 0.31 1093.9 0.4

288.07 0.31 233.36 0.307

1512.7 0.29 982.7 0.203

722.04 0.201

The close spacing of these lines ≈0.5 keV, means that most detectors, including
high purity germanium, have difficulty resolving these lines, and this can lead to
some confusion. The possibility of fractionation effects, as described above, makes
matters even worse.

In the thorium series, the most prominent lines are 238.632 keV in 212Pb,
2614.533 keV in 208Tl, and 911.204 keV in 228Ac. Note the abundance of lines
in 228Ac decay: forty lines with Eγ > 100 keV and B > 0.2 %. The prominent
2614.533 keV line is usually taken as the upper gamma energy limit for the radi-
ation background due to the primordial isotopes.
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There are other primordial isotopes forming a less significant part of the natural
radioactive background. These include 50V, 87Rb, 113Cd, 115In, 123Te, 138La, 142Ce,
144Nd, 147Sm, 152 Gd, 174Hf, 176Lu, 187Re, 190Pt, 192 Pt, and 209Bi.

2.2 Cosmogenic Nuclides

Cosmogenic nuclides are those created by interaction of airborne and surface nuclei
with cosmic rays. The primary cosmic rays striking the upper atmosphere are pre-
dominantly fast protons, with an energy spectrum peaking at about 300 MeV. A
smaller quantity of fast alpha particles are part of the primary cosmic ray flux as well.
Spallation-type reactions with the atmosphere result in a good part of the fast pro-
tons being converted to fast neutrons impinging on the earth’s surface. Some of these
neutrons are thermalized in the atmosphere by elastic collisions with atmospheric
components, especially H in atmospheric water. As a result, many radioisotopes are
produced by (p, n), (n, p), and slow neutron absorption reactions. 14C (t1/2 =5730 y)
is the most abundant cosmogenic nuclide and is produced mostly by the 14N(n, p)14C
reaction with atmospheric nitrogen. Tritium (3H, t1/2 = 12.3 y) is produced cosmo-
genically mostly by the reaction 14N(n,3 H)12C. However, neither of these radionu-
clides have a characteristic gamma ray emission, so they have little effect on nuclear
measurements relevant to nonproliferation. On the other hand, 7Be(t1/2 = 53 d) is a
cosmogenic radionuclide that does have a gamma-ray signature: a 477 keV gamma
ray is made by the decay of 7Be with 10.5 % branching. Cosmic-ray production of
7Be can be accomplished through the following reactions:

n + 12C →7 Be + X
p + 12C →7 Be + X
n + 14N →7 Be + X
p + 14N →7 Be + X,

where X indicates one (or more) reaction products.
Some other cosmogenic radionuclides are 10Be, 26Al, 36Cl, 80Kr, 32Si, 39Ar, 22Na,

35S, 37Ar, 33P, 32P, 38Mg, 24Na, 38S, 31Si, 18F, 39Cl, 38Cl, 34mCl. Some of these have
gamma-ray signatures, but their production rate is much smaller than 7Be.

2.3 The Compton Continuum and Pair Production

The signature gamma rays making up the radiation background for both the primor-
dial and the cosmogenic isotopes can also have elastic collisions with the electrons in
materials nearby in a detection system, and also in the detector itself. These collisions
are referred to as Compton collisions. Collisions of this type produce a secondary
photon that has an energy E′

γ related to the energy of the incident photon Eγ and the
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angle θ between the incident photon and the scattered photon:

E′
γ = Eγ

1 + (Eγ /mec2)(1 − cos θ)
. (23)

Here the rest mass of the electron mec2 = 0.511 MeV. If Eγ � mec2, the mini-
mum energy of the scattered photon is roughly mec2/2 ≈ 250 keV for a complete
backscatter (θ = 180◦). The Compton scattering process can be repeated several
times, resulting in a continuum of photon energies being present in the radiation
background along with the uncollided, monoenergetic photons.

In a detector, the Compton process can be thought of as having the reverse effect:
a monoenergetic photon may enter the detector, interact with the detector material,
leaving a recoiling electron in the detector, but producing a scattered photon which
exits the detector without further interaction with the detecting material. For Eγ �
mec2, this results in the detector reporting an energy deposition ranging from 0 to
Eγ − mec2/2 in energy. For background radiation with many photon energies, the
Compton continua for each photon energy are summed together, creating a spectrum
that has a general downward trend towards higher energies.

Another process comes into play with very high gamma energies. This is from the
possibility that an energetic photon, in the vicinity of a nucleus, especially a heavy
nucleus, can create an electron-positron pair and a subsequent photon with an energy
less by 2mec2, or approximately 1.02 MeV. This process can only happen for photon
energies >1.02 MeV, and does not dominate the scattering processes in medium-Z
materials (such as rock and soil) unless the photon energies are greater than 10 MeV.
The produced positron can be annihilated by a nearby electron, and the result is a pair
of 0.511 MeV photons moving in opposite directions. For this reason, 0.511 MeV
photons are often present in gamma-ray spectra, but cannot be used to identify the
presence of any particular isotope.

Inside the detector, the reverse situation may arise similar to the Compton scat-
tering process above: a monoenergetic photon may enter the detector, undergo a
pair production event, leaving an electron-positron pair and a photon with energy
Eγ − 2mec2. The positron annihilation results in two 0.511 MeV photons. One or
both of the 0.51 MeV photons may exit the detector without being absorbed, but
perhaps the recoil photon following the pair production is absorbed. This results in
the detector reporting peaks at Eγ , Eγ − mec2, and Eγ − 2mec2. These are the full-
energy peak and the so-called single-escape and double-escape peaks. These escape
peaks must be carefully accounted for, as they may masquerade as the photopeak of
another isotope.

2.4 Typical Background Spectra

As an example illustrating the concepts outlined above, Fig. 7 shows a gamma spec-
trum taken outdoors on the Berkeley campus with a high-purity germanium detector.
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Fig. 7 Gamma spectrum taken with a high-purity germanium detector outdoors on the Berkeley
campus. Courtesy of E.B. Norman, UC Berkeley

Note the presence of lines from the primordial isotope 40K and the 238U and 232Th
decay chains. Note also the high levels of Compton continuum in the lower channels,
which in this case obliterates the 185 keV peak from 235U. The 238 keV peak from
212Pb is visible, however.

There can be quite a variation in background levels from one place to another,
and in fact background levels can fluctuate at one point over the course of the day,
being sensitive to surface temperature and precipitation. Figure 8 shows the results
of a background mapping project carried out at UC Berkeley with a truck outfitted
with twenty-four high-purity germanium detectors and a 10 × 10 imaging array of
sodium iodide gamma detectors. Note especially the high levels found in industrial
areas, and the near-zero levels as the truck crossed over water on a steel drawbridge.

2.5 Man-Made Radioactivity

In addition to natural sources of radioactivity, there can be components to the radioac-
tive background due to human activity. The combustion of coal in power plants can
cause release of uranium and thorium isotopes and their radioactive daughter prod-
ucts. Nuclear accidents at both power plants and at fuel reprocessing facilities can
result in release of fission products to the atmosphere. Figure 9 shows a part of a back-
ground spectrum taken on the Berkeley campus, some months after the Fukushima
Dai-Ichi reactor accident in March 2011. The spectrum shows the presence of two



2 The Radiation Background 39

Fig. 8 Map of background radiation variations on a route through the San Francisco Bay area,
taken in 30 m increments. Satellite imagery c©Google. Adapted from [1]

Cs isotopes, 137Cs (t1/2 = 30.2y) and 134Cs (t1/2 = 2.06 y) that were not typically
seen in background spectra before that time. There have been occasional reports of
other gamma signatures in soil attributed to careless dumping of radioactive material
in the past.

2.6 Neutrons

Neutrons are rare in nature. A few isotopes, such as 238U and 232Th, have a spon-
taneous fission decay channel, with very low branching ratios: 238U is the largest
natural spontaneous fission source with B = 5.45 × 10−5. Cosmic rays also provide
a source of neutrons. There are fast neutrons produced from spallation by primary
cosmic ray protons in the upper atmosphere. The fast neutrons typically have a long
interaction length and pass through most detectors without appreciable signal gener-
ation. Some of the fast neutrons are thermalized by scattering in the atmosphere, and
this results in a thermal neutron flux at sea level (in the middle latitudes) on the order
of 4 cm−2h−1. There can be (α, n) reactions in rock: for example, alpha-emitting iso-
topes in the uranium or thorium decay series can interact with several light elements
(Li, Be, B, C, N, O, F) that have substantial (α, n) cross sections. A more energetic
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Fig. 9 Part of a gamma background spectrum, taken on the Berkeley campus, showing evidence of
fallout from the Fukushima Dai-Ichi accident in 2011. Fallout isotopes are shown in bold. Courtesy
of E.B. Norman, UC Berkeley

alpha such as the 8.954 MeV 212Po in the Th decay series would be more productive
than lower energy alphas, because of the greater range of the alpha in the material
and the larger production cross section at higher energies.

2.7 NORM and TENORM

Materials in cargo transport may occasionally be more radioactive than typical radi-
ation background levels. These materials fall into two broad categories: Naturally
Occurring Radioactive Materials, or NORM, and Technologically Enhanced Natu-
rally Occuring Radioactive Materials, or TENORM.

Many consumer goods entering commerce are NORM [5]. Among them are smoke
detectors (typically containing 241Am), watches and clocks with luminescent dials
(the older ones used 226Ra and the newer ones use either 3H or 147Pm), older cam-
era lenses (may contain 232Th ), granite monuments and countertops (with varying
amounts of natural uranium), ceramic tiles (may contain U, Th, and K), glassware
(the older glassware may contain uranium, especially those with a yellowish or
greenish tint), ceramic pottery (especially a type known as Fiesta, for which the
red color was made with uranium oxide before 1959), fertilizer (the high potassium
content includes 40K and phosphate-based fertilizers may contain U), and food (also
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containing 40K, especially bananas or potatoes). Kitty litter, being a clay product,
also contains 232Th. Electric arc welding is sometimes done with welding rods that
contain thorium in order to more easily start and stabilize the arc. These are not
regulated by law in the U. S., and these can sometimes be detected. In addition,
some parts fabricated with these welding rods may also contain enough thorium to
be detectable.

TENORM typically involves the waste byproduct of some industrial or mining
process. One example is production wastes from geothermal energy power stations,
which may contain elevated levels of 226Ra and 228Ra. These, however, are truly waste
products, and unlikely to appear in commercial cargo. However, equipment used in
these activities may become contaminated and might be detected for high radiation
levels when it is transported. An example would be from oil and gas drilling, where
the scale on pipes and tanks can reach 100,000 pCi g−1 [4]. Before these elevated
levels were recognized, many old pieces of drilling equipment were recycled into
steel beams, plumbing pipes, and so forth, so that occasionally these ordinary objects
in commerce will set off radiation alarms at inspection points.

Recent experience has also shown that there have been a number of nuisance
alarms observed for stainless steel items in commerce containing 60Co [3]. Materi-
als with levels up to 600 Bq g−1 have been detected. This is usually caused by an
“orphaned” 60Co source being mixed with ferrous scrap metal before it is forged into
stainless steel. The countries of origin for this contaminated stainless steel have been
Canada, China, India, Taiwan, and Zambia. Examples of materials contaminated
with 60Co have included eating utensils, elevator buttons, jewelry, and pet dishes,
among others. This has led to the rise of radiation portal monitors at the intake of
scrap metal yards in some countries, but the practice is hardly universal at this time.
Typically, a cargo container showing elevated levels of 60Co must be returned to
the country of origin, even if only one item in the container is radioactive. This has
created a significant burden for customs clearing points around the world.

2.8 Medical Isotopes

Medical isotopes injected in people also are quite prevalent (about 1 in 2600 Amer-
icans has a detectable level at any given time) and can occasionally set off radiation
alarms [2]. These represent the largest number of false alarms for passenger vehicles
at border crossings with radiation portal monitoring, but also can occur with truck
drivers going through container freight cargo monitoring. The most prevalent isotope
found is 99mTc, which is used for diagnostic imaging. Other isotopes which can be
seen are 57Co, 51Cr, 67Ga, 123I, 131I, 111In, 153Sm, and 201Tl. Despite the lower number
of procedures done with 131I, it is expected to have a high frequency of observation
because of its long retention period in the body, coupled with an 8 day physical half-
life and the production of two gamma rays in its decay (364.5 keV with BR=81.7 %
and 637 keV with BR=7.3 %).



42 Signatures and Background

Medical isotopes in shipments contain a different suite of isotopes. Some are
used for sterilization procedures, such as 60Co, and 137Cs, used in particular for
blood transfusions [6]. These probably are a lower risk of a false alarm because they
should be called out on a cargo’s manifest.

3 Problems

1. A monitoring portal has a paved roadbed that container freight travels on while it
is being surveyed for cargo. The paving is a six-inch thick layer of asphalt concrete
containing a mixture (by weight) of 5 % asphalt and 95 % limestone. The limestone
has a concentration of 2 parts per million (ppm) natural uranium by weight, and
the asphalt has 4 ppm U. An overhead detector allows a cargo container to be
driven under it, with one foot clearance from the top of the container.

a. Assuming a detector area of 100 cm2 and an efficiency at 185 keV of 20 % in
the photopeak, find the counts per minute at the 185 keV 235U photopeak in
the detector, assuming that the roadbed is an infinite plane.

b. Assume that when a container is under the detector, the 185 keV photons from
the roadbed are completely blocked. Assume that the container has nothing
inside except a spherical pit with 90.5 % enrichment in 235U, located mid-
center in the 8.5 ft-high container, i.e. 4.25 feet from the floor and directly
under the detector. Find the mass of the spherical pit which would give three
times the signal in the detector as the asphalt paving would.

c. Repeat the calculation if the pit is inside a one-inch thick lead pig.

2. 233U can be generated in a thorium breeding zone in a nuclear reactor by neutron
capture on 232Th. This is a fissile isotope and can potentially be used in a nuclear
explosive. However, small amounts of 232U (t1/2 = 72 y) will be present due to
233U(n, 2n) reactions in the breeding zone. At the end of the 232U decay chain
is 208Tl, with a 36 % branching ratio (see Fig. 6). The characteristic 2614.5 keV
gamma is thus seen in 36 % of all 232U decays. Assume secular equilibrium
conditions apply and that a 5 kg spherical pit of 233U is in the center of a cargo
container (same source and detector conditions as Problem 1). Find the impurity
level of 232U in the pit which will result in a threefold increase over background
2614.5 keV gammas from thorium in soil at average concentration (8.5 ppm).

3. Weapon-grade Pu contains up to 7 % of isotope 240Pu. This isotope has a sub-
stantial decay channel into spontaneous fission, with 920 neutrons per second
per gram of material. Consider a 5 kg spherical pit of Pu (ρ = 15.8 g cm−3), 7 %
240Pu by weight, in the same conditions as above but with a neutron detector with
100 cm2 area and 100 % efficiency at detecting thermal neutrons. Assume that the
fast fission neutrons are moderated by material in the container, and the thermal
neutron flux at the detector is 0.2 % of what the uncollided (fast) flux would be
if all moderating materials were removed. Find the count rate at the detector, and
compare this with the thermal neutron count rate that would be seen from cosmic
rays. (For these calculations, ignore self-shielding and multiplication in the pit.)
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Detection Statistics

Abstract Applied probability theory forms the basis for the analysis of signals from
nuclear detection equipment. Both classical and Bayesian statistical methods have
been applied to nuclear detection problems, and an introduction to the concepts
important to these approaches is presented. The statistics of nuclear counting is pre-
sented from the classical probability calculations for independent random events,
leading to Poisson and Gaussian statistical models. The concept of error propaga-
tion, where many concatenated processes produce sources of statistical fluctuations
and are convolved together, is presented, and a real-world example is given for a
scintillation detector. The use of detector data in decision-making is presented using
confusion matrices, and the Bayesian viewpoint is explored here. The concept of the
Receiver Operating Characteristic (ROC) is introduced. The use of binary classifiers
is explored through the application of various machine learning algorithms to the
problem of n/γ pulse-shape discrimination.

1 Classical and Bayesian Statistics

The classical definition of probability arises from the notion of the relative frequency
of a certain outcome. The statistics of a coin toss, or the number of counts registered
in a certain energy band from a radiation detector, certainly resonates with this basic
concept. In classical probability theory, the statistics of prior events gives a number
assigned as the probability that a certain event will occur in the future. This method
is best served by experiments or processes that have precisely static or repeatable
conditions. An alternative viewpoint is that numbers assigned as probabilities are
measures of the degree of belief in a certain outcome, i.e. a number between zero
and one representing the possibility that a certain hypothesis is correct.

One limitation of classical probability theory is that it loses its meaning when rare
events are involved, and another is that it does not lend itself to finding causative
effects for a certain outcome. Furthermore, we often desire a way to update a prob-
ability distribution as actual data becomes available, perhaps starting with no more
than a conjecture about the possible distribution of outcomes.

At the heart of the Bayesian approach is Bayes’s theorem. Suppose that we have a
hypothesis Hwhich might be used to describe a probability that a certain event E will
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happen. This hypothesis is given a priori, i.e. before the experiment is performed. The
probability a priori thatH is correct is given as P(H). Then experiments are performed.
The probability event E happened is given by P(E). This probability is independent
of any prior hypotheses, and can be thought of as the sum total response resulting
from any of a set of mutually exclusive hypotheses. We can form a conditional
probability P(E|H), which is the likelihood that event E would happen if H were
true. But we can now look backwards and decide the probability that hypothesis H is
true if event E is observed; this conditional probability is written as P(H|E). Because
this probability requires that the experiment has already been run, it is called an a
posteriori (“looking backward”) probability. Bayes’s theorem relates these concepts
by reversing the order of event and hypothesis:

P(H|E)P(E) = P(E|H)P(H). (1)

And thus the (unknown a priori) P(H|E) is given by a ratio

P(H|E) = P(E|H)P(H)

P(E)
. (2)

2 Counting Statistics

2.1 Energy Resolution Statistics

The previous chapter showed some energy spectra, taken with a solid state detector,
for various background locations. Here we will discuss some of the basic physical
and mathematical concepts that determine the properties of these spectra.

Radiation detection generally relies on the energy deposition of some particle in
some medium, and the conversion of that energy deposition into a usable signal.
A schematic of the general scheme is shown here as Fig. 1. Typically, the radiation

A/D

i(t)

Current Integrator
Pulse
Shaping

10101101

Binary Pulse
Height Pulse Height

Histogram

Detector

Fig. 1 Generic detector setup
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(photons or particles) causes some process, such as light generation in scintillator
materials, electron-ion pair production in gases, or electron-hole pair production in
solid state materials. In the case of light production in a scintillator, the light is
directed to a photomultiplier tube or a solid state photodiode. In the case of a gas-
filled detector, electrodes with a an applied electrical potential collect the electron
and ion charge. In the case of a solid-state detector such as germanium or silicon,
electrodes on the outside of the detector collect electrons and allow for electrons to
enter the detector and recombine with the holes. In all of these detector systems, the
output signal is a pulse of electrons.

Typically this current signal has a structure in time that depends on where in
the detector medium the event occurred, which particular levels in atomic transitions
were excited, the direction of the spray of the electrons relative to the crystal structure
in semiconductor detectors, and so forth. Because of these uncontrolled variables, it
is common to shape this current pulse in such a way that the output analog signal
pulse has the same shape every time, varying only in amplitude. These pulses can then
be sent though an analog-to-digital converter (A/D), which then outputs a digitized
representation of the total signal height, and thus a number associatedwith the energy
deposited in the detector. A histogram can be generated with this digital pulse data,
and more sophisticated data processing such as making correlations of this pulse
data with coincident reports from other detectors can also be done using computer
programs at this stage. Sometimes the raw, unprocessed detector current signal is
analyzed aswell, and this fast pulse shape information can be used to separate the data
into different streams—for example, it is possible to discriminate between neutrons
and gamma-ray photons in solid-state detectors using pulse shape information.

Before getting into the intricacies of the detector physics and the downstream
electronics, let us look at the statistics applying to the detection process. Typically,
many low-energy excitations are caused by the interaction of an energetic particle
or high-energy photon in the material. Suppose that the average energy required
to produce one electron in the output current pulse is εehp (where “ehp” stands for
“electron-hole pair”) in the case of a solid-state detector, or εeip (“eip = “electron-
ion pair”) in a gaseous detector), or one photon (“hν”) in the case of a scintillator,
is εhν . If the incoming particle has an energy E. then the average number n̄ of signal
electrons or photons collected is

n̄ = E

εehp
or

E

εeip
or

E

εhν
. (3)

Suppose that each secondary electron or photon generated by the deposition of
energy from the incident particle is independent of all other generated electrons or
photons in the detector.Weassume that a large numberN0 of sites in the detector could
have potentially generated a secondary electron or photon and had that secondary
electron or photon be represented in the outgoing current pulse. If the probability of a
secondary electron or photon being generated at a single site is r, then the probability
of a total of n electrons or photons being collected is
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P(n) =
(
N0

n

)
rn(1 − r)N0−n. (4)

Here
(
N0

n

)
= N0!

n! (N0 − n)! (5)

We can take the limit of this expression as N0 becomes large, noting that the
average number of signal photons or electrons is

n̄ = N0r (6)

and then

P(n) = lim
N0→∞

N0!
n! (N0 − n)! r

n(1 − r)N0−n = n̄n

n! e
−n̄ (7)

This is called the Poisson distribution. It has the property that its mean

∞∑
n=0

nP(n) = n̄ (8)

and its standard deviation σ is given by

σ 2 = (n − n̄)2 =
∞∑
n=0

(n − n̄)2 P(n) = n̄ (9)

The Poisson distribution becomes unwieldly to use if n̄ � 1 as is often the case.
For large values of n̄, the distribution is approximated by a Gaussian distribution:

n̄ � 1 → P(n) ≈ e−(n−n̄)2/(2n)

√
2π n̄

(10)

Comparison of the Poisson distribution and its Gaussian approximation are shown
for two values of n̄ as Fig. 2. One can see that the Gaussian distribution is a reasonable
substitute for the Poisson distribution with n̄ = 10, and almost perfect at n̄ = 100.
It is customary in describing counting statistics to quote not the standard deviation
σ but rather the “full width at half maximum”, or FWHM, for a distribution. The
FWHM is the distance between the points in the distribution that are half the height
of the peak, as shown in Fig. 3. These are related by:

FWHM = √
8 ln 2σ = 2.35482 σ. (11)
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Fig. 2 Comparison of
Poisson and Gaussian
distributions with n̄ = 10
and n̄ = 100
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We often quote relative error for the probability distribution for a given measure-
ment, which then produces a unitless result. The relative FWHM error ε (as percent)
for a measurement with a mean value M is then

ε(%) = 100
FWHM

M
(12)
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For the counting statistics problem discussed earlier, collecting an average of n̄
electrons has a relative error

ε(%) = 100
FWHM

n̄
= 235√

n̄
(13)

Often times there are several sequential processes required to obtain a resulting
piece of data. Typically each step in the process will introduce some error. Each
step in the process can often be modeled as introducing some normally distributed
relative error. (“Normally” distributed is a commonly used term for a distribution
following Gaussian/Poisson statistics and is an unfortunate term because it implies
that most distributions are Gaussian, and many distributions are not Gaussian but
also not “abnormal”!) In such a case the final result contains a sum of the errors of
each step in the process. If the sources of error are independent of one another, then
the total relative error in the measurement with a chain of N steps will be given by

ε2tot = ε21 + ε22 + · · · + ε2N (14)

We now can apply this result to a typical detector. Suppose thatwe have a thallium-
activated sodium iodide NaI(Tl) scintillator detector which has a photomultiplier
tube attached to the NaI crystal to collect the incident light. Reference [7] gives
some details of performance measurements on this detector system. The scintillator
material has an average energy for the production of a scintillation photon εhν of
15.0 eV. However, not all photons are collected at the scintillator photocathode and
some of these photons do not produce a photoelectron; the authors of [7] found
that on average it takes 62.5 eV of deposited energy to produce one photoelectron.
Consider detection of a 662keV gamma ray from the decay of 137Cs, a commonly
used standard laboratory source. Using the results above, a 662keV gamma ray
would produce n̄ = 662,000/62.5 = 10,592 photoelectrons on average; this would
produce a relative energy resolution given by

%FWHMpe = 235√
10592

= 2.28% (15)

However, as Ref. [7] shows, the Poisson statistics of the produced photoelectrons
do not tell the entire story. There are other sources of random error in play as well. In
addition to the Poisson statistical variation, the systemhas a source of electronic noise
due to thermal effects on the photocathode, noise in the resistors in the biasing string,
in the dynodes, and in subsequent amplification stages. State-of-the-art systems have
an electronic noise equivalent to 470 electrons at 662keV and this results in an
electronic noise relative energy spread of %FWHMen = 470/10592 = 4.43%,
almost twice as large as the Poisson statistical variation. Additionally, electrons
produced by Compton scattering or by the photoelectric effect by the primary gamma
ray in the scintillating medium may not produce scintillation photons in a directly
linear way, and this produces another error term (called the “intrinsic resolution due



2 Counting Statistics 51

to nonlinear electron response”) %FWHMin = 3.6%. Also, the efficiency of light
collection into the photomultiplier photocathode varies depending upon where the
primary photon deposited its energy and this produces a “collection loss” variation
%FWHMcl = 4.5%. The variances in these error terms, presumed to be independent,
add linearly:

σ 2 = σ 2
pe + σ 2

en + σ 2
in + σ 2

cl (16)

or equivalently

(%FWHM)2 = (
%FWHMpe

)2 + (%FWHMen)
2 + (%FWHMin)

2 + (%FWHMcl)
2

(17)

which for this example gives a %FWHM of
√
2.282 + 4.42 + 3.62 + 4.52 = 7.6%

at 662keV for a state-of-the-art NaI scintillator, or an energy resolution of about
50keV FWHM. Actual measurements confirm a resolution only slightly worse than
this at around 7.7% [7].

However, even this lackluster energy resolution may compare favorably to actual
field conditions using this type of detector. Sodium iodide has a substantial drift in
scintillation photons produced per incident photon as a function of temperature, and
field conditions may range from below freezing to above 40 ◦C. Vibration may be
present, which can cause variation in the photomultiplier’s dynode amplification and
thus decrease the energy resolution. Purely randomelectronic noise canbe augmented
by unwanted interference from strong radiofrequency signals or low-frequency mag-
netic fields due to power transformers or electric motors. Over time, even well-sealed
NaI crystals, the material being an inorganic salt and very hygroscopic, can pick up
moisture causing a gradual decrease in light output.

The statistical story with solid-state detectors has a happier chapter. Charge col-
lection efficiency is very high for a solid-state detector. The electron-hole pair energy
is alsomuch lower than the photon production energy in a scintillator. But also signif-
icantly, the generation of electron-hole pairs has some aspects of being a correlative
and collective process, i.e. not being governed by the Poisson statistics of multiple
independent processes. The energy level that one valence electron gets “promoted” to
affects where another promoted electron might go, resulting in a less-than-random
process in the generation of a number of electron-hole pairs. The so-called Fano
factor gives a quantitative figure for this as a ratio of observed variance in electron
hole pairs to that predicted from Poisson statistics with the same average number of
electron-hole pairs. Thus:

F = σ 2
obs

σ 2
pred

= σ 2
obs

n̄ehp
(18)

Since the energy resolution ΔE(FWHM)/E = 2.35σ/n̄ehp, we have

ΔE = 2.35
√
Eγ εehpF. (19)
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Fano factors in germanium at 77 ◦K have been reported to be lower than 0.08 [6].
For example, in [6], the authors show the results for a Ge detector with a resolution
ΔE of 1.30keV FWHM at the 1.333 MeV line in 60Co, or better than 0.1% energy
resolution. The resolution of the test pulser (an indication of electronic noise) ΔEen

was around 140 eV. Since the observed width includes the electronic noise, which
adds in quadrature to the total width as before, the derived statistical width would be

ΔEstst =
√

ΔE2
obs − ΔE2

en = 1292 eV. This gives a Fano factor equivalent to (using
an electron hole pair energy of 2.96 eV for Ge)

F = (ΔEstst)
2

Eγ εehp8 ln 2
= 0.0763. (20)

Note that electronic noise can also be lower in solid state detectors than in scin-
tillator/photomultiplier detectors, because the high electron yield from the detector
competes favorably with the equivalent electrons of noise in the preamplifier, and
also because the first stage of the electronic amplification is usually cooled by the
liquid nitrogen bath provided for the Ge crystal.

2.2 More on Error Propagation Statistics

Frequently operations are done on statistical data to arrive at a final result. As men-
tioned in the previous section, if each step is a sequential part of the data processing,
then in general the relative errors add in quadrature. Another interesting applica-
tion is the error estimation for spectra which have been manipulated by background
subtraction. Figure4 shows the results of a computer simulation, where a 662keV
gamma line is shown in a background radiation continuum. Here a random normal
distribution containing a random number of counts (with a mean number of 1000 and
a standard deviation of

√
1000), with a mean of 662keV and a standard deviation

of 0.9keV was combined with a random gamma distribution (in the mathematical
sense, not the physics sense of gamma) representing a Compton continuum. (For the
simulation, a random number (normally distributed with a mean of 1,000,000 and
a standard deviation of

√
1,000,000) of counts were generated with energies upto

about 7.0 MeV.) The background subtraction was done by summing the adjacent
channels labeled “A” and “B” on the spectrum and subtracting that number, scaled
by the ratio of the number of peak channels to the number of background channels,
from the total raw counts in the peak channels. The experiment was repeated 100
times, and a histogram of the calculated background subtracted counts is shown. The
standard deviation of this calculated result was 65.56, in good agreement with the
square root of the average total counts in the peak channel (≈64.76). This shows
that the masking of the background-subtracted counts by the background is real. If
we had naively calculated the standard deviation in the counts by taking the square
root of the background-subtracted count only, we would be deluding ourselves. As
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an example, one of the 100 trials gave a result of 845 counts after background sub-
traction. Since

√
845 = 29.07 and had we quoted our result as n̄ ± σ = 845 ± 29,

we might have thought that the correct answer for the average (1000 counts) was
different from our experiment by more than five standard deviations and dismissed
this (the true average) as being virtually impossible.

More sophisticated peak-fitting algorithms exist than the simple-minded proce-
dure given here, but the important point is that the statistics of background subtraction
process are heavily weighted towards the background when it is larger than the sig-
nal involved. No algorithm exists that can make the statistical uncertainty due to the
background go away.

Finally, we note that if there is a quantity f(x, y) derived from two uncorrelated
experimental measurements x and y, with errors Δx and Δy following a normal
distribution of error, then the error Δf is given by

Δf =
√(

∂f

∂x

)2

Δx2 +
(

∂f

∂y

)2

Δy2 (21)

As a simple example, if a ratio between two counts are required, i.e. f = x/y,
then the result given earlier for relative error reappears:

Δf

f
=

√(
Δx

x

)2

+
(

Δy

y

)2

(22)

The key requirement, however, is that in order to use the general expression for
error propagation, the quantities x and y as they appear here must be truly uncor-
related. As an example, suppose that x represented the total counts in a spectrum
between295 and305keVandy represented the total counts between300 and310keV.
The overlap of the data ranges shows that the two measurements would be correlated
and the error analysis given for the ratio, or any other algebraic combination of these
results, would be wrong.

3 Confusion Matrices

We now turn our attention to what to do with detection data once we obtain it from
a detection system. Suppose that we are screening cargo containers for nuclear or
radioactive material. We may set a limit so that if the counts obtained from the
detection in certain channels, or some combination of signals from several detection
systems, exceeds that limit, then further action should be taken. That action can
include a re-trial of the detection process with a longer counting time, subjecting the
load to amore revealing test such as some active detection process (i.e. using a source
of neutrons or photons to generate a return signal from inside the cargo), impounding
the container for a physical inspection at some other location, or sending in a haz-mat
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Fig. 5 The confusion matrix

team if it is truly hazardous. While the point of the detection process is the beneficial
interdicting of nuclear or radioactive material, possible false alarms could slow the
movement of cargo. The negative effect on commerce of a substantial impediment
to cargo movement would be very serious. In other words, while failure to detect
special nuclear material (SNM) in cargo can have an obvious negative consequence,
generating many false alarms can be devastating in another way.

The function of detection systems (also called classifiers) was formalized during
World War II with the development of radar systems. We create a simple construct
called a “confusion matrix” [3, 8]. We take the simplest possible system where the
actual status of an object under test is either positive (P) or negative (N). The test
system is used on the object and returns a result P′ if the object tests positive and N′
if the object tests negative. Figure5 shows the layout of the confusion matrix.

We note four possible outcomes for the test: a true positive (TP), also called a a
“hit”, a true negative (TN), also called “correct rejection”, false positive (FP), also
called a a “false alarm” or a “Type I error”, a false negative (FN), also called a “miss”
or a ’Type II error”.

We then assume that a number of tests have been carried out and we can make
various ratios of the number of outcomes for TP, FP, FN, and TN. The “Accuracy”
is defined as the ratio of total correct tests to the total tests performed, or

ACC = TP + TN

P + N
. (23)

The “Sensitivity”, or the “TruePositiveRate” (TPR), or the “HitRate”, or the “Recall”
is given by

TPR = TP

P
= TP

TP + FN
. (24)

The “False Positive Rate” (FPR), also called the “Fall-out”, is given by
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FPR = FP

N
= FP

FP + TN
. (25)

The “False Negative Rate” (FNR), is given by

FNR = FN

P
= FN

FN + TP
. (26)

The “Specificity” (SPC) or “True Negative Rate” (TNR) is given by

SPC = TNR = TN

N
= TN

FP + TN
= 1 − FPR. (27)

The “Positive Predictive Value” (PPV) or “Precision” is given by

PPV = TP

TP + FP
. (28)

The “Negative Predictive Value” (NPV) is given by

NPV = TN

TN + FN
. (29)

The “False Discovery Rate” (FDR) is given by

FDR = FP

FP + TP
. (30)

Figure6 shows four examples of confusion matrices with different results. Exam-
ple A shows the results for a detection system with fair utility, but far from perfect.
Example B has the same TPR and FPR, which implies that there is no correlation
between the measured outcome and the actual data and therefore the test would be
equivalent to performing a (weighted) coin toss to obtain an outcome, and is therefore
useless. Example C shows a worse-than-random outcome: the system reliably gets
the wrong answer. However, this test passes information, and therefore the output
could be differently interpreted. By inverting the definitions of the test’s outcome,
we arrive at test D (which we might call C̄), which is better in all respects (higher
TPR and TNR, lower FPR and FNR) than test A.

An additional test metric can be employed which is a bit more descriptive when
there are unmatched numbers in each classification, e.g. if there are more actual
negatives than positives. This is called the Matthews correlation coefficient [5], or
MCC, and is given by

MCC = TP · TN − FP · FN√
P · N · P′ · N′ = TP · TN − FP · FN√

(TP + FN)(FP + TN)(TP + FP)(FN + TN).
(31)
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TPR=0.78
FPR=0.09
ACC=0.85

Fig. 6 Confusion matrices for four test algorithms

The MCC is always between −1 and +1. An MCC of zero means that the test is
no better than random, and a negative MCC is a “worse than random” result, as in
Example C in Fig. 6. The MCC is symmetrical in that if the outcomes are reversed
in interpretation, the MCC is reversed in sign. For the examples given in Fig. 6, the
MCC values are MCC{A,B,C,D} = {0.370, 0.0,−0.696,+0.696}.

Not all of these simple performance metrics given above do a good job at rep-
resenting the quality of the test when the positives are a rare event. For example,
suppose that nuclear material is in a cargo container with a one-in-a-million chance,
but is never detected. The detector, however, clears clean cargo with a 99% rate, get-
ting a false positive rate of 1%. Then we have (normalized to one) FN = 10−6, TP
= 0, FP = 0.999999 · 0.01 = 0.00999999, and TN = 0.999999 · 0.99 = 0.989999.
The accuracy (ACC) is (0 + 0.98999)/1 = 0.9899999, which we might describe as
“99% accurate”, even though the test is useless! The MCC for this test is −0.0001,
showing that the test is worse than random, although this result fails to display the
true nature of the test’s inadequacy.
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E

TP=0

FN=10− 6

FP=(0.01)(1 − 10− 6)

TN=(0.99)(1 − 10− 6)

ACC=0.98999
MCC=-0.0001
F1=0

F

TP=0.9 × 10− 6

FN=0.1 × 10− 6

FP=(0.01)(1 − 10− 6)

TN=(0.99)(1 − 10− 6)

ACC=0.9899991
MCC=+0.00894
F1=0.00018

G (Scaled F)

TP=0.9× 0.5

FN=0.1× 0.5

FP=0.01× 0.5

TN=0.99× 0.5

ACC=0.945
MCC=0.894
F1=0.942

H (cost-weighted F)

R(TP)=0.9

C(FN)=-10

C(FP)=-0.999999

R(TN)=0.989999

Cost=-9.11

Fig. 7 Confusion matrices for four rare-event tests

A performance metric with some merit for rare event detection is called the F1
test [4]. It is given by

F1 = 2 · Recall · Precision
Recall + Precision

= 2 TP

FN + FP + 2 TP
. (32)

In order to test the properties of these performance metrics, a set of possible rare-
event matrices were constructed. These are shown as Fig. 7. Figure7 shows case E
as the example given above, the “useless” test. For case F in this figure, we suppose
that the detection system can detect true positives 90% of the time. For this case, the
figure of merit ACC only moves in the sixth decimal place, but the MCC and F1 test
show some movement, albeit only in the third or fourth digit. In order to highlight
the need to detect true positives, another test was developed, where the number of
true positives was made equal to the number of true negatives, i.e. the true positive
numberwas increased by a factor of onemillion. Thiswould be typical of a “red/blue”
exercise by professionals in the nuclear security business, where they might plant
cargo with SNM to see if another group could detect it, and not in one-in-a-million
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ratios during their tests. All three of the indices ACC, MCC, and F1 then report high
values. We then try another figure of merit: what if we try to multiply the outcomes
by a cost/reward function germane to the process? For test H in Fig. 7, we look at
the rewards (R) and costs (C) associated with the detection outcomes. Here a reward
of 106 (e.g. dollars) is assumed for detection of SNM. The cost of not finding true
SNM (the FN outcome) is assumed to be 108, i.e. the cost of a nuclear detonation in a
city divided by the number of clandestine shipments required for a terrorist group to
make a bomb. The cost of a false positive is assumed to be 100, on the order of the
extra hours of paid time for the transporter involved in the interrogation. The reward
for a true negative was placed at +1.0, an arbitrarily small value for business as
usual, reflecting public opinion for support of the detection process. The result of
this weighting scheme gives a “cost” for the test of−9.11, which would indicate that
any improvement in the system would be beneficial in toto.

4 Receiver Operating Characteristics

We can apply the concepts of the confusion matrix to a graphical interpretation
known as the Receiver Operating Characteristic, or ROC. This is a plot of the true
positive rate (TPR) on the y axis versus the false positive rate (FPR) on the x axis.
For the single-valued results as in examples A, B, C and D give above, this gives a
plot of the four points. Figure8 gives this plot for these four cases. In this figure, note
that the line TPR = FPR is also drawn. This line is the result equivalent to random
guessing as a detection test, and we note that case B was such a result and thus is on
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Fig. 8 Receiver Operating Characteristic (ROC) for Examples A, B, C, D
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Fig. 9 Probability distributions for a negative (“clean”) and a positive (“dirty”) cargo used to
calculate a receiver operating characteristic (ROC) for a detection system

this line. Also note that Case D, resulting form an inversion of the outcomes of case
C, is mirrored about this line. In general, a measure of the test’s quality is how close
the point is to the ROC graph’s upper left corner.

Frequently there can be a variable parameter involved in the binary classification
process leading to a decision on whether a particular sample is considered to be
a positive or a negative. In the context of nuclear counting, this is often done by
setting a threshold value for the total counts in some energy range to be considered a
positive. Figure9 shows an example of this. Here a Poisson distribution of counts for
a “clean” cargo with n̄ = 5 is shown along with a “dirty” cargo with n̄ = 10. Here
the sum of the probabilities for the open circles to the right of the alarm threshold is
the false positive rate and the sum of the probabilities for the filled circles to the left
of the alarm threshold is the false negative rate (equal to 1-TPR). As the threshold is
adjusted upwards or downwards, the FNR and FPR show a tradeoff effect. The effect
of running the threshold from zero to infinity then results in a plot of TPR versus FPR
as shown in Fig. 10. Notice in this ROC chart that there is a staircase effect caused
by the integer nature of the count. The plot is extended horizontally to the right from
the TPR of the last integer value until the next (FPR, TPR) ordered pair applies at the
next integer number of counts. (In this case, the threshold is decreasing as the TPR
and FPR increase.) Representing the ROC this way is the conservative approach to
estimating the system performance.

As mentioned earlier, the ideal test in ROC space is close to the point (0,1),
i.e. the upper left corner of the plot. As a method of describing the overall system
performance, the notion of the “area under the (ROC) curve”, or AUC, is often
used as a performance metric for the detection system. Thus a system that produces



4 Receiver Operating Characteristics 61

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

AUC = 0.88

False Positive Rate

True P
ositive R

ate

Fig. 10 Receiver Operating Characteristic (ROC) for the data in Fig. 9

identical FPR and TPR, but with both varying according to the threshold, would have
an ROC curve that is a diagonal from (0,0) to (1,1), and the AUC would be 0.5. The
AUC for the example given here is 0.88, showing a system with some merit, though
hardly foolproof. If the individual ROC data points were connected by straight lines
or spline curves, the AUC would be slightly higher at about 0.90, but that is not the
usual conservative way that this figure is determined.

We now turn our attention to ROC curves generated by test systems that generate
continuous data rather than discrete points. It is useful to imagine a system where the
clean versus dirty responses are modeled by two normal distributions, for example.
Figure11 shows a model detection scheme where the negative and positive response
signals are both normally distributed as

PN(x) = 1√
2πσ

exp

(
− (x − μN)2

2σ 2
N

)

PP(x) = 1√
2πσ

exp

(
− (x − μP)

2

2σ 2
P

) (33)

with different values of μ (and possibly also σ ) for the negative and positive distri-
butions. The false positive signal is given by the fraction of the N distribution above
the alarm point xA; this is expressed as
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Fig. 11 Two-gaussian model for Receiver Operator Characteristic (ROC) data

FP(xA) =
∫ ∞

xA

PN(x)dx = 1

2
erfc

(
xA − μN√

2σN

)
, (34)

where erfc(x) is the complementary error function, defined by

erfc(x) = 1 − erf(x) = 1 − 2√
π

∫ x

0
exp

(−t2
)
dt. (35)

Figure12 shows ROC curves for four different two-gaussian probability distrib-
utions which differ by the distance between the normalized means z, given by:

z = μP − μN√
σ 2
P + σ 2

N

(36)

A simple expression for the area under the ROC curve, or AUC can be obtained:

AUC = 1

2
erfc

(
− z√

2

)
= 1

2
erfc

⎛
⎝− μ1 − μ2√

2
√

σ 2
1 + σ 2

2

⎞
⎠ (37)

The derivation of this result is somewhat lengthy and is given in Appendix B. Table1
gives the ROC area for integer values of z for the two-gaussian model.
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Fig. 12 Receiver Operating Characteristic (ROC) plot for two-gaussian model as a function of
peak separation parameter z

Table 1 Table of AUC for
integer values of z

z AUC

0 0.5

1 0.84135

2 0.97725

3 0.99865

4 0.999968

5 Application of Bayesian Statistical Methods

We can apply Bayes’s theorem to the confusion matrix concepts that started this
chapter. Suppose that 0.1% of cargo is loaded with SNM. The testing system has
a probability of 95% of detecting the SNM. The testing system has a false positive
rate of 1% for clean cargo. So what is the probability that a positive test result is a
false positive? We let E be the outcome (a positive test) and H be the hypothesis (the
cargo contains SNM). We know that P(H) = 0.001. The probability P(E) is given by
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Fig. 13 Confusion matrix as an example of Bayes’s theorem

P(E) = P(E|H)P(H) + P(E|H̄) = 0.95 · 0.001 + 0.01 · 0.999 = 0.01094 (38)

and then

P(H|E) = P(E|H)P(H)

P(E)
= 0.95 · 0.001

0.01094
= 0.0868. (39)

and thus the probability that a positive test is a false positive is 1− 0.0868 = 0.913,
or 91.3% of positive test results are false positives.

However, we don’t have to use the Bayesian nomenclature to get this result. If
we create the confusion matrix for this system, we get the following: TP = 0.001 ·
0.95 = 0.00095, FP = 0.01 · 0.999 = 0.0099, TN = 0.99 · 0.999 = 0.98901,
FN = 0.001 · 0.05 = 0.00005. The confusion matrix is shown as Fig. 13. The total
positives are P′ =TP+ FP= 0.01094 and the fraction of these that are false positives
is FP/(TP + FP) = 0.9131. Thus the confusion matrix “knows Bayes’s theorem”.

Wecan also use a set of confusionmatrices to illustrate the automatic application of
Bayes’s theorem. Suppose that we have a detection system for cargo inspection with
a neutron detector as well as several gamma-spectroscopy instruments. Because of
the high spontaneous fission rate in plutonium as opposed to uranium, the confusion
matrices for these systems are different. Suppose that we have the two confusion
matrices as shown inFig. 14. Ifwe suppose that 50%ofweaponmaterials are uranium
and 50% are plutonium, and weapon material gets through, what is the a posteriorii
probability that the weapon was plutonium? Let E be the event that nuclear material
has evaded detection and H be the hypothesis that the material is plutonium. Using
Bayes’s theorem, P(Pu is undetected) = P(H|E) =1/12 and P(SNM is Pu) = P(H) =
1/2. Also we know that P(SNM is undetected) = P(B) = 3/24. Then P(SNM going
undetected is Pu) = P(H|E)
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Fig. 14 Confusion matrices as an example of Bayes’s theorem

= (1/12)(1/2)

(3/24)
= 1

3
(40)

But this result is obvious from reading the separate confusion matrices, since
P(undetected SNM is Pu)

= FN(Pu)

FN(Pu) + FN(U)
= 1

1 + 2
= 1

3
. (41)

Extensions of Bayesianmethods can bemade tomore sophisticated prediction and
decisionmaking alogorithms. For example, a classification scheme such as deciding
whether a cargo is “clean” or “dirty” may be based on the inputs of many sensors.
“Machine Learning” algorithms have been constructed whereby a set of measure-
ments are obtained for known conditions, e.g. “clean” containers with various cargo
including some with NORM or TENORM material, and HEU and Pu-containing
cargo also with various other loads, and the measured signals coupled with the actual
classification form the “training data” [2]. There are a number of different ways
that these algorithms can be constructed, but a consistent feature is that the decision
function can be iteratively modified, both to optimize its performance on the training
data, but also in response to new data as it is introduced.

Non-Bayesian classifiers exist as well. One popular algorithm of this type, known
as “Random Forest” [1], takes a set of decision “trees” (operators on the data yielding
the predictor) generated with random weights and sensitivities, and scores each for
its predictive performance. The algorithm tends to converge on an optimum score
after many iterations. Other algorithms are based on forming surfaces in the multi-
dimensional space formed by the data components, and classifying the sample data
by its relation to these surfaces using various weighting schemes. The MATHE-
MATICA computer program, for example, has a function called “Classify”, and has
as options different classifiers, including “RandomForest”, “LogisticRegression”,
“NearestNeighbor”, “NaiveBayes”, and “SupportVectorMachine”.
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6 Pulse Shape Discrimination as an Example
of Binary Classification

A simple and practical example of a binary classification scheme arises from a tech-
nique sometimes employed with organic scintillators and BaF2 scintillators as radi-
ation detectors. In these detectors, the light response as a function of time depends
on the type of particle involved. In the case of a plastic scintillator, gamma rays
undergo Compton scattering of electrons, creating a cascade of electrons from sub-
sequent electron-electron collisions as well as subsequent electron cascades from
subsequent Compton-scattered gammas. The ranges of the electrons and scattered
gammas are large enough so that the excited molecular sites are isolated from one
another and the excitation involves largely singlet states. Neutrons, however, undergo
proton recoil reactions, and the energy loss per unit length dE/dx for the recoil pro-
ton is much higher. This results in nearby molecules being excited, and this leads to
the production of triplet molecular excitations, which decay by light emission more
slowly. Thus the electronic pulses produced in the photomultiplier or photodiode
downstream from the detector tend to be longer, and this can be exploited to discrim-
inate neutrons (rare in cargo and potentially a sign of spontaneous fission of 240Pu
in plutonium, among other things) from gamma radiation (relatively common and
causing more false positive alarms.) A typical method for separating the neutron and
gamma signals is to take time integrations of the electronic pulse Vs(t)with different
lengths τ1 and τ2 (e.g. τ1 = 100 ns and τ2 = 20 ns for a typical plastic scintillator)
and then compare the result:

V1 =
∫ τ1

0
Vs(t)dt; V2 =

∫ τ2

0
Vs(t)dt. (42)

Figure15 shows the typical output characteristics. (For this study, results of this
type were generated with simulated data so that many trials could be performed.)
Training data was generated by the same algorithm as shown in Fig. 15, but with N=
10,000.A set of test datawithN= 10,000was also generated. Then classificationwas
done with the available 32-bit MATHEMATICA classifiers “LogisticRegression”,
“NearestNeighbor”, “NaiveBayes”, and “SupportVectorMachine”. Table2 shows the
results for the classifiers available in 32-bit MATHEMATICA.

Notice the especially poor performance of theNaiveBayes classifier for the numer-
ical test performed, with very high FNR and FPR statistics. This is due to the nature
of the Bayesian algorithm when the two components of the test data are highly
correlated—in this case, both data sets have the same basic shape, with the gamma
data resembling a multiple of the neutron data. In order to study this, a training
data set was prepared by removing a function representing an average of these two
data sets:

V̂2 = V2 − 0.9V0.8
1 , (43)
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Fig. 15 Typical output from two-component analysis of scintillator pulses with gamma and neutron
signals

Table 2 Performance of classifiers on γ /n pulse-shape discrimination data

Method TPR TNR FPR FNR

NaiveBayes 0.875 0.363 0.637 0.125

LogisticRegression 0.916 0.923 0.077 0.084

NearestNeighbor 0.923 0.945 0.055 0.055

SupportVectorMachine 0.912 0.954 0.046 0.088

not-so NaiveBayes 0.904 0.958 0.042 0.096

and the test data was treated similarly. This simple pre-conditioning of the data
(labeled “not-so NaiveBayes” in the table) now had the lowest FNR of all of the
tests. The other methods did not show significant improvement with a similar pre-
conditioning, evidencing their ability to cope with highly correlated datasets.

Another feature available for these classifier methods is the ability to select data
that is so close to the bounding surface that the data point can be labeled as “Indeter-
minate”. While this feature might not be useful for an overall decision method (such
as whether to accept or reject a cargo), it is a reasonable feature to consider when
there are a multitude of counts to classify. For example, a run with N = 2000 was
performed with the SupportVectorMachine classifier with an IndeterminateThresh-
old of 0.999, i.e. only events with p ≥ 0.999 were included; this resulted in TPR =
1. FPR = 0. FNR = 0.0014, and TNR = 0.9986—an almost perfect result, with a
rejection rate (fraction of indeterminate findings) of 0.28. This can be thought of as
trading a detection system with a 5–10% inaccuracy for one with 70% of the old
system’s efficiency, but deadly accurate—a trade that most detector designers would
gladly make.
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Fig. 16 Confusion matrix for Problem 1

As a final note, a user could identify (in this case, by eye) where the classification
trouble will appear in the data. In this case, it is fairly obvious that the lower values of
V1 andV2 tend to bewithin statistical noise. For the numerical experiment performed
here, with N = 2000 and an IndeterminateThreshold of 0.995, giving a minimum
threshold of V1 = 1.0 resulted in six out of ten trials having FNR and FPR both zero,
and the worst case had FNR = 0.002 and FPR = 0.007.

Clearly these algorithms can be “tailored” for an optimum performance based
on sensitivity and acceptable error. In fact, one vendor of an electronic pulse shape
discrimination device allows the customer a place to program a “bespoke” algorithm
for this purpose, borrowing this term for custom tailoring of a suit.

7 Problems

1. A “confusion matrix” for a detection system tested in the field gives the following
values (Fig. 16):

a. Find the false positive rate and the false negative rate for this test.
b. Find the Matthews correlation coefficient for this system.

2. Suppose that one in 10,000 cargo containers contains a kilogram quantity of
plutonium. A passive neutron detection system is used to look for spontaneous
fission neutrons from the container. The detector will sense the presence of the
plutonium in a plutonium-bearing container with 99% probability. A container
with no plutonium will test positive using this system 2% of the time. Given that
a particular container tests positive, what is the Bayesian probability that this test
is a false positive? Given that the test returns a negative, what is the probability
that the test is a false negative?
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3. A detection system has a one-minute counting time. It is known that the negative
counts are distributed according to Poisson statistics with an average number of
counts 〈n〉 = 10. The positives have counts that also are distributed according to
Poisson statistics with an average number of counts 〈n〉 = 20. Draw a receiver
operating characteristic (ROC) for this system. Use only discrtete values of n for
this ROC, i.e. it should be a scatter plot of points.

4. Now replace the discrete Poisson statistics with Gaussian statistics, with distrib-
utions having μ1 = 10 and σ1 = √

10, and μ2 = 20 and σ2 = √
20. Draw the

ROC for this with the results of Problem 3 superimposed. Find the area under the
curve (AUC) for the Gaussian case and compare this a discrete integration of the
above case using Simpson’s rule.
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The Nuclear Fuel Cycle

Abstract Vast amounts of ore are mined to produce usable stocks of uranium due to
the low concentration of uranium in the ores. The worldwide distribution of uranium
ore is discussed. Next, the steps in preparing this material for processing in enrich-
ment plants are described. Enrichment technologies, including gaseous diffusion,
centrifuges, electromagnetic separation, and laser isotope separation, are described.
The concept of the Separative Work Unit, or SWU, is introduced, and the mass bal-
ance calculations for an enrichment cascade are given. The proliferation potential
for each of these schemes is described. Reactors are used to make plutonium, and the
features making reactor types attractive or unattractive for weapon-grade plutonium
production are described. Conversion of militarymaterial to civilian use is discussed,
and proliferation risks in the waste stream are assessed.

1 Mining and Chemical Processing of Uranium

The first step is taking uranium ore out of the ground. Uranium ores vary widely
in uranium content. The U concentration (by weight) for usable ore varies from
just under 1% down to about 0.05%. This relatively low concentration means that
shipping this material to some remote location for refining is not economical. Con-
sequently, the refining process is typically co-located with the mining operation, and
the uranium is extracted near the mining site in the chemically stable form U3O8,
known as “yellowcake”. This also produces a waste stream at the refining site, known
as “tailings”, which can be an important signature of U mining activity. In short, U
mining is difficult to hide.

Table1 shows the reserves of uraniumbycountry. The data shownhere from [7] are
for recoverable resources with an extraction cost below USD 130/kg. Australia has
not only the world’s largest supply, but also has U reserves in relatively high quality
ore (about 0.13% for most of its mines), making extraction costs low. Interestingly,
the largest U mining operation in the world, at Olympic Dam in Australia, has
ore with only 0.05% U content, but the ore also contains gold, silver and copper,
so that the U process stream is a “co-product” which makes the overall mining
enterprise quite profitable. Australia has no commercial nuclear power plants, so
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Table 1 World uranium reserves as of 2009

Known Recoverable Resources of Uranium (2009)

Country Tonnes U Percentage of world (%)

Australia 1,673,000 31

Kazakhstan 652,000 12

Canada 485,000 9

Russia 480,000 9

South Africa 295,000 5

Namibia 284,000 5

Brazil 279,000 5

Niger 273,000 5

USA 207,000 4

China 171,000 3

Jordan 112,000 2

Uzbekistan 111,000 2

Ukraine 105,000 2

India 80,000 1.5

Mongolia 49,000 1

Other 150,000 3

World total 5,404,000

Data from [7], Table2

the extracted uranium oxide is almost certainly headed elsewhere. (Naturally, the
Australian government monitors these movements very carefully.) At the other end
of the spectrum, one should note that India has remarkably low available U reserves,
and this has driven India’s decision to develop a fuel cycle based on thorium as
a fertile breeding material, which in turn generates fissile 233U, causing a rather
different proliferation scenario, since no isotope separation is required.

2 UF6 Conversion and Enrichment

The next step in the fuel cycle is the conversion of U3O8 into uranium hexafluoride
gas, UF6. UF6 is stable but highly corrosive, and must be handled in containers,
valves, and piping that are chemically compatible. The reason for conversion to UF6
is that this gaseous form lends itself to every type of isotope production process for
the next step.

Natural U has an enrichment (235U/total U by weight) of 0.71%. With a few
exceptions (such as heavy-water moderated reactors such as CANDU), most nuclear
power plants require fuel with an initial enrichment of between 3 and 5%. Thus
an enrichment step is required. The details of the enrichment technologies will be
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discussed later. The most common enrichment process today is the gas centrifuge,
but other options include gaseous diffusion, electromagnetic separation, and laser
separation. A typical throughput to support a 1000 megawatt electric (MWe) power
plant is on the order of 200 tonnes U per year, or about 290 tonnes of UF6. Each type
of U enrichment results in enriched product (the “heads”) and a depleted uranium
stream (the “tails”).

Following the enrichment process, the enriched UF6 is converted into the par-
ticular fuel format desired at a fabrication facility. The most common fuel type is
uranium dioxide (UO2) fuel, typically as small cylindrical pellets of ten to twelve
mm diameter and a similar length. These pellets are loaded into fuel pins, typically
about three meters in length, and made of a chemically compatible alloy such as the
zirconium alloy Zircaloy. These pins are then bundled together into square or round
units containing anywhere from thirty to almost three hundred pins. Alternative fuel
formats are under development. One example is a spherical “pebble” made of ura-
nium carbide and coated with silicon carbide, for use in a gas-cooled pebble bed
modular reactor (PBMR).

The tailings are depleted uranium(called DU), typically 0.2–0.4% enriched. This
material has certain non-nuclear applications, such as aircraft counterweights and
as a replacement for lead in ammunition. It is considered to be of little strategic
value. However, it can be used to fabricate so-called mixed oxide, or MOX, fuel
made of DU and recycled plutonium bred in prior batches of nuclear fuel. At this
point the quantities of material are much smaller, since a 1000 MWe reactor need
only consume about 24 tonnes of uranium (or about 27 MT of UO2) per year. On the
other hand, the tailings represent the rest of the process stream, or about 250 MT of
UF6 per thousand MWe-years. As a result, for example, there is now over a billion
pounds of DU in the American stockpile.

3 Post-reactor

At the back end of the fuel cycle, the fuel becomes spent nuclear fuel. Because of its
high radioactivity, it is usually stored in a spent fuel pool near the reactor, sometimes
even in the same building, for at least several years. Many reactors in the United
States have all of the spent fuel still on site since the reactor was started up. Because
of the fertile conversion of the 238U into 239Pu and then into higher isotopes of Pu,
Np, Am, Cm, and Cf, some of which have large fission cross sections, this material is
considered to be a risk for proliferation, and these materials are carefully inventoried
and monitored. The very high radiation levels associated with spent fuel, however,
make it a very risky target for a small-scale operator to handle.

Some countries (France, Russia, Japan, among others) are now reprocessing spent
nuclear fuel in order to provide fresh fuel for nuclear power plants. The general objec-
tive is to combine the Pu isotopes produced by fertile conversion in the spent fuel
with recycled uranium in MOX form. Typically the reprocessing is done by chemi-
cally separating the transuranic (TRU) elements (Pu, Np, Am, Cm, and Cf) from the



74 The Nuclear Fuel Cycle

spent fuel. Eventually a fairly pure stream of Pu can be obtained through a long set
of solvent extraction processes. In one of the oldest and most well-known processes,
“PUREX” (for “Plutonium Uranium Redox EXtraction”), spent fuel rods are first
cut up with a chop saw and then dissolved in a ≈7M nitric acid solution. After some
solids are removed, the solution is treated with an organic solvent such as kerosene
combinedwith tributyl phosphate (TBP). This causes theU and Pu complexes, which
become nitrate-TBP compounds that are soluble in the organic solvent, to separate
from the fission products and other TRU in complexes that are water-soluble. Then
the U and Pu-bearing organic phase is treated with ferrous sulphamate, changing
the Pu compound into a water-soluble compound, thus separating the U from Pu in
another solvent extraction step. Other steps are required to separate the other TRU
from fission products, and to separate other useful isotopes such as technetium from
the process.

While the PUREX process is fairly well-understood, it is not without its risks.
The process involves highly corrosive materials combined with organic solvents that
pose a combustion risk, and huge amounts of radioactivity are to be found in the
fission product stream. From the standpoint of nuclear proliferation, a group wishing
to steal spent nuclear fuel and then to reprocess this spent fuel with a process such
as PUREX stand a good chance of killing or injuring themselves unless they had the
in-depth skill and experience required.

It is also important to note that spent nuclear fuel from power reactors typically
has seen very high values of neutron fluence. A standardmetric for describing burnup
of the fuel is the number of megawatt-days of power produced per tonne of U and
Pu (“heavy metal”), or MWd/THM. Modern reactors run with fuel burnup of up to
60,000MWd/THM.At this level of total neutronfluence, the amount of 240Pu exceeds
the amount of 239Pu in the fuel. Since 240Pu has a substantial spontaneous fission
rate, this makes generating a workable nuclear weapon very difficult. However, there
is a caveat: every fuel pin has a top and a bottom, and the flux is generally lower
at the top and bottom of the reactor core. The lower-burnup pellets within the fuel
pin have a lower 240Pu/ 239Pu ratio, and pose more of a proliferation risk. Therefore
special attention should be paid to the physical handling of the spent fuel prior to the
dissolution phase to avoid a diversion risk at this step.

4 Conversion of Military Materials

Today there is another source for enriched U and Pu for nuclear fuel. That is weapon-
grade U and Pu from disassembled nuclear weapons. As the US and Russia gradually
reduce the size of their weapon stockpiles, substantial quantities of material is avail-
able for “downblending” to make low-enriched U nuclear fuel or MOX fuel. The
“Megatons to Megawatts” program, running from 1993 to 2013, was a successful
program to provide nuclear fuel fabricated in this way. Under this program, over 500
tonnes of weapon-grade U was converted into low enrichment uranium (LEU) for
use in reactors, supplying up to 10% of the electricity in the US at certain times. If
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we assume an average U pit mass of 25kg, this represents the destruction of 20,000
nuclear weapons. An agreement for continuation of this program after 2013 has not
been reached as of this writing, but it will be likely in the future if energy prices rise,
nuclear power demand increases, and arms reduction efforts are successful.

From a proliferation standpoint, downblending is of limited risk if the physi-
cal process occurs at a secure site co-located with the weapon-grade materials. If
additional transportation is required for these weapon-grade materials to travel from
military stockpiles to commercial fuel fabrication facilities, there is an element of
risk. The 20-year example of Megatons to Megawatts shows that this option can be
made practical and safe.

5 Waste Management

Some details of nuclear waste management are important to understand from a pro-
liferation risk viewpoint. First, were the actinides in the spent fuel left in the waste
product, or were they removed? Second, what is the format of the waste material?
The waste can be vitrified, for example, before placing it in a canister. That adds a
difficult reprocessing step to someone trying to reclaim the fissionable material in the
future. Another question is the type of monitoring to be used at the waste repository.
While above-ground cask storage has the obvious need for continuous surveillance,
in-ground storage may not be designed with much surveillance in mind, and it might
be possible for someone to attempt some “nuclear archeology” after tens or hundreds
of years have passed.

6 Enrichment Technologies

Enrichment technologies for uranium isotope separation include gaseous diffusion,
centrifuge, electromagnetic separation, and laser separation (AVLIS and MLIS).
These will be discussed in order.

6.1 Gaseous Diffusion

A description of the first gaseous diffusion plant for enrichment of uranium built
in Oak Ridge, Tennessee for the Manhattan Project was given in the famous Smyth
Report [11]. The general idea behind gaseous diffusion separation is that the coef-
ficient D that appears in Fick’s law for permeation of a fluid species μ through a
porous media

Jμ = −Dμ ∇cμ, (1)
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where J is the flux of the fluid particles and c is the concentration, is inversely
proportional to the square root molecular weight of the fluid substance:

Dμ ∝
√

1

Mμ

. (2)

For the case of 235UF6 (species 1) and 238UF6 (species 2), we have

α ≡ D1

D2
=

√
352

349
= 1.00429. (3)

One important aspect of choosingfluorine tomake the gaseous uraniumcompound
is that there is only one stable isotope of fluorine with mass nineteen. The amount of
enriched product is optimized when half of the gas introduced in the cell has passed
through the barrier, producing a 50–50 split between the enriched part (“heads”) and
the depleted part (“tails”). Let n1 be the number of 235U atoms and n2 be the number
of 238U atoms at the input to the cell and n′

1 and n′
2 be the numbers at the heads

output. For one diffusion cell the ratio of the isotope ratios of the output compared
to the input (known as the separation factor) is

r =
(
n′
1

n′
2

)/ (
n1
n2

)
. (4)

Because the separation factor is close to one for a single gaseous diffusion stage, it
is more convenient to work with the quantity ε = r − 1, known as the enrichment
factor.

For maximum throughput of enriched material, a cascade is formed where the
enriched “heads” are sent to the input of the next stage and the “tails” are sent to the
input of the previous stage. The “cut” is the fraction of the input diffusing through
the barrier, i.e. the fraction of heads to the input. Figure1 shows the arrangement
of the cells in the cascade. (This is the simplest cascade topology and is called the
symmetric cascade. Other arrangements are possible, such as a “two up, one down”
configuration, but not useful for low separative power processes such as gaseous
diffusion.) Typically, each stage in the process is formed of many units operating in
parallel. The number of separating units for each stage drops in either direction from
the feed point.
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Fig. 1 Cascade arrangement for uranium isotope separation
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For a cut of 1/2, the ideal separation factor is

r − 1 = (α − 1) ln 2 = 0.69(α − 1), (5)

and thus one might expect that r = 1.0030 would be the ideal limit for each stage.
However, the effects, such as imperfections in the barrier material and effects of
finite pressure drop cause the maximum achievable value of ε to be less than half
that, ε ≈ 0.0014.

We now consider the mass balance in the cascade. Call P the amount of product
(“heads”) and W the amount of waste (“tails”), and F the amount of feed material.
Then F = P + W. The enrichments of the feed, product and waste are xF, xP, and
xW. Conservation of one isotope gives the relation

FxF = PxP + WxW, (6)

and from these equations we obtain

F = P(xP − xW)/(xF − xW) (7)

and
W = P(xP − xF)/(xF − xW). (8)

Equation7 shows why the cascade must be continued downward some length
for the feed point where natural U enters the cascade: If the enrichment difference
xF − xW were due to just one stage, the feed rate to produce even a small amount of
product would be impractically large. Typically, xW ≈0.003–0.004. Then the total
number of stages N required for xP = 0.93 and xW = 0.004 is on the order of

N = ln(xP/xW)/ ln r ≈ 4, 000, (9)

whereas, in order to produce 3% enriched reactor fuel, “only” about 1,400 stages
are needed. Gaseous diffusion plants are huge. One in Paducah, Kentucky intended
for reactor uranium enrichment covers 3,425 acres, with more than a square mile
(750 acres) of enrichment plant. The site has a design electrical demand of 3,040
megawatts—equal to the output of three standard size nuclear power plants! It is
unlikely that any new enrichment plants based on gaseous diffusion will be built.

6.1.1 Separative Work

The performance of an individual component in an enrichment cascade is quantified
by the separative work unit (SWU). SWU takes into account the change in entropy
required to turn the feed into separate product andwaste streams. A “Value Function”
is defined by the enrichment x at any point in the process, and is given by:
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V(x) = (2x − 1) ln

(
x

1 − x

)
. (10)

The total SWU for the enrichment process is given by the weighted sums of the
feed, waste, and product mass produced (typically as kilograms of uranium) with
their respective value functions:

SWU = ΔU = PV(xP) + WV(xW) − FV(xF).

If the feed, product, and waste stream flowrates F′, P′, and W′ are given in units
of milligrams of UF6 per second, rather than kg-U per year, a conversion factor can
be added:

kg − SWUy−1 = ΔU = 21.2
(
P′V(xP) + W′V(xW) − F′V(xF)

)
.

6.2 Centrifuge Separation

6.2.1 History

Centrifuge separation technology is mentioned in the Smyth report [11] and in fact
a centrifuge pilot plant was operated during the early 1940s in the U.S. However,
the technology required for large-scale production was thought to be too risky a
path to take. In the spring of 1945, as the Russians occupied parts of Germany, a
group of German and Austrian scientists were taken to Russia, where they worked
on developing isotope separation technology including the gaseous centrifuge as
well as electromagnetic separation and gaseous diffusion. Some of the principals
involved were Manfred von Ardenne, Max von Steenbeck, Gustav Hertz, and Ger-
not Zippe [13]. Much progress came about, especially for the centrifuge, and Zippe
returned to Germany in 1956. Zippe made a trip to the United States after that time,
and was in communication with U.S. scientists at the University of Virginia [6]. This
was the beginning of what are now termed “Zippe centrifuges” in the West. Zippe
also was a consultant in Germany for a company named Degussa, which eventually
merged with several other companies to form an international conglomerate known
as Urenco. An employee of Urenco named Abdul Qadeer Khan, a Pakistani native
fluent in German and Dutch, was charged with translating the German centrifuge
documents into Dutch for use at a facility in Almelo in the Netherlands. As such
he became familiar with centrifuge technology, and returned to Pakistan after a call
from then president Zulfikar Ali Bhutto for nuclear-trained citizens to return home.
Later, however, A.Q. Khan seems to have shared some of this technology with other
countries, including North Korea, Libya, and Iran [2]. The widespread dissemination
of centrifuge technology poses one of the biggest risks to nuclear proliferation today.



6 Enrichment Technologies 79

6.2.2 Centrifuge Separation Physics

Figure2 shows the salient features of the Zippe-type centrifuge design. Reference
[8] gives a thorough review of the theoretical aspects of centrifuge performance.
The centrifuge involves a carefully controlled interplay between the forces set up by
centrifugal force, coriolis forces, and pressure gradient forces caused by an exter-
nally imposed temperature gradient. As can be seen from Fig. 2, an interior rotating
canister is contained within an evacuated casing. Uranium hexafluoride gas (UF6) is
fed into the center of the assembly from the middle of three concentric tubes. The
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Fig. 2 Internal components of the gaseous centrifuge for isotope separation. From [8]
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combined effects of the rotation and a temperature gradient (top-to-bottom) produce
a convection cell. The normalized velocity of the rotor wall is given by dividing by
the one-dimensional RMS speed of the gas molecules as:

M =
(
mΩ2a2

2kT

)1/2

. (11)

Here Ω is the rotation rate, T is the temperature of the UF6 gas, k is Boltzmann’s
constant, and a is the radius of the rotor. M is closely related to the Mach number of
the gas.A very highM is required: typically theMnumber is in the 5–6 range andwall
velocities are on the order of 500 m/s. For a 9cm radius rotor, this implies rotational
speeds on the order of 75,000 rpm. While in gaseous diffusion, the separative power
is governed by a square-root-of-mass law, that is not the case in the centrifuge: the
separative power due to the coriolis and centrifugal effects scale linearly with the
mass ratio.

The theoretical separation factor α for an infinitely long cylindrical rotor is
obtained by comparing the pressure distribution for each species i as a function
of radius given by the Boltzmann law:

pi(r) = pi(0) exp

(
miΩ

2r2

2kT

)
. (12)

Then, for low enrichment, the separation factor α is given approximately by the ratio

p1(r)

p2(r)
≈ exp

(
(m1 − m2)Ω

2r2

2kT

)
. (13)

Taking the position of the exhaust to be at radius r = a and using ex ≈ 1 + x then
gives an expression for α in this simple one-dimensional, no-flow model:

α ≈ 1 +
(
m1

m2
− 1

)
M2. (14)

For M = 5.5, this gives a separation constant α = 1.24. While this would still
require a cascade in order to enrich materials to reactor grade (and a longer one
for weapons-grade), this is obviously an improvement over the performance of the
gaseous diffusion process.

However, other effects make this analysis rather simplistic. Firstly, finite length
of the rotor needs to be accounted for, and the centrifuge is not an equilibrium
environment as the gas molecules do not have an infinite residence time. Equation14
thus is an overestimate considering the non-equilibrium effects. However, this loss in
separative power is compensated by the effects of a convection cell due to thermal and
coriolis forces in the cell. The overall theory of the fluid model is somewhat complex
and involves a sixth-order partial differential equation in two dimensions. Reference
[6] gives some details of the more physically refined treatments. This reference also
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gives an overall rule-of-thumb for the separative work that a centrifuge can achieve.
In terms of kg-SWU per year,

δU = V2Z

33,000
eE. (15)

Here V = Ωa is the velocity of the rotor wall, Z is the length of the rotor, and eE
is an overall “experimental efficiency” which is between 0.8 and 1.14 for modern
designs.

6.2.3 A Sample Cascade Design

Here is an example of a cascade of gas centrifuges designed to produce one significant
quantity (25kg) of uranium enriched to at least 93% in 1year.We assume parameters
in the range similar to those studied studied in Ref. [8]. We will take a feed rate of
40mg/s and assume that α = 1.21239. We also require that the waste enrichment
at the bottom of the cascade be around 0.4%. (As stated before, this is required in
order to keep the overall feed rate to a reasonable value.) We will assume that the
cut θ can be adjusted so that the waste isotope ratio β = α, as this results in no loss
of separative work when the n−1 product and n+1 waste streams are combined at
feedpoint n. This is called an “ideal cascade”. Conservation of mass then requires
that

θ = 1 + (α − 1)xF
1 + α

(16)

for each stage, i.e. the cut depends on the feed enrichment. Since

α = xP(1 − xF)

(1 − xP)xF
, (17)

we can then determine the feed, waste, and product enrichment at each stage. Here
we number the stages with n = 0 at the natural U feed point and negative numbers
for the stages below the feedpoint. This gives

xW(n) = xF(0)αn−1

1 − xF(0) + αn−1xF(0)
, (18)

xF(n) = xF(0)αn

1 − xF(0) + αnxF(0)
, (19)

and

xP(n) = xF(0)αn+1

1 − xF(0) + αn+1xF(0)
. (20)
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Using xF(0) = 0.0072, we find that n must range from−2 to 39 in order to satisfy
the enrichment requirements. Thus a total of 42 stages are required, and two are below
the feed point. We can then calculate the overall F, P, and W from the enrichments.
We find that xP = 0.941437 at the output of stage 39 and xW = 0.00405 at the tail
end of stage n = −2. The design requires that we have 25kg of WGU at the P end
after 1year; using the factor given earlier, this translates to 1.17866mg s−1 UF6. The
other two are calculated from the known P and the mass balance:

F = P(xP(39) − xW(−2)/(xF(0) − xW(−2)) = 351.085mg s−1

W = P(xP(39) − xF(0)/(xF(0) − xW(−2)) = 349.906mg s−1.
(21)

Now the mass balances can be constructed. First we calculate the special cases at
the ends of the cascade, where there is no P input from a lower stage at n = −2 and
no W input at n = 39. Then, at the bottom of the cascade:

F(−2) = W/(1 − θ(−2)), (22)

F(−1) = F(−2)/(1 − θ(−1)), (23)

and
F(0) = (F(−1) − F(−2)θ(−2))/(1 − θ(0)). (24)

The feedpoint for the natural UF6 (at n = 0) is also a special case, and this shows
up in the mass balance for stage n = 1:

F(1) = (−F(−1)θ(−1) + F(0) − F)/(1 − θ(1)). (25)

At the top of the cascade:

F(39) = P/(1 − θ(39)) (26)

and
F(38) = F(39)/(1 − θ(38)). (27)

The rest of the mass flows can then be calculated iteratively:

F(n + 1) = (−F(n − 1)θ(n − 2) + F(n))/(1 − θ(n + 1)). (28)

(It is interesting to note that these difference equations are a stable set of leapfrog
steps in one direction but unstable in the other direction, in which the errors grow
exponentially.) The complete set of mass flows into the each stage sets the number
of centrifuges. The number of centrifuges is taken by dividing the feed rate by the
design standard (in this example, 40mg s−1), and rounding up to the next integer. In
practice, one could find somemethod of load sharing for the higher stages, where the
feed rate is less than the design rate for a single centrifuge. Table2 shows the overall
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Table 2 Spreadsheet of parameters for cascade design

Stage No. Tail
enrichment

Feed
enrichment

Head
enrichment

Feed No. of
centrifuges

SWU

1 0.00405303 0.00490963 0.00594618 639.064 16 250.492

2 0.00490963 0.00594618 0.0072 1167.39 30 457.579

Feed
Point→3

0.00594618 0.0072 0.00871588 1604.64 41 628.966

4 0.0072 0.00871588 0.0105475 1325.43 34 519.526

5 0.00871588 0.0105475 0.0127591 1095.13 28 429.257

6 0.0105475 0.0127591 0.0154272 905.181 23 354.802

7 0.0127591 0.0154272 0.0186427 748.504 19 293.389

8 0.0154272 0.0186427 0.0225131 619.274 16 242.735

9 0.0186427 0.0225131 0.0271648 512.681 13 200.954

10 0.0225131 0.0271648 0.0327454 424.761 11 166.492

11 0.0271648 0.0327454 0.039426 352.241 9 138.067

12 0.0327454 0.039426 0.0474027 292.424 8 114.621

13 0.039426 0.0474027 0.0568978 243.084 7 95.2809

14 0.0474027 0.0568978 0.0681586 202.385 6 79.3282

15 0.0568978 0.0681586 0.0814557 168.812 5 66.169

16 0.0681586 0.0814557 0.0970766 141.118 4 55.3136

17 0.0814557 0.0970766 0.115317 118.271 3 46.3582

18 0.0970766 0.115317 0.136467 99.4206 3 38.9696

19 0.115317 0.136467 0.160791 83.8664 3 32.8729

20 0.136467 0.160791 0.188504 71.0293 2 27.8412

21 0.160791 0.188504 0.219742 60.4317 2 23.6873

22 0.188504 0.219742 0.254534 51.6793 2 20.2566

23 0.219742 0.254534 0.292767 44.4464 2 17.4215

24 0.254534 0.292767 0.334169 38.4639 1 15.0766

25 0.292767 0.334169 0.378294 33.5092 1 13.1345

26 0.334169 0.378294 0.424531 29.398 1 11.5231

27 0.378294 0.424531 0.472127 25.9773 1 10.1823

28 0.424531 0.472127 0.520235 23.1199 1 9.06225

29 0.472127 0.520235 0.567971 20.7193 1 8.12131

30 0.520235 0.567971 0.614478 18.6864 1 7.32446

31 0.567971 0.614478 0.658983 16.9454 1 6.64205

32 0.614478 0.658983 0.700852 15.4316 1 6.04869

33 0.658983 0.700852 0.739612 14.0887 1 5.5223

34 0.700852 0.739612 0.774962 12.8666 1 5.04329

35 0.739612 0.774962 0.806767 11.7199 1 4.59384

36 0.774962 0.806767 0.835034 10.6061 1 4.15723

37 0.806767 0.835034 0.859884 9.48348 1 3.71722

(continued)
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Table 2 (continued)

Stage No. Tail
enrichment

Feed
enrichment

Head
enrichment

Feed No. of
centrifuges

SWU

38 0.835034 0.859884 0.881522 8.31044 1 3.25742

39 0.859884 0.881522 0.900206 7.0433 1 2.76075

40 0.881522 0.900206 0.916224 5.63492 1 2.2087

41 0.900206 0.916224 0.929871 4.03288 1 1.58076

42 0.916224 0.929871 0.941437 2.17758 1 0.853542

Total 306 4419.12

parameters for this design. (Note that the stage number has been shifted here, so that
the numbering starts with one rather than −2.)

This design thus calls for a total of 306 centrifuges and has a total feed for
1year’s operation of about 5000kg of natural U. The efficiency of the design can be
determined by looking at the total SWU produced divided by the design SWU for
each centrifuge. We can see that the total SWU generated is 4419.12kg-SWU per
year, and that each centrifuge has a SWU generating capacity of

SWU yr−1 = 21.2Ṁ ((1 − θ)V(xW) + θV(xP) − V(xF)) . (29)

This gives 15.6787 SWUper year per centrifuge, showing that the utilization factor is

4419.12

306 × 15.6786
= 92.1%.

6.2.4 Applications of Centrifuge Estimates

Thepreceding analysis can bemodified to suit different scenarios forHEUproduction
with centrifuges. Firstly, the feedrate and specific SWU depend on the centrifuges
involved: for example, the IR-1 model centrifuge available in Iran is thought to have
a production rate of about 0.9 SWU per year. This increases the estimate of the
number of units involved, but not exactly linearly because of the need to have as
many centrifuges at each stage as an integer greater than the total feed to the stage
divided by the design feedrate of each unit. (Also, the performance of centrifuges
drops when they are not fed at their ideal design feedrate.) So a cascade with units
producing 0.9 SWU per year gives an estimate of around 12,500 IR-1 units. A newer
IR-2 model has an estimated output of 3–5 SWU y−1. This would require 2200–3700
units for production of 1 SQ WGU per year.

Another scenario, however, is the possibility that a country can produce a supply
of material at just below 20% enrichment, with the justification that this material
is suitable nuclear fuel for power reactors and medical isotope production reactors.
From the previous example, we can see that this is roughly halfway up the enrichment
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cascade to weapon-grade material. If a large amount of, say, 19.8% enriched UF6
is stockpiled, then the same set of centrifuges could be fed with the LEU material
and taken up to high enrichment in less time. The time that this would take is called
the “breakout time” and could be as low as a few months with a few thousand-SWU
system available. While a re-optimization of the cascade would be required from
running the plant for natural-to-LEUenrichment, the valving andpiping requirements
for this type of flexibility probably would not contribute verymuch to the total cost of
the facility. Without vigilant monitoring and inspection, a “breakout” could happen
in a very compressed time frame.

6.2.5 Export Control Issues

Modern centrifuges for isotope separation use a variety of fairly advanced technology.
While the older designs tended to use aluminum or maraging steel for the rotors, the
newer machines typically use carbon fiber composite materials. Shipment of this
material from western countries into countries attempting a centrifuge program are
prohibited. Similarly, the drive motor power supplies, which are variable frequency
inverters, are also carefullymonitored. Process control computers are also controlled.
Since UF6 gas is corrosive, piping and valves are typically fabricated with corrosion-
resistant alloys such as Inconel 625. In fact, a recent (2013) seizure of forty-four
Inconel valves happened in Spain’sBasque country. These valveswere being illegally
transported to Iran [4, 10].

6.3 Electromagnetic Separation

6.3.1 History and Basic Concept

Electromagnetic separation was developed for theManhattan Project in 1942 [9, 12].
The concept is based on the dependence of the trajectory of an ion in a magnetic
field as a function of the ion mass. An ion with mass m and charge q with energy E
in a constant magnetic field B has a radius of gyration r given by

r = mv

qB
=

√
2mE

qB
. (30)

A schematic of the concept is shown in Fig. 3. It was called the “calutron”
because of its provenance from the Berkeley laboratory. While this relation gives
only a square-root-of mass dependence, the ability to produce tightly focussed beams
allowed 238U and 235U to be separated in only a few passes through the machine. The
Manhattan Project electromagnetic separation program started at Berkeley and used
the newly constructed 184-inch cyclotron as a source for the magnetic field. After
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Fig. 3 Schematic for calutron. Note that the difference in orbital paths is exaggerated. From [11]

proving the concept, a full-scale effort was mounted at Oak Ridge, Tennessee to pro-
vide sufficient units to develop enough capacity to produce tens of kilograms of 90%
enriched U. At its peak, the Oak Ridge facility known as Y-12 had 1152 calutrons,
each with a large racetrack magnet weighing ten to twenty tons. The diameter of
the uranium ion orbit was approximately four feet. Much of the electrical conductor
was pure silver, some 395 million Troy ounces, because copper was scarce during
the war and a loan of the silver was obtained from the U.S. Treasury. This silver
would be worth USD ten billion today, and virtually all of it made its way back to
the treasury’s repository after the war. Each device had either two or four sources
in the tank, each source typically running at around 100 mA beam current. A set of
calutrons known as the Alphas would enrich either natural U (0.711% enriched) or
output from the nascent gaseous diffusion plant, which produced some material at
0.89% enrichment. The Alpha machines would provide a product at around 15%
enrichment, which would be fed into the Beta machines, yielding a product at 90%
enrichment.

It took much trial and error to obtain satisfactory results in the early stages of the
project. First an appropriate source material for the ionization step had to be found: it
was found that uranium tetrachloride, or UF4, was the most suitable choice as it had a
low sublimation temperature andwas less corrosive than othermetal halides. Second,
much of the uranium from stray ions would end up on the walls and would also form
deposits on the accelerating electrodes. This forced an assembly line type of design
where a tank could be removed from the electromagnet via a rail system, where it
would be stripped of uranium “gunk” and “crud”, as well as product, as the next tank
was rolled into place. There was also a problem with secondary electrons, which
would be accelerated back towards the ion source through the accelerating structure,
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wasting power. An especially interesting problem was that the device needed to
be operated at many times the Child-Langmuir limit for the stable operation of a
focussed beam in the presence of space charges [9]. This had a fortuitous solution,
because the lack of high-quality vacuum (typically around 2 × 10−5 torr) provided
some charge neutralization through the background gas. Fine-tuning the device was
more art than science, and a group of local Tennessee women then proved to be
much better operators than the physicists from Berkeley. The square-root-of mass
dependence resulted in only a

√
238/235− 1 ≈ 0.6% difference between the strike

location, or about 0.3 in., and ion optics were also very challenging. It was found that
accelerating the ions up to 60 keV, and then decelerating them back down to around
35 keV, gave better ion optics. Having more than one beam in the tank meant that
there were points of intersection of the beam paths, and special steps had to be taken
to avoid electrostatic beam blow-up.

The calutrons provided virtually all of theWgU for the Little Boy device deployed
on August 6, 1945. After that time, there were improvements in the performance of
the gaseous diffusion plant (K-25) at Oak Ridge. The gaseous diffusion process
ultimately won out over the calutron. A major problem with the calutron was that it
had to be operated as a batch process because of the short maintenance interval for
removal of product and cleaning.Although huge and expensive, the gaseous diffusion
process had an economic advantage over the calutron in the end. The calutron isotope
uranium isotope separation programwas ended in 1946; however, the calutron device
was still being used decades later for the production of other isotopes at Oak Ridge.
There are calutrons at Oak Ridge that could be up and running again, especially if
the supplies of medical isotopes are threatened.

6.3.2 More Recent Usage

Calutrons re-emerged in Iraq during the time of Saddam Hussein [12]. Iraq operated
an experimental calutron-type isotope separator at the Tuwaitha Nuclear Research
Center, 16km SSE of Baghdad. The first unit was installed in 1986, with that number
growing to two by 1987. By 1991, there were as many as ten calutrons operating
there [5]. In 1991, during the Gulf War, many of these machines were destroyed. A
second facility was being readied in Tarmiya, about 40km north of Baghdad. It was
designed with enough electrical supply for 100 calutrons, but when it was inspected
in 1991, it was the IAEA’s expert opinion that no calutrons ever operated there. After
that time, Iraq apparently abandoned its nuclear program.

One might wonder why the Iraqi nuclear scientists were interested in the calutron
as an isotope separation process, when it had been abandoned in theWest. One spec-
ulation is that because the calutron does not demand any exotic parts or materials, the
effort could have been easier to keep secret. In the end one of the biggest give-aways
to its existence was the large electrical capacity installed—hundreds of megawatts at
each site. One site identified for magnet fabrication was identified by what was not
there: the Iraqis claimed that the building was for transformer fabrication, but there
were no metal-stamping or coil-forming equipment present.
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6.4 Laser Isotope Separation

6.4.1 History and Basic Concept

There are two types of laser-based isotope separation: atomic vapor laser isotope
separation (AVLIS) and molecular laser isotope separation (MLIS). We will discuss
AVLIS first.

AVLIS

During the Manhattan project there was some research into the atomic properties
of uranium, including detailed studies of the difference in absorption spectra due to
isotopic effects [1]. The hyperfine structure of 235U is very different from the behavior
of 238U owing to nuclear spin. Whereas 238U has a nuclear spin of zero, as all even-
Z, even-N nuclei do, the nuclear spin of 235U is 7/2, allowing for some lines in the
absorption spectrum to be broken into a group of lines separated by small differences
in energy (and thus wavenumber, spectroscopically speaking). The overall group of
hyperfine lines in 235U has a centroid which is shifted by an overall isotope shift
wavenumber δT. Figure4 shows the results of the Los Alamos work, published in
1947. The authors of this work indicated that the line(s) around 5027Å showed a
large isotope shift of about 0.426cm−1, or about 0.108Å, for this line group.

238
U

238
U

235
U

0.21 cm  
-1

δT=0.426 cm-1

ν
_

(cm    )-1

Fig. 4 Intensity versus wavenumber ν̄ (in cm−1) for 238U and 235U in the vicinity of λ = 5027Å.
From [1]
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While the prospect of using this information for isotope separation probably did
not get much discussion in 1947 because the laser had not yet been invented, by
the mid-1970s it became apparent that the isotope effect and the hyperfine structure
could be exploited for isotope separation with the advent of tunable dye lasers. A
program at Lawrence Livermore National Laboratory was launched in 1973, in part-
nership with Martin Marietta Energy Systems, to explore the possibilities. By 1992,
tonne quantities of uranium had been processed through a pilot plant system, and a
technology transfer program was put in place to commercialize the process through
a company called U.S. Enrichment Corporation (USEC). However, in 1999, USEC
announced that it was closing down the AVLIS program, taking a USD 100 million
loss.

MLIS

Molecular laser isotope separation (MLIS) exploits a different optical property with
isotope-specific energy levels thanAVLIS. That is the vibrational energies associated
withmolecules of the actinide. Themost commonly studied uranium compound used
is uranium hexafluoride or UF6. UF6 in gaseous form is exposed to laser light tuned to
vibrational levels in 235UF6 which are at energies corresponding to the infrared range
of frequencies. Typically the UF6 is chilled and used with a carrier gas to provide
less Doppler broadening of the vibrational lines. After several photon absorptions
(using more than one laser wavelength), the UF6 molecule undergoes dissociation
to UF5 and a fluorine atom. UF5 is less volatile than UF6 and tends to nucleate into
fine particulate and is removed from the gaseous stream as enriched 235UF5.

WhileMLISwas dropped in favor of AVLIS in the US in the 1980s, it is still being
explored by other countries and commercially. The largest-scale R&D program is at
an Australian company called Silex, which has partnered with General Electric in
the US, Hitachi in Japan, and Cameco of Canada (the world’s largest publicly traded
uranium company). The high level of investment by some of the largest corporations
in the nuclear energy business suggests that this technology will eventually mature
and might replace centrifuge technology for isotope separation in the future.

6.4.2 Proliferation Risk

AVLIS and MLIS both pose interesting challenges for nonproliferation. While both
have been researched mostly for the production of LEU at 3–5% enrichment for
power reactors, there have been reports of small quantities (milligrams) of material
enriched to as high as 77% [3]. Advances in technologymight lead to weapon-usable
material from a small systemwhichmight go undetected because of its small size and
lower power consumption compared to centrifuges, calutrons, or gaseous diffusion.

A further risk for laser isotope separation is that a system capable of large separ-
ative work might also tempt a country or some individuals to try plutonium isotope
separation on plutonium extracted from spent nuclear fuel. While this material typi-
cally contains enough 240Pu and other isotopes to render it more difficult to use in a
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weapon, an efficient AVLIS orMLIS setup might make kilogram quantities ofWgPu
become available in a short period of time.

The technological sophistication of these systems is quite high. Hundreds of mil-
lions have been spent on the development of these systems, so far providing no
practical, industrial-scale enrichment plants. This has to be weighed against a key
advantage for a would-be weapon developer to try this route, which is that the equip-
ment demands are not unique to this technology. Lasers of all wavelengths are com-
monly used in research and industry, and the chemicals, vacuum, and refrigeration
demands for AVLIS and MLIS are not out of the ordinary.

7 Reactors and Proliferation

The interplay of nuclear power with proliferation has several facets. Firstly, if an
outside provider sells fresh nuclear fuel at standard enrichment (say, 3–5%) to a
country with an agenda for creating a uranium nuclear weapon, then that material
could be used as feedstock in an enrichment cascade to produce HEU with far fewer
centrifuges (or other enrichment machines) than if they started with natural uranium.
For example, the same enrichment cascade calculation shown before with 40mg s−1

feed enriched to 3% would only require eighty-nine centrifuges, rather than the 306
needed with natural U feed. This could reduce the breakout time to a period much
shorter than the interval between IAEA inspections (assuming that the country in
question has remained as a NPT signee and has any inspections at all).

Reactors can be fueled with uranium enriched to up to 20% and still be considered
to be LEU-fueled. This reduces the cascade size considerably if a breakout move is
started with 20% enriched fuel on hand. For the same cascade parameters as before,
with two stages below the feedpoint stage, only twenty-six centrifuges would be
required for twenty-four total stages. If we shorten the period of time to deliver 25kg
of uranium enriched to more than 93% to 3months, the number of centrifuges of
the type described before, starting with 20% enriched material, only climbs to sixty.
This makes the breakout scenario truly frightening.

To date, however, civilian nuclear power has not been a route for the develop-
ment of nuclear weapons (with the possible exception of South Africa, which has
since dropped its weapons program [15]). Research reactors, however, are another
matter. To date nine countries outside of the original “nuclear club” have built
research reactors in the 5–100 MW class with suspected use for plutonium pro-
duction: Burma/Myanmar, India, Iran, Iraq, Israel, Libya, North Korea, Pakistan,
and Syria [14]. The lighter irradiation of the fuel in these reactors makes them ideal
for the production of plutonium with relatively small 240Pu buildup.

Although there is no evidence that it has happened so far, many are concerned
about the proliferation risk of the CANDU-type reactor. A schematic of this reactor is
shown as Fig. 5. This reactor type can be refueledwhile operating. Thismay allow for
a covert refueling schedule,with somechannels being shuffled throughwith relatively
low burnup. The potential for this to happen creates a symbiotic relationship between
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Fig. 5 Schematic of CANDU reactor

a military plutonium program and civilian electric power generation. Also, the lower
enrichment required for a heavy water-moderated reactor allows the use of natural U
or a combination of Puwith thorium breeding of 233U, where the Pu can eventually be
replaced with 233U produced by the thorium [16]. While 233U has been successfully
used as a nuclear weapon material, the presence of 232U makes it more difficult to
utilize because of its high gamma radiation.

8 Problems

1. Agaseous centrifuge isotope separation plant has an entry point of natural uranium
at Stage 7 and exit points for heads at Stage 21 and tails at Stage 1. The exiting
enrichment at Stage 21 is 4.0%.

a. Find the separation coefficient α for each stage.
b. Find the enrichment of the tails.
c. If feedstock of the maximum enrichment to still be called LEU, i.e. 19.9%

enriched, were fed into the same entry point as before, i.e. Stage 7, then what
would the output enrichment be at Stage 21?
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Nuclear Forensics

Abstract The two types of nuclear forensics, pre-detonation and post-detonation,
are differentiated, and the types of information to be gathered are identified.Methods
to provide attribution are explored, including isotope chronometers on the actinide
decays, oxygen, lead, and strontium isotope identification, material characteristics
such as morphology and structure, and in the case of nuclear reactor fuel, the dimen-
sions of the pellets. Plutonium is discussed from the standpoint of gallium alloying
and from the microstructure, revealing heat treatments being used. Next, there is a
discussion about the tools used in nuclear forensic analysis, including alpha, beta,
and gamma spectroscopy, neutron counting, and various types of mass spectrometry.

1 Introduction

The term “forensics” is today equivalent to “forensic science”. The original meaning
of theLatin-derivedwordwas to prepare an argument for public discourse and debate;
this later morphed into the preparation of scientific evidence to present before a court
of law. As the term “nuclear forensics” has become common usage, perhaps we must
revert to the original Latin meaning, since often the outcome of nuclear forensic
efforts will be to force international public debate rather than to convict a small
group of individuals before a court of law.

A division of the field of nuclear forensics into two quite different branches is
also worth noting. One branch deals with using scientific information, working with
law enforcement and intelligence sources, to identify answers to questions raised by
a found object, a signal detected, an intercepted communication, or some other event
indicating nuclear activity. This is often called “pre-detonation forensics” and can
involve evidence quite removed from an imminent threat of a nuclear detonation.
The complement to this type of nuclear forensics is referred to as “post-detonation
nuclear forensics” and differs from pre-detonation forensics in the broader scope
of professionals immediately involved, including all levels of government and the
public from heads of state to eyes on the street. It is important to point out that
post-detonation forensics is not a theoretical construct, as Hiroshima and Nagasaki
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are examples where the harsh reality of understanding and coping with a nuclear
detonation in a populated area had to happen.

For pre-detonation nuclear forensics, the “questions” alluded to in the previous
paragraph include all of the usual ones in typical law enforcement. What individuals
are involved in the activity that triggered this investigation, and where are they from?
If nuclear material is involved, can it be tracked back to where it was produced?What
route might the material have traveled along? Were the individuals acting as part of
a larger group? How might the individuals involved have communicated with one
another? If material has been interdicted, is it likely that it is part of a larger supply?
How long might the individuals involved been in possession of the material, and how
long ago was it made? What other physical evidence of a conventional nature, such
as fingerprints, fibers, hair, DNA, and so forth, might give more information?

Post-detonation nuclear forensics has all of these questions plus a fewmore.What
can we tell about the size and sophistication of the device? Was the weapon uranium
or plutonium, and are there signs of boosting? How widespread is the fallout? What
are the health implications of the blast radiation on the survivors? What can be done
to mitigate further loss of life? An organization behind a nuclear attack might have
additional devices ready to be used. If that were the case, where would the next target
be?

Nuclear forensic studies can result in a wide range of outcomes including legal
prosecution and possibly even military retaliation. For this reason, these studies
should be carried out in a careful and well-documented way invoking the best prac-
tices of criminology work. This includes careful chain-of-custody logging, contami-
nation control with samples, cross-calibration of analysis equipment with laboratory
standards, and in some cases, independent review of methods and procedures by
outside authorities. Because nuclear forensics capabilities naturally tend to gravitate
towards nuclearweapons laboratories in the nuclearweapon states, there can be infor-
mation barriers in place which might prevent the development of global standards
for nuclear forensic evaluations.

A good part of nuclear material interdictions in the past have involved hoaxes and
spoofs–benign materials such as depleted or natural uranium, and even materials that
had no connection to anything remotely “nuclear” in the first place. For this reason
nuclear forensic experts need to be trained to recognize all manner of non-nuclear
materials as well. A classic example was the “redmercury” spoof some years ago [4].
This material, while touted to be able to replace the fission trigger in a thermonuclear
weapon without the need for a U or Pu primary, actually turned out to be Hg, HgO,
or HgI in every case and not a particularly interesting chemical compound. Another
spoof involved Osmium-187, which was touted as having special application for
nuclear weapons construction but is simply a stable isotope of osmium with no
particular utility in weapons [16]. This material was offered for sale in 2002 for USD
30,000 for a 1.33g quantity. The accomplice to the seller was also trying to sell a
large quantity of Iraqi dinar currency.
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2 Attribution Methods

2.1 Chronometers

Assigning a date to initial fabrication of a piece of nuclearmaterial is a very important
first step towards attribution of the material’s origin [21]. Since nuclear fabrication
facilities often do not operate full time, the time since separation/purification may be
used to suggest or rule out places ofmanufacture. Since there are no stable isotopes of
U and Pu, a “clean” separation of plutonium will, for example, pick up 235U through
the decay of 239Pu to 235U due to the 24,110 y half-life of 239Pu. The long half-life of
235U, 704 × 106 y, means that subsequent decay of 235U can be ignored. Assuming
that the separation of Pu from U was very complete (typically this is done to the part
per million level), then
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235U

)
N

(
239Pu

) ≈ λ239t (1)

This then gives a time since separation given by
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Other useful isotope chronometers include the 235U/231Pa ratio and the 234U/230Th
ratio for uranium materials. The long half-life of 235U (704 My) is a disadvantage
because the Pa/U fraction is very small for the range of age since fabrication (0–65 y).
Also, there are no other suitable Pa isotopes that are alpha-emitting which could be
used as a “spike” to calibrate the efficiency of the chemical separation and subsequent
analysis [25]. Thus 234U/230Th is the preferred chronometer, but it suffers in the case
of LEU samples from the small abundance of 234U (55 ppm in natural U). For
thorium-bred uranium, isotopes 233U and 232U will be present, and the appropriate
chronometers are 232U/228Th and 233/U229Th. In addition to 239Pu/235Uoutlined above
for plutonium materials, other chronometers include 238Pu/234U, 240Pu/236U, and
241Pu/241Am [12]. Since all of the daughter isotopes listed here are radioactive as are
the parents, in some caseswith relatively short daughter half-lives, even grandaughter
isotopes can be detected. As an example, 234U decays to 230Th, which has a half-life
of 7.538 × 104 y. The decay product of this reaction, 226Ra, can then be compared
back to the 234U inventory:
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(
226Ra

)
N

(
234U

) ≈ λ234λ230
t2

2
(3)

The more complete chain makes it much more difficult to fake the age of the
material by adding, say, extra 226Ra to the material to make it look older [15].
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The determination of these ratios analytically typically has a chemical separation
as a first step and then can be followedwith alpha emission spectroscopy coupledwith
mass spectrometry. There are exceptions to this destructive assay process, however.
In some cases characteristic gamma ray lines from both parent and daughter can be
seen with a high-purity germanium detector. In general, one cannot obtain isotope
ratios from lines at different energies because of the self-shielding of the source and
possible inaccuracy in determining the relative efficiency of the detector as a function
of gamma energy. However, sometimes two lines from parent and daughter will be
close in energy by some lucky accident, and line pair ratios can be reliably calculated.
An example of this is the 241Am/241Pu chronometer, where both emit gammas a few
keV apart in energy at around 300 keV. This gives rise to the well-known “Pu-300”
method which will be described in Chap.Arms Control and Treaty Verification.

An unlucky coincidence with plutonium isotopes involves the alpha decay ener-
gies of 239Pu (5244.50 keV) and 240Pu (5255.78 keV). These energies are too close
together to resolve the 240Pu/239Pu ratio using standard surface-barrier semiconductor
diode detectors. This can cause problems in applying the 240Pu/236U and 239Pu/235U
simultaneously; however, the alpha energies of the U daughters differ by more than
100 keV, easily outside the ≈20 keV resolution of a typical surface barrier detector.
The three parameters obtained (the sum of the two Pu activities and the individual
activities for 235U and 236U can be used for an age determination, with confirming
measurements with mass spectrometry.

2.2 Calculation of Initial Enrichment

An example of a sample of nuclear material interdicted at the Bulgarian border
is given in [15], Chap. 20. In this case it was determined that the glass ampoule
contained material that was largely U3O8 powder with an unusual isotopic mix-
ture: 234U:235U:236U:238U ratios were 1.1:72.7:11.9:13.9. The presence of substan-
tial 236U immediately stands out, as this is produced by neutron absorption on 235U,
indicating that this material was probably initially very highly enriched U that had
been used in a reactor and exposed to a rather high burnup rate. The sample con-
tained only trace quantities of Pu isotopes and fission products, which probably
indicates that the material was run through a separation step such as PUREX (see
Chap. “The Nuclear Fuel Cycle”). The isotopics of the uranium begs the question of
what the initial enrichment might have been. This can be determined with extreme
certainty only if the energy spectrum of the neutrons in the reactor was known, and
then a burnup calculation using ORIGEN or some other code can be performed. If
the neutron spectrum is well-moderated, such as in a graphite-moderated reactor,
one can analyze the coupled set of rate equations in a simplified way using thermal
neutron cross sections and ignoring (n, 2n) and (n, α) reactions requiring fast neu-
trons. We can assume that absorption on 238U immediately takes the produced 239U
out of the uranium cohort, since it has a 23min half-life by beta decay to 239Np (also
with a short 2.36day half-life, decaying to 239Pu, but the isotope purification would

http://dx.doi.org/10.1007/978-3-319-29731-6_10
http://dx.doi.org/10.1007/978-3-319-29731-6_5
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have removed either of these). Similarly, absorption of a neutron by 236U also almost
immediately takes this nucleus out of the uranium cohort because of the 6.75day
half-life of 237U. We can also ignore 234U in the rate equations because the quantities
involved are small and the rate of 235U production by this isotope is about 500 times
smaller than the destruction of the majority isotope 235U by fission and capture. Then
the rate equations for the inventories of 235U, 236U, and 238U are given by:

N238
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The solutions for an initial enrichment of f = 0.905 (standard RussianWGU) and
f = 0.93 (USWGU) is shown as Fig. 1. (Note that these curves are for the fractional
quantities, not the absolute quantities, as this is the only way the data is available.) A
fluence Φt can be determined that is the bast match for the three isotopes, and then
these numbers can be “diluted” by adding the assayed 234U content into the mixture.
As can be seen, the match is more consistent with Russian WGU at a fluence of
around 0.0012 inverse barns, and at this fluence, the 236U:238U ratio is very different
between these initial assumed enrichments.
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Fig. 1 Solution to rate equations for a f = 0.905 and b f = 0.93

2.3 Other Nuclear Signatures

Since forensic analysis of nuclear materials obviously takes place in a laboratory
setting with isotope measurement capability, other non-actinide signatures can be
observed as well. As an example, nuclear fuel, either U or Pu, is usually fabricated as
UO2/PuO2. The relatively rare stable isotope 18O has aworldwide average abundance
of 2.0052 × 10−3 (this is the “Standard Mean Ocean Water”, or SMOW value), and
an average U.S. value of 1.950 × 10−3. Studies have been made of the variation
of 18O content of UO2 as a function of its place of origin [17]. In general, colder
climates have lower 18O in precipitated water and rivers. In addition to UO2, U3O8

(yellowcake) has been studied in this regard as well.
Frequently nuclear materials are transported in lead pigs. Lead is also interesting

from an isotopics viewpoint. Since the stable isotopes of lead 206Pb and 207Pb arise at
least in part from the decay of U isotopes 238U and 235U, whereas 208Pb comes about
partially because of 232Th, the differing amounts of U and Th deposits worldwide
results in a significant variation in the isotope ratios in Pb depending on where it
was mined [20]. Lead is also present in other items such as paper and other shipping
materials because of its use in gasoline, which causes Pb to be an atmospheric pol-
lutant. While the isotopic variation is distinct and easily measurable, the worldwide
trade in Pb (and the reduction of Pb mining activities in the US and western Europe),
coupled with the recycling of Pb-bearing materials such as batteries, has blurred the
isotopic fingerprint in some cases.

Similarly, the two stable isotopes of strontium, 86Sr and 87Sr, have been studied
from the perspective of mine-to-mine variations in the 86Sr/87Sr ratio. This has been
found to vary between 0.70785 and 0.76063 from one place to another [13, 23]. One
application of using this signature is described in Ref. [24], where some yellowcake
was found in a shipment of scrap metal in Rotterdam in 2003. There was suspicion
that the material originated in Iraq. Subsequent analysis showed that the Sr ratios
were consistent with uranium ore concentrates found in phosphorite rock formations,
which are found to represent Iraqi uranium ore deposits. While these formations are
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also found in other places, the combination of this result with the Pb isotope results
and other rare-earth markers, forms a more compelling case.

2.4 Morphology and Structure

Uranium and plutonium can have variations in their physical characteristics, depend-
ing on where they were manufactured, and why. A variety of different interdicted
nuclear materials has been described in [18]. For example, a sample seized atMunich
airport, inbound fromMoscow, contained amixture of UO2 and PuO2 oxides in pow-
der form. The particle shapes and sizes revealed two distinctly different particle types
for the Pu and for the Umaterial. While it was not possible to point to a single source
for the material, it was possible to rule out any manufacture in western Europe. A
sample of HEU interdicted at the Bulgarian border is described in [15]. This also
consisted of a powdery substance, mostly U3O8, with a very small grain size, aver-
aging just 0.16 µm. The authors point out that this practically rules out the material
being of US origin, because these facilities only operate with much larger grain size
to avoid respiratory hazards. In this case, the small grain size probably meant that
the material was to be used in a powder metallurgy process at a nuclear fuel facility.

Bulk properties of interdicted fuel can lead to some clues about the type of reactor
the material was intended for. Most BWR and PWR fuel is in the form of cylindrical
UO2 pellets, with lengths of around 1cm and diameters between 7 and 12mm. Some
have a central hole and others do not. Of more interest is fuel for submarines and
icebreakers, because many of the propulsion reactors for these run on HEU fuel at
90% enrichment or higher. While most of the parameters of the fuel for submarine
reactors is classified, there is an example where some of the details of a Russian
icebreaker reactor design for the nuclear-powered Sevmorput were disclosed to the
Norwegian government prior to its visit to Tromsø in 1990 [2]. From the data given,
one can surmise that the fuel pellets were annular cylinders of ≈2.3mm in diameter
and fabricated as a U-Zr alloy. In general, one expects submarine reactors to use
fuel on this diameter scale in order to deliver more power for a fixed volume. (Fuel
rods of different diameters all have roughly the same linear heat rate for the same
maximum internal temperature.)

A great deal of information about plutonium metallurgy has been published [3,
5–8, 14, 22]. A good bit of this information is applicable to nuclear forensic science
involving this material. Reference [8] gives some information regarding determi-
nation of the age of a Pu sample since manufacture from the formation of He gas
bubbles in the material due to alpha decay.

Let’s consider a fifty-year-long debate about the phase diagrams of the plutonium-
gallium systemused in theUnitedStates, France, and theUnitedKingdomas opposed
to Russia [9]. Early in 1945 at Los Alamos it was realized that the δ-phase of plu-
tonium was desirable from a workability viewpoint, and it was found that alloying
the material with either aluminum or gallium would allow this phase to remain at
room temperature. Ga won out over Al as the alloy of choice because it does not have
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significant (α, n) reactions whereas Al does have these. Typically gallium metal is
alloyed with plutonium to around 0.5–1.0 wt% in order to make a stable, crack-free
weapon component. Figure2 shows themicrostructure of a Pu-Ga alloy after casting.
This material has a two-component structure; however after annealing, the mater-
ial becomes a uniform δ-phase with a density of 15.8gcm−3, as shown in Fig. 3.
Annealing for hundreds of hours allows for the Ga to diffuse through the material
until it is uniformly distributed. Experience has shown that this alloy, now known to
be a metastable state, does not decompose into an α+Pu3Ga eutectoid, which would
cause mechanical problems. In fact, the 70-year old US plutonium stockpile has been
described as “aging gracefully” [10].

Fig. 2 Micrograph of an
as-cast Pu-0.6 wt% Ga
sample. The lath-like objects
are δ-phase Pu in an α-phase
matrix. From [14]

Fig. 3 Micrograph of a
Pu-0.6 wt% Ga sample after
50h annealing at 420 ◦C.
The δ-phase Pu grains have
varying amounts of Ga.
Longer annealing times tend
to equalize the Ga content
grain-to-grain. From [14]
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(a) (b)

Fig. 4 Phase diagrams for the Pu-Ga system: a US version, b Russian version. From [9]

The Russian viewpoint was somewhat different. Their version of the Pu-Ga phase
diagram was substantially different than the one used in the West. This is illustrated
in Fig. 4. In order to speed up the transformation of δ-phase to an α-Pu3Ga eutectoid,
they added a plastic deformation step in their experiments and then annealed for long
periods. They could then see the transformation of the material over thousands of
hours. This knowledge may have led to different process steps than the path taken
for WgPu production in the West.

Another variable worth noting in Pu samples is the impact of process purity on
the grain structure. Common process impurities are nickel and iron. These materials,
if present, accumulate at grain boundaries and can form eutectoid inclusions in the
material.

However, interdicted weapon-grade Pu is more likely to have its origin in an
analytical plutonium metallurgy laboratory than from a weapon-ready component
stockpile, as these assets are considerably more secure. An analysis laboratory is
more likely to make or possess Pu samples with parameters varying widely from
production Pu, for scientific or process reasons. Therefore the above information
cannot be applied directly to make rigid attribution findings based on microstructure
or Ga content, but can be used in context with other findings.
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3 Analysis Tools

Here some of the analysis tools used in nuclear forensic science are described. While
none of the equipment and techniques described here are unique to nuclear forensic
science, their basic function and relevance to nuclear forensics are explored.

3.1 Radiation Detection Equipment

The overall subject of radiation detection and measurement is covered in depth in the
textbook by Knoll [11]. The most common radiation detection equipment involves
α, β, γ, and neutron counting.

The most relied-upon instrument in nuclear forensic radiation detection laborato-
ries is the high purity Ge detector for gamma radiation. Embellishments on the basic
HPGe detector include fitting them with a low resolution outer detection medium
(such as a plastic scintillator) to veto Compton scattering events in the main detector,
to reduce the background for low-energy gamma detection, and linear (as opposed
to coaxial) geometry Be-window low energy photon spectrometers (LEPS) for mea-
surement of gamma and X-ray energies below 100 keV with good efficiency.

It is important to have contamination-free, low-activity counting areas for detect-
ing trace amounts of radioactivity. Contamination control is accomplished by a com-
bination of factors including filtered room air, locating the facility underground (to
reduce the cosmic ray background), gloves, booties, and clean lab coats, oil-free
vacuum lines, avoidance of post-WWII lead and steel (60Co contamination), and
adequate ventilation to avoid radon gas. Automated operation allows less exposure
of personnel to the sample, and vice versa.

Beta counting is less important because almost all β− emitters with short half-
lives emit a characteristic and well-identifiable gamma. The exception would be if
tritium or 14C contamination is suspected on a sample, or certain fission products
such as 90Sr with no gamma emission. These are best measured by liquid scintillation
counting (LSC). Automated LSC systems are typically maintained in laboratories
with health physics requirements to look for these isotopes.

Alpha spectroscopy is an important component of nuclear forensic analysis
because of the characteristic alphas for theU, Pu andTh isotopes.Alpha spectroscopy
is routinely done with silicon surface-barrier detectors mounted inside a vacuum ves-
sel with a door. The sample is inserted, the door is closed, and the system is pumped
down to rough vacuum (≈10−3 mbar), sufficient to prevent the slowing-down of the
alphas, which have a short range in atmospheric air. Alternatively, an alpha-emitting
material can be electrodeposited on a metallic disk used in a Frisch-grid ionization
ion chamber, designed to be insensitive to the location of the disintegration in the
chamber. While energy resolution is not as good as the semiconductor diode (50
keV vs. <20 keV), the efficiency is quite high, virtually all of the alphas exiting the
sample (i.e. about half of the total disintegrations) are counted.
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Neutron detection is generally done in nuclear forensic laboratories only to protect
people and HPGE detectors from dangerously high radiation levels. It is important
to look for neutrons at the intake of a suspicious sample. There have been several
incidents involving a stolen or misplaced radium-beryllium or plutonium-beryllium
neutron source, and radiation levels a few feet from the source can be quite high
(≈20 mSv/h).

3.2 Mass Spectrometry

Mass spectrometry is an indispensible tool for isotope identification of actinides and
identification by elemental analysis. The common theme in mass spectrometry is
that an ion beam is sent through a set of magnetic/electric fields and the individual
charge-to mass ratios are differentiated by their dynamics in these fields. Isotope
differentiation and quantitative assay to high precision (parts per million) are hall-
marks of MS specifications. Some systems, such as accelerator mass spectrometry,
can work with extremely small samples.

3.2.1 Thermal Ion Mass Spectrometry (TIMS)

Thermal ion mass spectrometery can achieve high-precision isotope ratio measure-
ment (<10 ppm ) in U and Pu isotopes. Reference [19] describes the state of the
art for U isotope discrimination a decade ago. These systems use a heated filament,
typically tungsten or rhenium, which has been coated with a solution containing the
material to be analyzed. Typically another heated filament is used for ionization. An
extracted beam is then sent through a series of analyzing magnetic sectors and E×B
filters, with electrostatic filters aswell, with the result that the individual isotope com-
ponents are well separated with known isotopic efficiency variation. Some systems
have several Faraday cups arranged so the individual ionic isotopic components are
available in real time. Some fractionation effects are inevitable; however, Ref. [19]
points out that if the process is run to extinction of the test material on the filament,
and the currents are integrated, the accuracy in the isotope ratios is much improved.

3.2.2 Inductively Coupled Plasma Mass Spectrometry (ICPMS)

Inductively coupled ion mass spectrometry [1] is a newer competitor to the TIMS
process and differs mostly in the way that the ions to be sent through the mass
analyzer are made. In ICPMS, the test material is dissolved in an acid and is then
sent through a nebulizer into a cover gas, typically argon. The Ar/sample gas is then
ionized using radiofrequency energy and an ion beam is extracted from this plasma
region. From that point on, the analysis section is essentially equivalent to that in the
TIMS apparatus.
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4 Problems

1. An interdicted sample of material contains the following isotopic mix: 1.13 wt%
234U, 74.7405 wt% 235U, 13.458 wt% 236U, 10.8015 wt% 238U.

a. Assume that the 234U inventory is unchanged from initial separation. Find
the thermal fluence φt that the material was exposed to, in neutrons cm−2

assuming that it was in a thermal reactor and subsequently reprocessed. Use
the following method: (1) Ignore the 234U presence. (2) Calculate the fluence
φt by taking the ratio of the 235U to 236U (In the ratio, notice that the enrichment
f drops out).

b. Compute the initial enrichment in 235U of this material, by the ratio of 235U to
238U (which results in an equation in f/(1−f)), using the value ofφt calculated
above.

2. Repeat the exercise above, but now solve for the enrichment and the fluence
simultaneously by doing a least-square fit to the data.

3. A sample which is presumed to be reprocessed spent uranium fuel contains a
231Pa-to-235U ratio of 3.2495× 10−9 and a 230Th-to-234U ratio of 9.2076× 10−6.
Calculate the age since reprocessing. Assume that the decay constants are known
to ±0.5% accuracy and that the measured ratios are known to ±0.1% accuracy,
find the error estimate on the age. (Note that all errors are 1 − σ values.)
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Nuclear Testing

Abstract The early history of above-ground nuclear testing is discussed, along with
the formation of treaties to limit and later to ban nuclear testing. The structure of the
Comprehensive Test Ban Treaty Organization (CTBTO) is outlined, along with its
International Monitoring System (IMS). The physics and technology of each type
of nuclear test monitoring is discussed, starting with the general nature of fission
product distributions and the relationship with the isotope undergoing fission and
the neutron energies involved. The fission product signatures for xenon, cesium,
krypton, and argon are discussed, their atmospheric transport is studied, and the three
technologies used at IMS radioxenon stations are explored. Next seismic waves are
discussed, along with some historical examples of nuclear detection with seismic
signals. Hydroacoustic signals are also discussed, and finally infrasound signals in
the atmosphere.

1 Introduction and History

The first nuclear test was performed by the United States at the White Sands Missile
Range near Alamogordo, New Mexico on July 16, 1945. The test was an above-
ground detonation of an implosion-type plutonium device with a yield of around
twenty kilotons. Since that time over 2000 nuclear weapons tests have been per-
formed by (in order by date of first test) the United States, the Soviet Union, the
United Kingdom, France, China, India, Pakistan, and North Korea. Figure1 shows
the chronology of these tests by the countries indicated. Over 200 of these tests
have been above-ground and have resulted in significant exposure to the public in
some cases [34]. One of the most notorious cases was the Castle Bravo test at the
Bikini Atoll, which resulted in many cases of radiation sickness and death, espe-
cially impacting the island of Rongelap (see Fig. 2 for a map of the fallout zone.) The
Limited Test Ban Treaty was signed by the United States, the former Soviet Union,
and the United Kingdom on 5 August 1963 and this ended above-ground nuclear
testing by the three countries. However, France and China did not sign the treaty and
above-ground testing continued for many years afterward [38].
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Fig. 1 Nuclear explosions worldwide, 1945–2013

Fig. 2 Fallout from the Castle Bravo test, 1954. Dose contours in roentgens for 96 h of exposure
after the detonation. Source U.S. Department of Energy

2 The Comprehensive Test Ban Treaty
and the International Monitoring System

The idea of a total ban on nuclear weapons testing is almost as old as the idea of
building nuclear weapons. Starting in the 1950s, critics of nuclear weapons began
calling for a ban on nuclear testing, citing concerns over fallout as well as testing’s
effect on aiding the development of more lethal nuclear explosives. The Limited Test
Ban Treaty mentioned above banned nuclear testing in the atmosphere, underwater,
at the ground’s surface, or in outer space. This treaty did not cover underground
nuclear testing, however. Eventually the “nuclear club” grew in size, and sentiment
for a world-wide ban on nuclear testing began to grow. On 10 September 1996, the
United Nations passed a resolution calling for a ban on all nuclear testing, and sent it
to the member states two weeks later for signature and ratification. (In this context,
“signature” means the signing of a treaty by the foreign minister or secretary of state
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indicating that the government of that state has the intention of entering it into the
law of that country. “Ratification” is the actual vote on the treaty by the legislature
of that country, making it legally binding.) As of this writing, 164 states have signed
and ratified the Comprehensive Test Ban Treaty, and nineteen have either not signed
or signed but not ratified the treaty, and thus the treaty is not in force at the time of
this writing.

Although the Comprehensive Test Ban Treaty has not been ratified by several
states known to have conducted nuclear weapons tests (including China, India, Pak-
istan, and the United States), nuclear testing has stopped for at least a decade in all of
these listed. North Korea has testedmore recently—as of this writing, themost recent
test was in 2016. There are other countries that might try to develop nuclear weapons
in the future, and some of the aforementioned countries could resume testing if they
decided that there might be some strategic advantage to doing so. Therefore the
ability to detect nuclear explosions, monitor radioactive releases from them, and to
develop forensic methods that could give information about the type of device, its
yield, and details about the test environment can be regarded as useful capabilities
to have. While the large nuclear-capable states have these capabilities on a stand-
alone basis, it has been realized that there will need to be a coordinated, world-wide
monitoring capability integrated into the United Nations to allow for enforcement
of the treaty when it is finally ratified by all parties and passed into law. To this
end, a Preparatory Commission for the Comprehensive Test Ban Treaty Organiza-
tion (CTBTO) has been set up and tasked with the establishment of a world-wide
International Monitoring System (IMS) for nuclear test detection.

The IMS is a network of 321 measurement stations and sixteen laboratories. The
goal of the IMS system is to be able to detect a nuclear detonation with a yield
of one kiloton or more anywhere on the planet. Four technologies are employed for
detection: seismic, hydroacoustic, infrasound, and radionuclidemonitoring. The IMS
consists of 50 primary and 120 auxiliary seismic stations, 80 radionuclide stations,
11 hydroacoustic/T-phase stations, and 60 infrasound stations. Figure3 shows the
worldwide deployment of this system. Reference [20] gives some details of the
seismic stations for this network. The science and technology for each of these
detection methods will now be discussed in detail.

3 Radionuclide Monitoring

3.1 Fission Product Distributions

The detection of fission products is a powerful tool for the analysis of nuclear tests
that have either been carried out above-ground or have released fission products from
below the ground. The latter case can be further divided into those shots that have
had catastrophic venting due to failure to recognize geological factors such as faults
at the site, and those which seep radioactive noble gases through small cracks. The
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Fig. 3 Map showing locations of IMS stations. From [20]

fission product mass distributions are a function of the fissile isotope involved and the
neutron spectrum involved. Figures4 and 5 show the variations in the fission product
mass distributions with these two parameters. In Fig. 4, three energy spectra are used:
a thermal spectrum appropriate for a well-moderated (such as graphite) reactor, a fast
spectrum typical of an un-boosted nuclear weapon, and a “high energy” spectrum
typical of a device with a 14 MeV neutron component due to D-T fusion reactions.
Of particular interest is that the double-humped fission product mass distribution is
somewhat more filled in between the two peaks as the neutron energy is raised. In
Fig. 5, one can see the difference in the mass yield curves between 235U and 239Pu.
The noteworthy feature here is that the change in the fission product distribution

Fig. 4 Fission product mass
distribution for 235U with
different energy spectra.
Data from [9]
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Fig. 5 Fission product
yields for 239Pu and 235U.
Fast spectrum. Data from [9]
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between these isotopes (which must move the 239Pu distribution three or four mass
units up from the 235U distribution) takes place by an increase in the centroid of the
lower-mass part of the curve and not the upper-mass part of the curve.

3.2 Xenon and Cesium Signatures

The fission product distributions around mass numbers 133 through 135 have a
number of interesting features. First, at mass 134, the yield, both independent and
cumulative, for the production of 134Cs is essentially zero. This is because 134Cs is
an odd-odd nuclide and also far from the average proton-to-neutron ratio for fission
products. Also, 134Xe is stable, so there is no decay from the chain of mass 134
isotopes into 134Cs from beta decays. 134Cs is, however, quite common in fission-
induced radioactivity in nuclear reactors, because it can be produced by neutron
capture on 133Cs. 133Cs has a large cumulative yield of 6.79%, mostly from the decay
of 133Xe with a 5.24 d half-life. The instantaneous nature of nuclear explosions rules
out these long-term production steps, so nuclear weapon tests produce virtually no
134Cs, whereas nuclear reactor accidental releases show this isotope prominently.
Figure3.9 shows an example of this after the Fukushima incident. The half-life of
134Cs is 2.06 y and there are strong gamma lines at 604.7 and 795.8 keV, and aweaker
line at 801.953 keV.

The four noble gas isotopes 133m Xe, 133Xe, 135Xe, and 131mXe also give a detailed
story about the origin of these fission products. Table1 gives the relevant radiation
data. In fact measurement of these four isotopes form the basis of the International
Monitoring Station (IMS) systemmaintained by the Comprehensive Test Ban Treaty
Organization (CTBTO) [18]. As a result of the creation and destruction of these
isotopes in the presence of neutrons in a reactor on a timescale similar to or greater
than the half-lives involved, the ratios of these isotopes present in a discharge from
a reactor are very different from that of a nuclear explosion, as shown in Fig. 6.
The dashed “Kalinowski Line” shows the demarcation in the Xe ratio space. While

http://dx.doi.org/10.1007/978-3-319-29731-6_3
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Table 1 Radiation characteristics of xenon isotopes suitable for atmospheric detection

Nuclide

Radiation type 131mXe 133mXe 133Xe 135Xe

t1/2 11.97 d 2.19 d 5.25 d 9.09 h

γ rays

Energy, keV 163.9 233.2 81.0a 249.8

Absolute intensity, % 1.92 10.0 36.3 90.1

X rays

Energy, keV 30.0 30.0 31.0 31.0

Absolute intensity, % 54.7 56.6 47.5 4.2

β particles

Maximum energy, keV 346b 905c

Absolute intensity, % 99.1 96.0

Conversion electrons

Energy, keV 129.0 199.0 45.0 214.0

Absolute intensity, % 61.5 63.7 54.0 5.6

From [29]
aOne more γ ray line with an energy of 769.62 keV and a yield of 0.29 ± 0.07% is observed
bThere are two more groups of β particles with end-point energies of 43 and 266 keV and a total
yield of 0.897 ± 0.22%
cTwo additional groups of lower energy β particles with a total yield of 3.80± 0.019% are observed
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Fig. 6 Isotope ratio plots for Xe isotopes for both nuclear explosives and reactor releases, showing
the dashed “Kalinowski line” as a demarcation between reactor-produced xenon (calculated and as
reported) and weapon test-produced xenon (calculated). From [18]. Used with permission, Springer

nuclear explosive tests are ruled out by any point to the left of this line, the converse
is not necessarily true; however, all reported Xe releases from reactors have fallen
to the left of the line. The most difficult case is where the medical isotope 99mMo
is produced in small HEU targets in reactors with short irradiation times; emissions
from these facilities can be confused with continuously venting nuclear tests.
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3.3 Krypton Signatures

Thexenon isotopes fall in themiddle of the upper peak in the fissionmass distribution,
whereas 85Kr falls toward the left side of the lower peak. As a result, the production
of the radioactive noble gas 135Xe is similar between fast fission in 235U and 239Pu
(within 20%), but the production of 85Kr differs by more than a factor of two. This
may have been exploited to determine that the 2006 North Korean nuclear test was
based on a plutonium design rather than uranium by sampling these two gases [33,
35].

A complicating factor in using fission product signatures is that the fission product
isotopes are typically produced both directly from a fission event and also from the
decayof other fission products. In general, fission products are neutron-rich anddecay
by beta emission. The half-lives of the precursor isotopes can range from less than a
second to several days, and the precursors have widely varying chemistry and thus
quite different transport properties through the ground. Reference [9] quotes both
cumulative and independent yields for the production of these isotopes. Furthermore,
a long-lived noble gas isotope such as 85Kr (10.73 y) may be in the atmosphere
downstream from the test site in significant quantities before the test, due to fuel
reprocessing, releases from nuclear power plants, or prior nuclear testing [19].

3.4 Argon-37

While 37Ar is not a fission product, it is produced in underground nuclear tests,
especially in devices with D-T fusion boosting. This is because almost every type of
rock in the earth has some calcium content, and there is a threshold reaction 40Ca(n,
α)37Ar. While the energy threshold for this reaction is 1.75 MeV, The cross section
is relatively low below about 3 MeV but rises to substantial levels (>100 mb) in
the range from 4 to 15 MeV. Thus the fast fission neutron spectrum does not create
large quantities of 37Ar, but fusion neutrons can cause substantial 37Ar production.
Some cross section measurements at energies around 14MeVwere performed at UC
Berkeley (with Livermore technical support) in 1999. The cross section data from
these measurements is shown as Fig. 7. 37Ar has a 35 d half-life and decays through
electron capture. Low-background gas proportional counters are used to detect 37Ar,
which forms a 2.822 keV K-shell energy peak in the counting medium.

While the venting of large quantities of 37Ar may indicate that a fusion-boosted
weapon has been detonated, there can be some interfering factors to consider in
making this determination. Firstly, there is some overlap of the fast fission neutron
spectrum with the 40Ca(n, α)37Ar production cross section. Secondly, there is a
neutron capture reaction on the stable isotope 36Ar, which has an abundance of 0.337
% in argon, and argon is present in air at around 0.98%. The cross section for thermal
neutrons (0.0253 eV) for 36Ar(n, γ )37Ar is σc(0.0253 eV) = 5.3 b. So a “decoupled”
device with a fair amount of air in the chamber may produce a negligible contribution
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Fig. 7 40Ca(n, α)37Ar cross
sections. From [2]
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from this side reaction. Thirdly, there is another stable argon isotope present in air,
38Ar, natural abundance 0.063%, which has an (n, 2n) reaction with high energy
neutrons to produce 37Ar. The 38Ar(n, 2n)37Ar reaction cross section also measured
at UCB [2].

3.5 Atmospheric Transport of Radionuclides

Volatile radionuclides such as Cs and I isotopes that emerge with vent gases from an
underground nuclear test are typically attached to dust particles and are considered
aerosols. Particle sizes >5µm have enough gravity that they do not travel far from
the production site [27]. Smaller particles form a plume which is transported by the
local wind and generally is mixed into the air mass up to an altitude of about 2 km.
The degree of mixing is controlled by the local air turbulence and the terrain over
which the plume is traveling. Precipitation along the plume path can cause rain-out
of these radioactive particles. Often detection consists of finding these isotopes as
contaminants on the ground in rainwater or soil.

In some cases, however, some of the radionuclide-bearing aerosol can be trans-
ported through the mixing layer and be transported to the bottom of the stratosphere
through a type of “conveyor belt” convection process. Aircraft fitted with special fil-
tering equipment can detect this radioactivity. Because the winds aloft at the higher
altitudes are typically at higher velocity and more consistently in one direction, this
can result in earlier detection of a nuclear test from some distance away. Atmospheric
nuclear testing, however, creates an initial column of radioactivity extending upwards
to the stratosphere without any special weather conditions required. In fact the first
nuclear test by the Soviet Union, called RDS-1 by the Soviets and nicknamed “Joe-
1” in the West, was detected by WB-29 aircraft flying missions over the Pacific
Ocean, Alaska, and Canada at a pressure altitude of 500 mbar (about 18,000 feet).
The aircraft were fitted with an air sampling system where outside air was drawn
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Fig. 8 Map of radioactive
contamination at 500 mb
pressure altitude,
approximately ten days after
the first Soviet nuclear test in
1949. (National Weather
Service, see Ref. [21])

through filter papers, which were analyzed at the air base after the planes returned.
Radioactivity was detected off of the Kamchatka peninsula four days after the test.
In less than ten days after the detonation, the plume had reached as far as the western
side of Greenland [21]. Figure8 shows a map of the plume at that time.

Noble gases, on the other hand, do not have the chemical affinity for colloidal
dust particles and simply travel as an inert component of the atmosphere. There is no
dry deposition and limited rainout with these isotopes. Thus, they can remain in the
atmosphere for a long time. For the North Korean nuclear test in 2013, xenon was
finally detected in Takasaki, Japan 55 days later [5, 32].

Codes have been developed for detailed atmospheric modeling of radionuclide
releases, and these have been exploited for predictive modeling of radionuclide con-
centrations following a known nuclear test. A good example is the FLEXPART code
[36], a Lagrangian fluid model code with adjustable particle mass parameters, vege-
tation accumulation factors, and a library of radionuclide specieswith their half-lives.

3.6 Radionuclide Monitoring Technology

As discussed earlier, noble gas isotopes tend to stay in the atmosphere for a long
time and are the basic atmospheric radionuclide signatures used at IMS stations.
Equipment used for detecting radioxenon must have a very high sensitivity to allow
for potentially very high dispersal factors in the atmosphere. In order to obtain these
high sensitivities, xenon must be extracted from rather large quantities of air. Since
the concentration of natural xenon in the atmosphere is 0.087 parts per million,
separation factors >106 are required before counting, and suppression of radon gas
in the sample is especially important. The separation technology at IMS comes
from three different approaches: the Swedish-built SAUNA system, the French-built
SPALAX system, and the Russian-made ARIX [32].
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The SAUNA system [31] uses a three-step process to isolate the Xe component in
air. A 7 m3 volume of air is drawn through the system in a 12h sampling interval. In
this timeperiod, about 0.5 cm3 ofXe is extracted.This is accomplishedbyfirst passing
the air over a thermoelectrically cooled heat exchanger at a temperature of −5 ◦C to
removemost of the water vapor. Then the air sample is run through amolecular sieve,
which removes the residual water. From there, the sample is injected through four
consecutive activated charcoal columns at a pressure of 2.4 bar. After a 6h period,
the charcoal filter is taken off-line and the process air is redirected to a tandem unit.
The unit is evacuated and heated to 300 ◦C and helium carrier gas is introduced.
The exhausted gas is then passed through a gas chromatography (GC) unit, which
separates radon from the xenon, an important step because of the interference of
the radon radioactivity with the sensitive xenon counting to be performed later. The
xenon portion of the GC output is then re-absorbed on carbogenic molecular sieve
material (6.4 cm3) to reduce its volume for the counting step. The sample is inserted
into a β − γ coincidence counter with 4π geometry. The system consists of two NaI
scintillators with holes through the middle. The sample is placed in the middle of
the tunnel and two plastic scintillators are butted against the sample. Standard signal
processing downstream yields measurement of the four xenon isotopes potentially
present in the sample. Threshold sensitivity is better than 1 mBq m−3 for all four
isotopes (133mXe, 133Xe, 135Xe, and 131mXe) for this system.

The SPALAX system [11] (acronym, in French, for Système de Prélèvement
Automatique en Ligne avec l’Analyse du Xénon) first pressurizes the air and passes
it through a dryingmembrane followed by amicroporous polymetricmembrane. This
membrane has the property that oxygen, carcon dioxide, and water vapor pass more
easily than nitrogen and xenon, resulting in a 12x increase in xenon concentration
(from 0.087 to 1.0 ppm). Then the gas, which is now 99.99%nitrogen, is sent through
a series of activated charcoal columns, similar to the SAUNA system described
above. These are then put into a desorption cycle at a temperature of 250 ◦C. This
temperature is chosen so that the Xe desorbs more readily than the radon, resulting
in a Rn decontamination factor of 105. From there another sorption/desorption cycle
is done using a molecular sieve with a desorption temperature of 320 ◦C, which then
results in an overall Xe concentration factor of 3×106. The overall system processes
80 m3 of air per day, resulting a total of 7.5 cm3 of Xe per day for analysis. Unlike
the SAUNA system described above, counting is done with a high purity germanium
(HPGe) detector, which allows for higher resolution detection of gamma signals from
theXe at the expense of somewhat lower sensitivity than β−γ coincidence counting.
Overall detection thresholds are 1.5, 0.15, 0.65, and 4.05mBqm−3 for 133mXe, 133Xe,
135Xe, and 131mXe, respectively.

The ARIX-1 system, developed in Russia, uses cryogenic methods [7].
A schematic of the xenon trapping system is shown as Fig. 9. In this system, the
air is compressed and a 1 m3h−1 feed rate is maintained. The air is pre-cooled to
eliminate most of the water and then passed through NaA and CaA zeolite filters,
cooled to 80 ◦K, to remove all water and carbon dioxide. The process gas is then sent
to an activated charcoal adsorption column cooled to 100 ◦K. The column is then
slowly warmed to –20 ◦C over a period of 1 h, and then vented to the atmosphere.
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Fig. 9 Schematic of xenon separation system for the ARIX-1 xenon air monitoring system. From
[7]. Used with permission, Springer
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Fig. 10 β − γ coincidence
detection system for ARIX-1
xenon detection. From [29].
Used with permission,
Springer
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The trap is then heated to 200 ◦C, and then the effluent (with a helium cover gas) is
fed into a series of two traps at room temperature. The first accumulates the radon
and nitrogen and the second traps the xenon. Finally, the second trap is heated to
200 ◦C and then re-adsorbed in a small volume (0.2 cm3) charcoal trap at 140 ◦K. a
mechanical piston is then used upon regeneration to compress the gas sample into a
small volume (6–8 cm3) for introduction into the test chamber. The counter is a NaI
well detector, and the walls of the test chamber are coated with polystyrene, which
provides a scintillation medium for β − γ coincidence counting. Details of the test
cell are shown in Fig. 10. The details of the counting system are given in [29]. Overall
sensitivities (with uncertainty) for a 10h collection time for 131mXe, 133mXe, 133Xe,
and 135Xe isotopes are 0.62± 0.18, 0.66± 0.18, 0.48± 0.14, and 0.77± 0.21 mBq
m−3, respectively.

The ARIX-1 system is relatively heavy and consumes a fairly large amount of
electrical power. For this and other reasons, it is not portable. Since the design of
the ARIX-1, the Russian designers have produced a xenon monitor design with
slightly higher minimum detectable activity (by a factor ≈2), but lighter and with
lower electrical demand so that it can be transported on a truck. The tradeoff in
efficiency is well balanced against this portability, because seismic analysis coupled
with atmospheric modeling could yield a good prediction of where the xenon plume
will be detectable. The design of this system, called ARIX-3, is described in [30].

The choice of detector type in the three systems mentioned (HPGe or NaI) shows
strengths and weaknesses. For the HPGe approach, energy resolution is good, but the
system is relatively insensitive to 131mXe, because there is onlyonegamma in its decay
with a branching ratio of only 2%. On the other hand, the β −γ coincidence counter
requires intimate contact of the gas with the scintillator material. Because some
absorption of the Xe gas into the plastic can take place, a detector system exposed
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to elevated levels of xenon may exhibit a “memory effect”, where the detection
threshold for subsequent test samples is elevated because of the higher background
caused byXe retention. It might be possible to alleviate this by some very thin coating
of a metal such as aluminum on the scintillator, or perhaps switching to an inorganic
scintillator, but each of these has an efficiency drawback. The HPGe system does not
suffer from this effect.

4 Seismic Signals

Seismic signals add a vital component to nuclear weapon test detection. Since most
nuclear tests are performed underground, there is frequently a seismic signal that is
easily identifiable as an explosion underground as opposed to an earthquake. Fur-
thermore, there are several different wave propagation velocities connected with the
different modes of propagation, and this allows ranging from each seismic monitor-
ing point. Combining the distance-to-event data from several monitoring points then
allows one to determine the location of the event, sometimes with great accuracy.
Finally, the magnitude to the seismic signal allows an estimate of the yield of the
device.While thefield of seismology requires a great deal of experience and expertise,
the detection of underground nuclear tests has become well-developed by specialists
in this area. The information given here should provide a brief introduction.

4.1 Seismic Wave Types

Seismic waves are classified into two broad areas: body waves and surface waves.
Body waves involve bulk motion through the medium, whereas surface waves are
attenuated exponentially away from the surface. Body waves tend to have higher
propagation velocities than surface waves. if we consider a seismic wave with a
propagation path r, Then the bodywave’s displacement vector ξ will have a functional
dependence

ξ (r, t) = ξ 0 exp (ı (k · r − ωt)) . (1)

Here r can be a travel path with any possible alignment with respect to the local
direction away from the center of the earth z. The case where ξ ‖ k is called the
P wave, or primary wave. It is a longitudinal wave similar to an acoustic wave in a
fluid, and it is the one that travels the fastest. The case where ξ ⊥ k is called the S
wave, or secondary wave. It is a shear wave, similar to the motion of a rod (such as
a tuning fork) when it is struck.
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The most important surface waves are the Rayleigh wave and the Love wave.
These have a functional form

ξ (r, t) = exp(−λ|z|)ξ 0 exp (1 (k · r − ωt)) . (2)

For these waves, k and r are presumed to be in the plane of the earth’s surface. For
the Rayleigh wave, ξ ∼ r + iz, and for the Love wave, ξ ⊥ r, ξ ⊥ z and ξ ⊥ k.
Thus the Rayleigh wave represents a rolling motion similar to a water wave, whereas
the Love wave is a side-thrusting wave moving along the surface. The displacement
vectors for each type of wave are shown in Fig. 11. The propagation velocities for
the P, S, and Rayleigh wave are

k

(a) (b)

(c) (d)

Fig. 11 Displacement vectors for a P, b S, c Rayleigh, and d Love waves. Direction of propagation
is the same for all four waves
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VP =
√

κ+(4/3)μ
ρ

VS =
√

μ

ρ

VR =
√

E
ρ

Here ρ is the density, κ is the bulk modulus,μ is the shear modulus, and E is Young’s
modulus. The Love wave has a more complex velocity of propagation expression,
and it is dispersive, i.e. frequency dependent.

The physical constants E, ρ, Y, andμ are all functions of depth, generally resulting
in increased velocities for the S and P waves with depth. The path for propagation
is the one that will transmit the signal to the observer in the minimum time. (This
is known as Fermat’s principle.) For relatively short paths (<2000 km, known as
“regional” vs. “teleseismic”), the seismic wave will bend down and then resurface
at the observer, but staying in the earth’s crust during transit without encountering
the mantle. This propagation trajectory is labeled with a trailing lower case “g” (for
“granite”), and thus Pg and Sg waves [37]. The Rayleigh and Love waves stay on
the surface, so these are labeled Rg and Qg (the “Q” is for “Querwellen”, German
for “sideways”). The mixture of S and P waves, staying near the surface and at
low frequencies, are called Lg waves. (Here, the “L” is for “Long”.) Another set
of regional phases travel down to the outer mantle, then along the top of the upper
mantle and then back up to the observer. These are called Sn and Pn waves (here the
“n” stands for “normal”). Since P and S velocities are higher in the mantle (by about
1km s−1 for the P wave), and the mantle is typically 30–40 km under the continents,
the Pn and Sn waves are the first to arrive at intermediate distances (a few hundred
km) from the event.

4.2 Distance-to-Event Determination

The distance from the source to the observer L can be determined by the difference
in arrival time between the P and S wave. This can be written as

ΔtP−S = tS − tP = L

VP
− L

VS
≡ L

V′ , (3)

with

V′ = VPVS

VP − VS
. (4)

Thus the distance L between the observer and the event is simply V′ΔtP−S. While
both the P and S wave velocities vary with depth (as well as location), the effective
velocity V′ is fairly consistent at around 8km s−1. Thus one can obtain a quick
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estimate of the distance to the event fairly easily. Propagation characteristics for
most areas of the world are known very accurately, and improved estimates based
on the P-S arrival time typically result in location estimates with <10 km error.

4.3 Seismic Signatures of Nuclear Explosive Tests

A nuclear detonation represents a radially symmetric pulse followed by some relax-
ation movement. As such, the coupling is particularly strong to the P waves. The
fast nature of the pulse compared to normal geological events also causes much
greater high frequency content in the seismic signal, which is typically analyzed by
its Fourier transform. Figure12 shows the difference in the seismograms of the 1998
India nuclear test and an earthquake from the same area. Figure13 shows the P-to-S

Indian
Nuclear Test
May 11, 1998

Earthquake
April 4, 1995

P wave

P wave

S wave

S wave

Fig. 12 Seismograms for the 1998 India nuclear test and an earthquake in the same area. Data from
monitoring station NIL in Pakistan. From [17]. Lawrence Livermore National Laboratory

Fig. 13 Ratio of P-to-S
wave intensity by frequency
groups. From [17]. Lawrence
Livermore National
Laboratory
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amplitude ratio by frequency groups. The range from 1.5 to 3.0Hz generally shows
the most clear separation between underground explosions and earthquakes.

The yield of a nuclear detonation can also be correlatedwith the seismic signature.
This is usually based on the high-frequency body wave magnitude mb. The coupling
of the device to deeper rock is dependent on the type of media present at the test site.
Figure14, with data from [23], shows an example of the range of mb measurements
for nuclear tests in various media. In the case of volcanic tuff (material covering large
areas of the Nevada Test Site), the coupling also depends on the water content, with
saturated tuff coupling with an mb about 0.5 units higher than dry tuff, and similar
to granite. In a subsequent publication [23], the same author gives a range of values:

mb = (3.75–4.45) + 0.75 log10 W, (5)

where W is the yield in kilotons.

?

-  Granite

 Dry Tuff/Alluvium

(Wet Tuff)

-  Shale

-  Dolomite

-  Salt

 Wm   = 3.92  +   0.81  logb

100 101 102 103
W, kt
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4.4

4.6

4.8

5.0

5.2

5.4

5.6

5.8
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6.2

6.4

6.6

mb

Fig. 14 Relationship between body-wavemagnitudemb and yield for nuclear explosions in various
media. From [22]. Used with permission, Springer
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It is also worth noting that seismic mb measurements are a function of the location
of the monitoring station and its system response. The International Seismological
Centre, located in the U.K., receives data from most seismic monitoring locations
on the planet, and has attempted to correlate multiple reports of seismic signals
from different stations. They find that the standard deviation for the “raw” seismic
data is around 0.3 mb units, but by assigning response adjustments for each station,
the standard deviation drops to around 0.1–0.3 mb units. Thus the variation seen in
Fig. 14 is much wider than the instrument error.

4.4 Limitations of Seismic Monitoring

Seismic monitoring for nuclear tests can help identify the location of a test and give
rough estimates of the yield of the test. There have been some examples where the
accuracies of these measurements have not always been sufficient to support definite
conclusions.

One example would be early experiences with the Soviet nuclear tests at Semi-
palatinsk in Kazakhstan. The Threshold Test Ban treaty between the Former Soviet
Union (FSU) and the United States was signed in 1974, and it was an agreement
between the two countries to not test nuclear weapons with a yield greater than 150
kT. However, after that time, seismic signals from FSU tests, especially at certain
sites at the Semipalatinsk test site in Kazakhstan [24], showed mb values up to 6.2,
outside the range of the correlations given earlier for yields of <150 kT. While this
created some controversy at the time, it was eventually determined that certain geo-
logic areas at the test site were exceptionally well coupled to the surrounding deep
rock media. Collaboration between US and FSU geologists, including participation
at the US and FSU test sites by both sides during some tests, convinced the US that
if treaty violations had occurred, they were of limited importance and accidental.
Because of these technical issues, the treaty, although signed in 1974, did not come
into force until 1990.

Another example is the detection of a seismic event near the Arctic island of
Novaya Zemlya on 16 August 1997 at 0211Z. The large ARCESS array in Norway
was down at this time, and the seismic signals from relatively far-away stations
FINES in southern Finland (about 1800km from the event) and NORES in Norway
(2300 km away) were used for preliminary analysis of this event. Data from the
monitoring station KEV in Kevo, Finland was not used since this station was not
part of the US-certified monitoring stations, nor was it included as an International
Monitoring System (IMS) station at that time. Station KEV was 1126Km from
the event. (See Figs. 15 and 16 for maps of this area.) As a result, the probability
ellipse for this event included the nuclear test site at Novaya Zemlya. The U.S.
Secretary ofState,MadeleineAlbright, issued adémarche to theRussian government,
claiming that a nuclear test had been performed at Novaya Zemlya [16, 39]. If the
data from other stations in the area had been included, especially KEV and station
KBSonSpitsbergen island, the eventwould never have been taken that seriously [16].



4 Seismic Signals 125

KBS

KEV

NORES
FINES

Novaya
Zemlya

Fig. 15 Distance-to-event estimates from stations NORES and FINES (solid lines) and KEV and
KBS (dashed lines) for the event on 16 August 1997. Data from [39]
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Fig. 16 Close-up of seismic event on 16 August 1997, showing data from both the IMS stations
and other, non-IMS stations. Data from [39]

Figure16 shows a close-up of the distance-to-event estimates, showing that with the
additional stations a very small probability ellipse could have been drawn, and the
event would have been in the ocean floor and 150km from the test site. Furthermore,
the signal at KEV showed an S/P ratio consistent with an earthquake and not a nuclear
test, whereas the lack of high frequency response for the more distant stations such
as FINES and NORES stations showed signals which the intelligence community
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concluded were consistent with a weapon test because they resembled seismographs
from known nuclear tests at Novaya Zemlya which had been recorded earlier at those
stations. Also, the magnitude of this event, mb = 3.25, was not at all consistent with
earlier Russian nuclear tests at Novaya Zemlya—this would have meant a yield of
around 0.2 kT.

5 Hydroacoustic Monitoring

Soundwaves propagate very easily inwater. The attenuation factors are small enough
that signals from events such as nuclear tests can be received from hydroacoustic
stations all over the planet. This allows for hydroacoustic monitoring of nuclear tests
with a very limited number of stations.

If one examines the data for sound speeds in water at a certain point as a function
of depth, such as shown in Fig. 17, a persistent feature emerges and that is a minimum
in the sound speed at around 500–1000 m. The actual sound speeds may vary from
location to location because they are functions of density, pressure, and salinity,
but the variation retains the basic structure as seen in Fig. 17. Because of Fermat’s

Fig. 17 Two measurements
of the speed of sound in
ocean water. Showing
SOFAR region around
500–1000 m depth. From
[15]
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Fig. 18 Ray tracing simulation of sound waves in the ocean near the SOFAR channel

principle mentioned earlier, this causes sound waves launched at a small angle in the
500–1000 m depth zone to be refracted back through the original depth at launch
and then to oscillate inside this channel, which acts as an acoustic waveguide. One
can easily construct a ray-tracing code to model the behavior of sound waves, which
was done to produce Fig. 18. (This code uses the eikonal limit, which requires that
kzL 	 1, where kz is the wavenumber in the z-direction and L is the gradient length
for the sound speed variation, which holds in the high-frequency limit.) Typically, the
sound waves propagate at small angles with respect to the horizontal, and in no case
greater than a 12◦ angle to the horizontal. Also, if the wave is launched from a depth
where the sound speed is greater than at the ocean surface, a reflection will occur,
but with some dispersal and attenuation of the wave’s energy. Waves launched at
large angles and large depth may also encounter the sea bottom, and will be similarly
dispersed and attenuated.

The sound channel at 500–1000 m depth is called the SOFAR channel, standing
for SOund Fixing and Ranging. It has been theoretically and experimentally under-
stood since the mid-1940s by Leonid Brekhovskikh [8] and Maurice Ewing [6],
working independently. It has been exploited by various submarine communication
and stealth strategies since that time, and has thus been heavily researched bymilitary
organizations.

One can monitor for nuclear testing using the direct measurement of sound waves
in the SOFAR channel. A typical hydroacoustic monitoring station has a set of three
tethered buoys at a depth of 800 m. Data from the horizontal triangular arrangement
can be used to determine the direction that a particular sound wave came from. An
underwater cable takes the telemetry from all three sensors back to a land-based
station for recording and analysis. Because of the construction cost of placing the
buoys in deep water and the long undersea cable required, hydroacoustic monitor-
ing stations are more expensive than seismic and isotope monitoring systems, but
fortunately, only a few are required.

Another signal path for the SOFAR channel exists, however, and that is when
there is a sloping sea floor that passes through SOFAR depth and then converts
the hydroacoustic wave into P and S seismic waves, which then can propagate to a
monitoring station on land. This converted hydroacoustic wave is called a T-phase
seismic wave, and is best observed in places not on a continental shelf, such as
an island or atoll with a sharply sloping sea floor. (The designation “T” stands for
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Fig. 19 T-phase seismograph recorded at station HUL at Heiheihulu, Hawaii on 20 March 1987 at
17:59:42.3 Z. The event recorded was the French nuclear test “Lycomède”, detonated at Mururoa
at 17:05:00.1 Z. From [26]

“tertiary” and is used in cases when an earthquake or nuclear test from a device
embedded in the earth is the originating source, so that the overall signal path is P/S-
hydroacoustic-P/S. The case where an explosion happened in the water is called an
H phase, and it does not necessarily travel in the SOFAR channel, but may be picked
up by either hydroacoustic or land-based seismic monitors.) Classic examples of
T-phase monitoring include the observation of signals at T-phase stations in Hawaii
fromFrench nuclear tests in the Tahitian atoll, almost 5000km away. Figure19 shows
an example of themonitoring of the French nuclear test on 20May 1987, which had a
yield of 30 kT. The arrival time was 54.8578 min after detonation, giving an apparent
velocity of around 1486m s−1, indicating that there was some travel distance through
rock before and after the wave went through water at about 1480m s−1. (This is also
seen from the S-P separation, as there is no S wave in water.)

The advantage of the T-phase monitoring stations is their low cost compared to
hydroacoustic monitoring. A disadvantage is that since these stations are located
within a few km of shorelines and beaches, there can be an elevated noise floor due
to human activity nearby.

6 Infrasonic Signatures

Airborne infrasonic waves of interest for nuclear test detection span the range of
frequencies from about 0.002Hz up to 20 Hz. Low-frequency infrasonic waves have
very low loss at lower frequencies, and thus can be detected from great distances.
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However, turbulence, meteor penetration, lightning strikes, and other meteorological
phenomena can mask or confuse the detection of a nuclear event. First the science of
atmospheric waves will be discussed, and then some of the engineering techniques
behind ultrasonic monitoring will be presented.

6.1 Waves in the Atmosphere

At high frequencies (in this context, above 1 Hz), the equation relating frequency
and wavenumber, known as the dispersion relation, is straightforward:

ω = csk + k · U. (6)

Here cs is the sound speed, k is the wavenumber vector, U is the vector wind veloc-
ity, and k = |k|. The speed of sound is a function of temperature and the mix of
gases present in the atmosphere. The lower atmosphere has a rather constant average
molecular weight, and thus the speed of sound is a function of temperature only and
is given by

cs = √
γRT = √

402.8T(◦K) ms−1. (7)

Here γ is the ratio of specific heats (around 1.4 for air), R is the gas constant (the
ratio of pressure/temperature to mass density) and the temperature is in Kelvin
(T(◦K) = T(◦C) + 273.16). At 20 ◦C, this gives a sound speed of 343.65m s−1.
The temperature of the atmosphere is not constant and is subject to weather condi-
tions, pollution, and other variables. There is, however a “standard atmosphere” that
can represent average conditions. The U.S. Standard Atmosphere serves as the basis
of the temperature distribution in the atmosphere shown as Fig. 20. Similar to the
case with hydroacoustic waves, the two minima shown for temperature, one in the
stratosphere at 30–40 km and another in the thermosphere at around 90–100 km, can
serve as acoustic waveguides for long-range travel of acoustical energy. These are
sometimes referred to as “S” and “T” waves, an unfortunate coincidence with the
same letters being associated with seismic waves!

At very low frequencies, the influence of gravity, the earth’s rotation, and the
pressure and density variation must be included in the momentum equation for the
air motion during acoustical excitation. The resulting dispersion relation is given by
[13]:

n2 = (N2 − ω2)m2

ω2 − 4Ω2
z

+ ω2

c2s
− N2 + c2sΓ

2

c2s
(8)

Here N is the Brunt-Väisälä frequency given by

N2 = −g

{
g

c2s
(1 − γ ) − 2

cs

∂cs
∂z

}
(9)
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Fig. 20 Temperature distribution in the atmosphere from the U.S. Standard Atmosphere, From
[10]. Used with permission, Springer

with g being the gravity constant, Γ is Eckart’s constant:

Γ = 1

2ρ0

∂ρ0

∂z
+ g

c2s
, (10)

Ωz is the component of the earth’s rotation vector in the direction of the local zenith,
i.e. Ω sin φ, where φ is the latitude and Ω is the earth’s rotation rate. The wave is
presumed to have a structure exp(i(ωt − (kx + ly + nz))), and the total horizontal
wavenumber m = √

k2 + l2.
Roots to the low-frequency dispersion equation are shown as Fig. 21. The two

solutions spanning a finite range of frequencies are taken as purely horizontal waves,
i.e. n = 0. These are separated by a gap in frequency between the Brunt-Väisälä
frequency N and the acoustic cutoff frequency NA. The acoustic cutoff frequency is
given by

N2
A = N2 + c2sΓ

2 (11)

The upper root in frequency of the dispersion relation asymptotically becomes
the simple dispersion relation given earlier, ω = csk, at high frequencies. (Here
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Fig. 21 Infrasound wave
modes. From [13]
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the Doppler term has been suppressed and the solution can be thought of as the
Lagrangian frequency in the comoving frame of the air mass). The lower root has
m → ∞ as ω approaches the Brunt-Väisälä frequency N from below. This wave
is called the buoyancy wave or sometimes the “gravity wave”, a confusing name
given the use of the term “gravitational waves” in general relativity. Another type
of wave does not have a frequency gap. This wave is called the Lamb wave and
it has no z-component of motion. This wave is evanescent in the z-direction so
that the wavenumber in the z direction n is imaginary. Using a normalized pressure
P = p(ρ/ρs)

1/2, where ρs is the mass density at the earth’s surface, the z-dependence
of the normalized pressure is given by

dP

dz
+ Γ P = 0, (12)

and taking Γ to be roughly constant (within a factor of two up to 90Km for the
standard atmosphere) gives P = P0 exp(−Γ z) and thus n2 = −Γ 2. This solution to
the dispersion relation is shown on Fig. 21 as well. At ultra-low frequencies, another
cut-off is seen at the Coriolis frequency 2|Ωz|. A close-up of the dispersion diagram
at ultra-low frequencies shows the effect of the earth’s rotation. Figure22 shows this
for a middle latitude where Ωz = 10−4.

Fig. 22 Ultra-low frequency
dispersion diagram, showing
the cutoff at the Coriolis
frequency 2Ωz for
approximately 45◦ latitude.
From [13]
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Fig. 23 “Infrasonic signals recorded at WRAI (Warramunga, Northern Territory, Australia) from
the thermonuclear test carried out at Lop Nor, China, on November 17, 1976, at a distance of 8,370
km. Yield is estimated to be 4,000 kT. The first arrival is dominated by very low frequencies and is
very likely a Lamb wave. The dispersion of all of the higher frequency modal components is clearly
visible. Note that the signal extends over a period of several hours. The data shown in this diagram
have not been filtered.” From [3]. Used with permission, Springer

6.2 Infrasound Signatures for Atmospheric Nuclear Testing

A classic example of an infrasound detection of a nuclear event at Lop Nor, China
in 1976 is shown in Fig. 23. This event was recorded in Warramunga, Australia, at
a distance more than 8000km away. Several features of this signal are interesting.
The first arrival signal has a period of around 370 s, or a radian frequency of ω =
1.7× 10−3 s−1. If this were below the acoustic cutoff frequency, but still the fastest-
traveling part of the signal, then it was probably a Lamb wave. A much shorter-
period group (period 60–70 s) arrives about 2000 s later, indicating a longer path
length by about 700 km. This could be explained by multiple bounces between the
earth’s surface and acoustic waveguides at around 30 and 100 km height, although
the later-arriving signals are more likely to have been affected by the wind speed in
the trajectory path. The extremely long coda for this event illustrates the relatively
loss-free zone of travel for this signal.

In general, the coupling of the blast pressure of a nuclear detonation into the
atmospheric waves is a convolution of the initial pressure waveform near the blast
with the propagation characteristics of the atmospheric wave medium. The initial
pressure pulse at ≈1 km from the blast has been modeled by [12] as

pB(t) = (pA/r)(1 − t/τ)u(t) exp(−t/τ) (13)

This is plotted as Fig. 24. Analysis with ray tracing can give a fairly detailed picture of
the expected pressure signal at a distant observation point. Figure25 shows an exam-
ple of ray trajectory calculations using an eikonal approximation. This assumes that
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Fig. 24 Model of pressure
pulse from above-ground
nuclear blast. From [12]
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Fig. 25 Example of a ray
tracing calculation showing
the bounces at 40 and 110
km. From [25]. Used with
permission, Springer
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the length scale for the variation of the sound speed is large compared to the acoustic
wavelength. This example clearly shows the ducting caused by the sound speed min-
ima at around 40 and 110 km. The ray tracing calculations can be extended to include
absorption within the atmosphere. Absorption of sound wave energy comes about
because of classical effects such as diffusion and viscosity and from excitation of
rotational and vibrational states in the molecules. A chart showing the components to
the atmospheric absorption as a function of frequency and height is shown as Fig. 26.
This frequency-dependent loss also leads to an imaginary part to the wavenumber
that is frequency-dependent, and this in turn leads to dispersion, i.e. a change in the
sound speed as a function of frequency. This is shown in Fig. 27.

There aremany sources of infrasonic backgroundnoise that could potentiallymask
or confuse the detection of a nuclear detonation. Reference [4] gives a ranked list
of these noise sources as follows. First and foremost, wind-generated noise caused
by turbulent eddies in the boundary layer of the atmosphere dominates the noise
spectrum most of the time at all frequencies. Secondly, infrasonic waves caused by
air fluctuations associated with large oceanic storm systems (“microbaroms”) can
occur in the frequency range from 0.12 to 0.35 Hz. Next, noise from surf, usually
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Fig. 26 Infrasound absorption versus frequency and atmospheric height. From [25]. Used with
pemission, Springer
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above1.0Hz, canbepresent.After that, noise due toman-made sources such as traffic,
trains and aircraft, and industry, called cultural noise sources, can occur towards the
high end of the infrasound spectrum. Next there is the noise from oil and gas refinery



6 Infrasonic Signatures 135

flares, hydroelectric plants, and wind turbines, all at the high end of the band as well.
Then there is noise associated with the aurora, usually below 0.1 Hz. After that,
infrasonic noise from volcanoes, forest fires, and waterfalls can occur in the higher
frequency band. Mountains with wind currents coursing around them can act as a
sort of paddle and create infrasonic noise below 0.1 Hz. Next, very low frequency
fluctuations can be caused bymesoscale (tens to hundreds of kmhorizontally) density
currents. Then there can be fluctuations associated with nonlinear solitary buoyancy
waves and bore waves. Finally, shear instabilities at the boundary of the jet stream
and at the top of the troposphere can generate infrasonic noise at low frequencies.

Because of these sources of noise, the preferred channel for nuclear test detection,
at least in the sub-kiloton range, is the channel from 0.4 to 1.2 Hz [4]. The signals in
this channel at intermediate distance from the event aremostly stratospheric bounces.
Corroboration with other frequencies in the spectrum, however, is most likely neces-
sary to avoid a false report. Thermospheric signals are typically at lower frequencies,
0.04 –0.1 Hz, on the other side of the microbarom noise spectrum given earlier. In
the infrasonic observation of 183 U.S. nuclear tests, stratospheric signals are seen
about 95% of the time and thermospheric signals about 52% of the time [14].

6.3 Instruments for Infrasonic Detection

Infrasonicwaves can bemeasured by devices that resemble either aneroid barometers
or microphones. The microbarometer design in use at IMS stations was designed by
the Laboratoire de Geophysique at the Commissariat à l’Énergie Atomique (CEA) in
Bruyères-le-Châtel [4, 28]. This design features an evacuated stainless steel bellows
connected to a linear variable differential transformer (LVDT) position sensor. The
stainless steel alloy chosen for the bellows features very small displacement as a
function of temperature. This is an absolute pressure measuring instrument, however
it is electronically filtered to give a passband down to 0.01Hz and up to 27Hz
to avoid large noise components in the output signal. Another type of infrasonic
detector in use in the IMS monitoring stations is based on a differential capacitance
microphone. This instrument has been developed by Chaparral Physics, now a part
of the Geophysical Institute at the University of Alaska at Fairbanks. This instrument
uses a diaphragm with one side exposed to the atmosphere through direct coupling,
with the other side backed with a chamber with a small air leak. This mechanical
arrangement allows for a very low cutoff frequency of 0.02Hz, with a high-frequency
roll-off at 50 Hz. This instrument has an extremely low intrinsic noise of below 10−10

Pa2 Hz−1, as compared to 4 × 10−7 Pa2 Hz−1 for the CEA instrument.
Wind-induced noise is a problem with any infrasonic measuring site. It can be a

primary decisive factor in locating the site. For example, the IMS station in Qaanaaq,
Greenlandwas located there in part because it has significantly lowerwinds than other
parts of the Arctic. Wind noise can be reduced by designing a “rosette” of sound-
carrying tubes from all directions to connect to the transducer. Arrays of infrasound
transducers can also be built, allowing some local noise cancellation but also allowing
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some directional measurements for high frequency arrivals. It has also been found
that microporous tubes (such as “soaker hoses” normally used for lawn and garden
irrigation) have excellent wind-noise reduction capability, and in fact the tubing
fittings on the manifold for the transducer are the common garden-hose type.

7 Concluding Remarks

While the frequency of nuclear testing has seen a precipitous drop since peaking in
the 1960s and 1970s, there will probably be more tests in the future, and despite
the high costs and personnel demands, the “nuclear-have” countries are still willing
to support the International Monitoring System within the framework of the IAEA.
The multifaceted approach, including xenon, seismic, hydroacoustic, and infrasound
monitoring should give some confidence that a nuclear test anywhere on the planet
has a high probability of detection. The wide breadth of the underlying science for
these detection systems is quite impressive, but it is also important to review the
mistaken identification episodes that have happened in the past.

8 Problems

1. Three reactors at Fukushima Dai-Ichi were vented. Reactor 1F1 ran on uranium
and had a power output of 460 MWe. Reactor 1F2 ran on uranium and had a
power output of 784 MWe. Reactor 1F3 ran with 5% MOX (50% uranium,
50% plutonium) and had a power output of 784 MWe. All thermal-to electrical
efficiencieswere 0.33.Assume that 10%of xenon inventorywas exhausted during
the controlled vents, which all happened after all 135I had decayed to 135Xe. The
133Xe production rates are (in percent):

Fig. 28 North Korean
nuclear test, 2013
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Isotope Thermal Fast Fission
235U 6.70 6.72
239Pu 7.02 6.97

Similarly, the 135 I production rates are:

235U 6.28 6.30
239Pu 6.54 6.08

a. 135Xe (t1/2 = 9.1h) is produced from thedecayof 135I (t1/2 = 6.57h, thermal
fission yield = 6.28%). Assume that all 135Xe is consumed immediately
when the reactors are running, because of the very large (2× 106 b) capture
cross section. Assume that the parent isotope 135I has zero capture cross
section. 133Xe decays with a 5.24day half-life, and has a small (assume
zero) capture cross section. Find the concentration of these isotopes six
days after shutdown, if they are uniformly dispersed in a 200Km diameter
cylindrical cloud at sea level density (1.293 kg m−3) with a height of 7.5
km. Give your answer in Bq m−3.

b. Find the percentage change in the 133Xe/135Xe ratio if 1F3 were run with
100% MOX fuel and the other reactors had not vented, i.e. fifty atomic
percent of the fuel fissile atoms were plutonium. (Note the different thermal
fission cross sections for 235U fission and 239Pu fission.)

c. What signature(s) would you use to determine that measurement was from
a reactor accident and not from nuclear weapon testing, say in nearby North
Korea?

2. Assume that a 20 kT nuclear device has been detonated at zero altitude and that all
noble gases have been released. Assume that the 135Xe and 88Kr isotopes released
travel through the atmosphere with no fractionation. Find the ratios between
activities for these two isotopes, for the case of 235U fission and 239Pu fission.
(Note: use the “fast, pooled” data in the England and Rider tables [9].)

3. A North Korean nuclear test was performed on 2013-02-12 at 02:58:44 (UTC).
The test had a seismic magnitude mb of 5.1. Shown here as Fig. 28 is the seismic
signal recorded at monitoring station MDJ in Mudanjiang, China, 372 km away.

a. What features of this waveform show that this is a nuclear test and not an
earthquake?

b. Identify the S-wave onset and calculate the P-to-S dispersion time V′.
c. Find a range of values for the yield for this test.
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Active Interrogation

Abstract Active interrogation is defined and general properties of active interro-
gation systems are described for various applications. Active interrogation with fast
neutron sources are detailed, including differential die-away analysis, delayed neu-
trons from fission, and delayed gammas from fission. Next a treatment of neutron
transport for fast neutrons is given, along with concepts from age theory andmethods
to treat hydrogenous media. Next photofission active interrogation is explored. Then
nuclear resonance fluorescence (NRF) is studied from the nuclear physics involved,
and from potential practical implementations. Photon sources for NRF are studied,
including bremsstrahlung, laser Compton upshift, and laser wakefield acceleration
combined with Compton upshift. Lastly, the health physics aspects applicable to
these systems are presented, with some examples of radiation dose calculations for
neutron-based and photon-based systems.

1 Introduction

Active interrogation in the field of nuclear detection means sending an external
source of energy into a sealed object and detecting material inside by its reaction to
the external source. The most common source examples are neutron and photon (X-
ray and gamma) sources and neutron and gamma return signals. (One can consider
interaction with cosmic rays as a special case.) Typical objects include sea-going and
aircraft cargo containers, luggage, packaged mail, trains, ships, trucks, automobiles,
aircraft, and all manner of objects found in ordinary commerce. Another important
class of sealed objects are missile warheads and storage containers for weapon parts,
where the goal is verification of a declared inventory for treaty verification without
being able to actually see the nuclear material inside the object. Active interrogation
systems typicallymust conform tomany performance conditions, including low false
positive and false negative rates, short interrogation times, minimal radiation expo-
sure to the operators and nearby people, and non-lethal exposure rates to potential
stowaways. Some systems must be made portable and battery-operated. Environ-
mental factors are often a consideration, since some outdoor systems might operate
in rain, snow, extreme heat or cold, with high levels of vibration, radiofrequency
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noise, and so forth. In addition, systems intended for large-scale deployment such as
cargo screening at thousands of entry points must be inexpensive to fabricate and to
operate, and must not require highly skilled operators. Active interrogation systems
for arms control purposes may also require “information barriers”, i.e. they must not
give away weapon design details by way of the output signals received.

Another active interrogation division is made between those systems where inti-
mate positioning (within a few meters) of the source and detector with the object is
possible, and those situations where longer distances (up to 1km) might be required.
An example of the latter is where military aircraft are trying to determine whether
an enemy ship is carrying nuclear-tipped missiles. Typically source strengths can be
quite high in these scenarios. Technology for this type of active interrogation uses
the word “standoff”.

First various types of active interrogation with a neutron source will be described.
These are characterized by the energy and intensity of the source, and whether the
source is pulsed or “cw” (continuously operated, borrowing an old term from radio
technology). Then methods using a photon source will be described. Some practical
health physics will be applied to assess the radiological risk of these methods.

2 Neutron Active Interrogation

As indicated in Chap. “Signatures and Background”, neutrons are relatively rare in
nature. Therefore background signals on a neutron detector (with high gamma-ray
rejection) will be very low. So if one were to imagine a detection scheme where a
short pulse of neutrons were sent in to the inspection object containing SNM, the
fission induced in the SNM will also produce neutrons. If these excess neutrons can
be detected over the decaying number of neutrons which would be present if no SNM
were in the object, then a detection would be made.

2.1 Differential Die-Away Analysis

One scheme exploiting this concept is called “differential die-away analysis”, or
DDAA [7, 11, 26–28, 52]. In this method, a high energy neutron source, such as an
accelerator producing neutrons by means of either the D-D or D-T reaction, or with
an electron accelerator producing photoneutrons from bremsstrahlung, is pulsed on
for a 1ms pulse length or less. The high-energy neutrons are moderated in the sample
to thermal energies in a relatively short time frame, on the order of 100µs. (This
characteristic time τ is determined by τ = 1/(Σsv) ln(E0/Eth)/ξ , where Σs is the
macroscopic cross section for scattering, v is the speed of the fast neutron, E0 is the
initial neutron energy, Eth is the thermal energy (0.025 eV), and ξ is the average
logarithmic energy loss per collision.) Once thermalized, the neutrons have a longer
lifetime, typically with an e-folding time of order 0.5 ms. This time depends on

http://dx.doi.org/10.1007/978-3-319-29731-6_3
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the absorption cross section at thermal energies, and can be much shorter if a large
quantity of neutron-absorbing materials such as hydrogenous materials or boron-
loaded shielding is present.) If fissile material is present in the test sample, then
fast neutrons are generated, and this fast neutron signature has a time dependence
similar to the thermal neutron die-away time, rather than the time dependence for
the initial fast neutrons from the source. If some of these fission-generated neutrons
leak out before complete moderation, they form a detectable signal in a neutron
detector which is made insensitive to thermal neutrons. Typically the detector is a
3He detector shielded with cadmium, which has a very large capture cross section for
neutrons below 0.5 eV. Figure1 shows a typical result of a DDAA analysis, showing
the marked difference in fast neutron count rates in the period from 100µs to 3 ms
after the source is turned off. (Typically, the time histogram is built up over many
pulses, with the accelerator delivering pulses at a repetition rate of a few hundred
pulses per second for periods of time from minutes to hours.)

Several alternative versions of the basic concept also exist. One interesting appli-
cation [50] is for confirmation of the plutonium inventory in spent nuclear fuel assem-
blies. Spent nuclear fuel typically has a fairly substantial level of spontaneous fission,
mostly due to 244Cm for high burnup and relatively short cooling times and mostly
from 240Pu for lighter burnup and longer cooling times. (The half-lives are 18.1 y
and 6563 y, respectively, and 240Pu is generated after the absorption of two neutrons
from 238U, whereas 244Cm requires six.) Spontaneous fission neutrons also multiply
in these assemblies, with multiplication factors between 1.2 and 2.0. (Multiplication
is defined as the total flux in the object divided by the flux that would be there from
the source, without any neutron-induced fissions occurring. See [45].) These sponta-
neous fission neutrons, along with neutrons from prompt fissions induced by them,
can be thought of as a neutron interrogation pulse. A “clump” of neutrons closely
spaced in time, known as neutron multiplicity, is a sign of a fission event, rather than
a (α, n) event, also common in spent fuel. Other late-arriving fast neutrons can be
counted in a longer tail for the reasons outlined above, i.e. fissions from thermal-
ized neutrons in the assembly. This scheme is called a “self-interrogating” DDAA

Fig. 1 Fast neutron count
rate versus time for a typical
differential die-away
analysis. After [52]
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process, and it requires no accelerator. In other words, this is a passive technique for
Pu assay masquerading as an active technique.

For the “real” DDAA systems, the high energy neutrons for interrogation can
also be used to determine other properties of the object under test if its makeup
is unknown, which can be exploited to sharpen the DDAA analysis. For example,
systems employing a D-T neutron source with its 14 MeV neutrons will typically
produce large quantities of prompt gammas from (n, n′γ ) reactions in the light ele-
ments such as C, N, and O. The 4.43 MeV carbon inelastic gamma and the 6.13
MeV oxygen gamma are especially prominent. The thermalized neutrons will be
absorbed in hydrogen if it is present, producing a 2.2 MeV capture gamma. (In fact
the previous three sentences sum up the science of oil exploration.) Reference [52]
describes a system where these gamma signatures are used to make some rough cuts
into different types of cargo, and then using this information, make corresponding
changes to the thresholds and time dependence for the DDAA signal.

2.2 Delayed Neutrons

Since the fission products from induced fission contain isotopes which undergo a
beta-decay followed by a neutron emission, these β-delayed neutrons form a longer
tail on the neutron count rate versus time [1]. The yield of delayed neutrons is
rather small: for 235U, the yields are 0.0158 an 0.0165 for thermal and fast neutrons,
respectively, and for 239Pu, they are 0.0063 and 0.0061 [29]. The delayed neutrons
are emitted from isotopes with differing half-lives, so the timescale for emission is
over a range from a fraction of a second to minutes (see Fig. 2). The delayed neutrons
have energies in the range from 200 → 500 keV, which is lower than the energy of
prompt fission neutrons, and this implies that they are more readily absorbed in other
material possibly present in the object. This is especially troublesome if hydrogenous
media such as wood, cardboard, or fresh food is present, because hydrogen tends
to moderate neutrons to thermal energies very easily, and absorbs thermal neutrons.
Also fast neutrons can cause reactions in substances other than U or Pu that also
produce delayed neutrons. Among the more troublesome are 17O which can have an
(n,p) reaction producing 17N, a beta-delayed neutron emitter with a 4.17 s half-life.
(17O has a natural abundance of 0.0373%.) Also, thorium has a fast fission cross
section, but no thermal fission cross section. It will make beta-delayed neutrons on
exposure to fast neutrons.

As a forensic application, delayed neutron activation analysis is well suited to
use with a nuclear reactor. Research reactors such as the one at he NIST facility in
Gaithersburg, MD have a low ratio of fast-to-thermal neutron flux (2 × 10−3), and
this minimizes the interferences from 17O and Th. Trace quantities of U or Pu left
behind on packaging materials, wipes, booties, and so forth can be picked up with
measurable quantities of 235U down to 200 picograms, for example [16]. Typically
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Fig. 2 Fraction of total
delayed neutrons released by
fast fission of 235U versus
time for fast fission. Data
from [29]

0.001 0.01 0.1 1 10 100
0.0

0.2

0.4

0.6

0.8

1.0

Time (s)

F
raction of delayed neutrons

235U
Fast

Fig. 3 NIST delayed
neutron calibration, with 17
measurements of 15
standards. One second
counting time. From [16].
Used with permission,
Springer

the sample is irradiated for 1min or less and transferred out of the reactor into a
counting cell within a few seconds using a pneumatic transfer tube. The counting cell
is typically a polyethylene well moderator with embedded 3He tubes. A 1s counting
time is sufficient to detect the delayed neutrons. Figure3 shows the performance of
the NIST delayed neutron detection system, which shows excellent linearity over
many orders of magnitude.

Reference [8] gives a design for a dual-mode system, where both DDAA and
delayed neutron assay can be done with the same basic components.

2.3 Delayed Gammas from Fission Products

In addition to delayed neutrons, the beta disintegration process in fission products also
creates delayed gamma rays. Since the energy of these gamma rays can range above
the energies found in natural radioactive decay, it is possible to make a threshold
window for gamma energies above the endpoint of the natural background radiation
(usually taken to be the 2.614MeV line in 208Tl, at the end of the 232Th decay series).
Reference [19] gives some details about the total number of gammas above a 3 MeV
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Table 1 Properties of fission-delayed neutrons and gammas for three important fissile isotopes
235U thermal fission 239Pu thermal fission 238U fast fission

Delayed neutrons 0.015 0.0061 0.044

γ -rays at Eγ > 3 MeV 0.127 0.065 0.11

γ -rays at Eγ > 4 MeV 0.046 0.017 0.03

From [19]

threshold and a 4 MeV threshold for isotopes of interest. Table1 shows the data
for delayed gammas in three fissile isotopes. One notes that there are many more
delayed gammas above 3 MeV than delayed neutrons for 235U. Figure4 shows the
time dependence for the production of delayed gammas in 235U for fast fission.

While the natural background radiation has a practical endpoint at 2.6 MeV, there
can be interference from induced activity from the neutron source. An example is a 14
MeV accelerator-based neutron source using the D-T reaction. There is a reaction in
oxygen, 16O(n,p)16N, which produces a 6.13 MeV gamma ray, with a 7.13 s half-life
for the 16N, and 67% branching to the gamma. The activation of the air around and
possibly inside the test object can present a huge signal from 16N. Perhaps even more
importantly, most neutron generators have water-cooled targets, and thus oxygen is
present within millimeters of the neutron production site. The production of 16N
may make the delayed gamma signal unrecognizable, especially if the detector is a
low-resolution type such as a high-volume water or plastic scintillator. Therefore it is
desirable to use neutrons of energy less than the threshold for this reaction, which is
around 10.5 MeV [37]. However, there is a minority stable isotope of nitrogen, 15N,
with an abundance of 0.366%. This has a positive Q for the reaction 15N(n, γ )16N
and thus there is a neutron capture cross section down to thermal energies, with a
thermal cross section of 79 mb. Thus the 16N signal cannot be completely eliminated
for any source energy.

Fig. 4 Delayed gammas
with Eγ > 3.1 MeV from
fission of 235U (fast
spectrum). Data from [15]
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2.4 Neutron Transport

The general theory of neutron transport in matter is framed by the Boltzmann trans-
port equation. The equation is

1
v(E)

∂ϕ(r,E,Ω̂,t)
∂t + Ω̂ · ∇ϕ(r,E, Ω̂, t) + Σt(r,E, t) ϕ(r,E, Ω̂, t)

= ∫
4π dΩ ′ ∫ ∞

0 dE′ Σs(r,E′ → E, Ω̂ ′ → Ω̂, t)ϕ(r,E′, Ω̂ ′, t) + s(r,E, Ω̂, t)
(1)

Here E = 1
2mv2 is the energy of the neutron, E′ is the energy before a collision

resulting in the neutron having energy E afterward, Ω̂ ′ and Ω̂ are the direction of
motion for the neutron before and after a collision, ϕ is the neutron flux per unit
energy and solid angle at time t, Σt is the total removal cross section, Σs is the
scattering cross section taking neutrons from energy and angle E′ and Ω̂ ′ to energy E
and angle Ω̂ , and s is a source term for neutrons at energy and angle E and angle Ω̂ .
The full seven-dimensional neutron transport problem with realistic geometry and
source term is usually not solvable analytically, but can be solved numerically with
either Monte Carlo or discrete ordinate methods.

However, there are some simplifying concepts that can be used to get the general
nature of the neutronpopulation in a particular application such as active interrogation
with neutrons. For fast neutrons, onewould like to know the rate atwhich the neutrons
thermalize, and how quickly they leave the test object.

Transport is rather different in hydrogenous media than high-Z media. This is
because of large differences in the rate of thermalization of high-energy neutrons
depending on the atomic weight of the moderating media. The mean logarithmic
energy loss ξ is given by

ξ ≡ ΔE

E
= 1 + (A − 1)2

2A
ln

(
A − 1

A + 1

)
≈ 2

A + 2/3
(2)

Here the last approximation holds for A > 10. Thus the average number of
collisions for neutrons to thermalize is N = ln(E0/Eth)/ξ , or a time to thermalization
τ = 1/(Σsv) ln(E0/Eth)/ξ as given earlier. For hydrogen, ξ = 1, whereas for iron,
ξ ≈ 1/28. In applications such as cargo inspection, there is a constraint on the average
density due to weight limitations for the container. For container cargo, dividing the
maximum net weight by the cargo volume gives a maximum density of around 0.6g
cm−3. Then themacroscopic scattering cross section is nσ , where the number density
n = (ρ/M)NA, where A is Avogadro’s number, ρ is the mass density, and M is the
average atomic mass. Figure5 shows the macroscopic scattering cross sections for
wood (modeled as cellulose, C6H10O5) and steel (modeled as iron with 1% carbon
by weight) cargo, with each taken to have an average density of 0.6g cm−3. One can
see from the figure that steel has a complex resonant structure above 10 keV, with
a large “window” at 27 keV due to the 56Fe cross section approaching zero at this
energy.
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Fig. 5 Macroscopic cross
sections for wood
(C6H10O5) and steel (Fe + 1
wt% C) for densities of 0.6g
cm−3. Data from [10]
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Although the nuclear structure for iron and thus steel is quite complex, we can
see that outside of some narrow resonances, the mean free path 1/Σ is rather long in
the high energy region, with an average value of around 30cm. If we take the mean
free path λ = 1/Σ to be roughly constant in the high energy region for neutrons in
the moderating medium, then

〈r2〉 = 1

Σ

∫ ∞

0
r2e−Σrdr = 2

Σ2
= 2λ2 (3)

Since the individual slowing-down steps add in quadrature, then the mean-square
slowing-down length LE0→E1 is given by

L2
E0→E1

= 2N〈r2〉 = 2Nλ2 = 2 ln(E0/E1)

ξ
λ2 (4)

If we use E0 = 10 MeV and E1 = 50 keV, with 〈λ〉 = 30 cm, this gives
〈r2〉 ≈ 3.5 × 105 cm2, and thus 〈r2〉1/2 ≈ 6 m, larger that the container. This means
that most fast neutrons will be scattered out of the container before thermalizing.

For hydrogenous targets, the number of collisions to thermalization is much
smaller, and one expects to see a cloud of thermal neutrons around the source. Here
it is useful to apply the Fermi age model to describe the energy- and spatially-
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dependent flux. If we take φdE = (
∫

ϕdΩ)dE to be the total flux of neutrons with
energy between E and E+ dE, then we have a rate of neutrons moving down through
the logarithmic energy space (called the lethargy) given by

q = ξΣsE
dφ

dE
, (5)

whereΣs is the scattering cross section as used previously. If we re-write the neutron
diffusion equation, D∇2φ − Σsφ = 0 (where D = 1/(3Σtr), with Σtr = Σs(1 −
2/(3A)) in terms of the new variable q and a “time-like” quantity τ (called the “Fermi
age”) defined by

τ =
∫ E0

E

D

ξΣsE
(6)

we then have a simple parabolic equation

∇2q(r, τ ) = ∂

∂τ
q(r, τ ). (7)

In an infinite medium with a source q(r, 0) = δ(r), Eq. (7) has a solution

q(τ, r) = exp(−r2/(4τ))

(4πτ)3/2
. (8)

The Fermi age τ actually has units of square centimeters, rather than time, and is
associated with the mean square distance traveled by the neutron from its birthplace,
given by:

〈r2〉 =
∫ ∞
0 r2q(E, r)4π r2dr∫ ∞
0 q(E, r)4π r2dr

= 6τ (9)

For a wood cargo at a density of 0.6g cm−3, Ref. [41] gives a Fermi age from
an initial energy of 10 MeV down to thermal energy (0.025 eV) of 700cm2. It is
empirically found that the Fermi age solution given above (Eq. 8) does not work
well for hydrogenous media. Reference [2] gives an alternative expression for the
slowing-down density q(r, τ ), given by

q(r, τ ) = exp(−r/
√

τ)

4π rτ
(10)

This is the so-calledYukawakernel. The slowingdowndensity atE = Eth becomes
the source term for the thermal neutron diffusion equation:

− D∇2φ + Σaφ = q(Eth) (11)
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Convolving the source term q(Eth) with the Green’s function kernel for Eq. (11),
such that φ(r) = ∫

G(r, r′)q(Eth)dr′ gives the thermal flux:

G(r, r′) = exp (−Σa|r − r′|)
4πD|r − r′| (12)

φth = 1

4πD

(
1

1/τ − k2

)(
1

r

)
exp(−kr)

[
1 − exp(r(k − τ−1/2))

]
(13)

Here κ = √
Σa/D.

However, this flux expression can only be applied for distances on the order
of the rms distance scale 〈r2〉1/2 = √

6τ given earlier, and for larger distances,
another approach can be used. Fermi age theory is not valid at large distances [3].
Experimental data using high energy neutrons in water reveals a different radial
dependence and exponential factor at large distances. Figure6 illustrates the actual
situation. At larger distances, the source of neutrons entering the slowing-down
process are the neutrons encountering their first scatter. The uncollided flux (per
source neutron per second) at some distant point r is given by

φu = exp (−Σs(E0)r)

4π r2
(14)

Fig. 6 Neutron flux (at
indium resonance energy,
1.46 eV) in water as a
function of distance from a
radium-beryllium source
(3–5 MeV neutrons),
showing the exp (−Σsr)/r2

dependence. From [3]. Used
with permission, Springer



2 Neutron Active Interrogation 151

which results in a local slowing down density given by q(E0) = ξφuΣs. At large
distances, the operator ∇2 in Eq. (7) is small, as is the ∇2 term in Eq. (11). Then the
thermal flux φth = q(Eth)/Σa. If we ignore absorption at intermediate energies, then

φth = exp (−Σs(E0)r)ξΣs(E0)

4π r2Σa(Eth)
(15)

Applying this to the case of a 10 MeV neutron source at the bottom of a cargo
container filled with wood at a density of 0.6 g cm−3, this gives a thermal flux at the
center of the container of about 0.036 times the fast flux that would be there from a
point source at the bottom of an empty container.

As an example of a system of cargo container size and its neutron transport
properties, Ref. [12] gives an example of a neutron interrogation experiment using
a 7 MeV neutron source (based on a 4 MeV radio-frequency quadrupole deuteron
accelerator with a deuterium gas target) that was directed at either a stack of plywood
or a structure made out of steel tubes. For the plywood case, the density was 0.55 g
cm −3, which results in a macroscopic scattering cross section of 0.0409cm−1 at 7
MeV. Two different size targets of highly enriched U3O8 were used, one containing
221.1 g 235U and the other 376.5 g 235U. Gamma rays with energy above 3 MeV
were collected in large plastic scintillators. By assuming that the delayed fission
gamma signal was proportional to the surface area of the HEU targets (because of
the very short mean free path for thermal neutrons, the HEU targets appear “black”),
and assuming constant efficiency versus target position for collection of gamma rays,
one can draw a graph of the count rate times the square of the distance from the source
to the HEU target. (The source was approximately 70.9cm below the plywood stack,

Fig. 7 Plot of R2× counts in a 100 s counting interval for beta-delayed photons from fission with
Eγ > 3 MeV. Counts are normalized to target area. Data from [12]
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with a polyethylene collimator allowing a 15◦ angle of neutrons into the cargo.) This
graph is shown as Fig. 7. Note the resemblance of this data to the data for thermal
neutron production in water from an MeV-range neutron source shown in Fig. 6.

3 Photofission

Photofission or (γ, f) reactions are threshold processeswith typical energy thresholds
between 5 and 7 MeV for isotopes of interest [60]. Photofission cross sections for
three isotopes of interest are shown as Fig. 8. Typically, there are also (γ, n) reactions
in these isotopes with similar thresholds, and there are many non-actinide (γ, n)
with even lower thresholds. Reference [53] cites the deuteron photodisintegration
threshold of 2.23 MeV and 182W at 6.0 MeV. Other examples include 9Be at 1.67
MeV, and 6Li at 3.6 MeV, although the latter has a cross section in the millibarn
range [13]. As a result of possible interferences by these nuclides in objects under
inspection, photofission interrogation systems usually focus on the production of
delayed neutrons, similar to the differential die-away technique discussed for active
neutron interrogation.

In most cases the photon source for photofission active interrogation is a
bremsstrahlung source with an electron accelerator producing energies between 8
and 15 MeV and a target of a high-Z material such as tungsten or rhenium [25, 38].
Because the energy spectrum of the bremsstrahlung photons peaks at a rather low
energy and tapers off to zero at the electron energy, there are few photons available for
photofission if the accelerator’s voltage is near the photofission threshold. Reference
[60] gives an example of unshielded HEU showing a response of delayed neutrons
approximately ten times stronger at 11 MeV electron energy than at 8 MeV. The
response ratios were different in HEU from depleted uranium (DU) and thorium, but
relatively independent of the presence of shield material. Thus the technique showed
some promise for an isotope-sensitive detection scheme.

Fig. 8 Photofission cross
sections versus photon
energy for 235U, 238U, and
239Pu. Data from [10]
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4 Nuclear Resonance Fluorescence

Nuclear resonance fluorescence (NRF) is a process by which a nucleus is energized
to an excited state by the absorption of a photon, followed by de-excitation, either
directly or through a cascade of other excited states before returning to the ground
state. These processes have been well-studied in the past [31, 35]. The prospect of
NRF as a detection tool was suggested by Bertozzi et al. [6]. Key cross section data
for NRF in 235U and 239Pu at energies sufficiently high to allow penetration of the
interrogation beam (E > 2 MeV) were carried out shortly after that time [5]. Prior
data on the even-even actinides 232Th and 238U have existed for some time [22], and
more recent experiments have been performed showing the transport properties in
realistic configurations [36, 43]. More recently NRF cross section data for 240Pu has
become available [44].

4.1 NRF Physics

The nuclear excitation involved in NRF is typically one of two modes. The first
is a “scissors” type of excitation, as shown in Fig. 9. Here the proton and neutron
collective population can be thought of as somewhat elongated and rotating through
each other, creating a type of excitationwith a Jπ = 1+ mode,whichwould be excited
from a 0+ ground state nucleus (such as 232Th, 238U, and 240Pu) by an M1 photon
coupling channel. The second mode is a mixture of quadrupole and quadrupole
excitation, which can couple from the ground state with an E1 photon coupling
scheme. The excited spin and parity states for the nuclei not in a 0+ ground state,
including 235U and 239Pu, are a bit less clear, but ΔJ = ±1 or 0 would tend to be
the most likely for strong observed NRF lines. At the present time there is very little
information available on the spins and parities of excited states involved in resonance
fluorescence.

Fig. 9 “Scissors”-type of
nuclear excitation, Jπ = 1+

protonsneutrons
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Before discussing the cross sections for NRF processes, it is necessary to look at
the kinematics of photon absorption. Since a photon of energy Eγ has a momentum
p = Eγ /c, and that momentum is imparted to the excited nucleus, the total energy of
that nucleus after the photon absorption is given by

Enuc = Eex + Ek = Eex + P2

2M
= Eex + E2

γ

2Mc2
(16)

This (typically small) recoil energy allows the use of non-relativistic mechanics to
calculate the nucleus kinetic energy after the photon absorption. We can then apply
a Breit-Wigner form for the cross section, assuming a resonance at excitation energy
Eex:

σ(Eγ ) = 4π

k2
2J + 1

(2J0 + 1)gγ

(ΓfΓ0/4)

(E2
γ − E2

nuc) + (Γ /2)2
. (17)

Here J and J0 are the angular momenta of the excited and initial states of the
nucleus, and gγ is the statistical factor for the photon. The energy width of the state
Γ is given by theHeisenberg relation for the lifetime of the excited state byΓ = �/τ .
There may be more than one decay mode for the excited state, and Γ0 represents the
partial width for direct decay to the ground state; in general Γ is the sum of the
partial widths for all decay channels. Figure10 shows the details and nomenclature.
Since gγ = 2 for a photon, we can write this expression in terms of photon energy
as [31]

σ(Eγ ) = 2π

k2
2J + 1

2J0 + 1

(ΓfΓ0/4)

(E2
γ − E2

nuc) + (Γ /2)2
. (18)

The above equation assumes that the nucleus is at rest before the encounter with
the photon. In actuality there is some finite velocity spread of the nuclei caused by
thermalmotion. If the nucleus is part of a gas (such asUF6), then the velocity spectrum

Fig. 10 Level diagram for
nuclear resonance
fluorescence excitation and
emission. After [31]
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of the nuclei is given by aMaxwell-Boltzmann distribution (in one dimension),which
can be given (on a distribution normalized to one) by:

f(v) =
(

M

2πT

)1/2

exp

(
−Mv2

2T

)
(19)

Here T is the temperature (in units of energy). Note that
∫
fd3v = 1. In crystalline

materials the assumption of a maxwellian velocity distribution is not bad as long
as the material has a temperature on the order of the Debye temperature or greater
[32], which holds for U and Pu, for example [42]. We then observe that the moving
nucleus sees a frequency ω′ given by a Doppler shift, ω′ = ω − k · v. We then can
make a normalized form factor F(ω) for the cross section by taking

σ(E) = σ0
Γ0Γfπ

2�Γ
F(ω) (20)

with

F(ω) =
∫ +∞

−∞
Γ/(2π�)f(v)

(ω − ω∗ − kv)2 + (Γ /(2�))2
dv (21)

and

σ0 = 2π

k2
2J + 1

2Ji + 1
. (22)

Note that
∫
F(ω)dω = 1. We then have a solution

F(ω) = 1√
2πkvth

e
Γ 2
ω−4(ω−ω∗)2

8k2v2th 
(
e
− i(ω−ω∗)Γω

2k2v2th erfc

(
Γω − 2i (ω − ω∗)

2
√
2kvth

))
(23)

Here �ω∗ = Eex + E2
γ /(2Mc2) is the photon excitation energy adjusted for the

recoil energy, and Γω = Γ/� is the line width in units of frequency, and vth =
(T/M)1/2 is the one-dimensional rms thermal velocity. (For gases,M is themolecular
weight; for solid crystalline materials, M is the effective nuclear mass.)

(In the literature [20], this form factor has also been given in dimensionless form
by assigning dimensionless units

x = E − Enuc

Γ/2
and t =

(
Δ

Γ

)2

(24)
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with Δ = E
√
2T/Mc2. Then the cross section is given by σ(E) = σ0ψ(x, t), with:

ψ(x, t) = 1

2
√

π t

∫ ∞
0

exp(−
(
(x − y)2/(4t)

)
1 + y2

dy =
√
te

− 1
4 t

(
x2−1

)


(
e−

1
2 itxerfc

(
1
2

√
t(1 − ix)

))
√

π

(25)

Tables of this function have also been published [47].)
The usual situation is that Erecoil � Mv2th/2 � Γ , so that the form factor F(ω)

given above becomes

F(ω) ≈ 1√
2πkvth

e
−(ω−ω∗)2

2k2v2th (26)

Typically, the width of the line Γ is not known, nor is the spin Jf of the excited
state. What is actually known is the integral

∫
σdE of the resonant cross section. The

basic cross section σ0 is quite large:

σ0 ≈
(
2J + 1

2J0 + 1

) (
2500 b

E2
MeV

)
, (27)

but typical widths Γ are on the order of milli-electron volts (meV), so that the
integrated cross sections for the larger NRF lines are on the order of tens of barn-eV.
The thermal Doppler broadening width ΔE can be estimated from (26) as

ΔE(FWHM)

E
= √

8 ln 2
vth
c

≈ 10−6. (28)

for A ≈ 240 and T ≈ 300 ◦K. Thus MeV-range NRF lines have a thermal Doppler
linewidthΔE of a feweV.ThemaximumDoppler-broadened cross section is given by

σmax =
∫

σdE√
2πE

· c

vth
= 2

√
ln 2

π

∫
σdE

ΔE(FWHM)
. (29)

Thermal Doppler broadening has no effect on the integrated cross section:
∫

σdE =
(
2J + 1

2Ji + 1

)
σ0

Γ0Γfπ

2Γ
, (30)

and the spectral peaks with eV-range widths from the decay of NRF-excited levels
appear as discrete lines on high-resolution detectors such as germanium solid-state
detectors. The maximum cross section is then on the order of a few 1000 b · (Γ /ΔE)

= tens of barns.
As an example, the most prominent NRF line in 235U is at 1.733 MeV and has

an integrated cross section
∫

σdE of 13.1 eVb [59]. At normal metallic density (19
g cm−3), this gives a characteristic e-folding length of 3.5cm for 93% enriched
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material. The gamma-ray mass attenuation at this energy has an e-folding length of
1.0cm, so that about one-quarter of all photon interactions in the material at this
energy will be NRF interactions resulting in the release of a 1.733 MeV photon.
Since the photon source will usually be in the form of a beam, the fluorescence
photons generated at some large angle to the beam can be detected with relatively
low background. (The spin statistics for photon emission from an excited state to a
ground state for an even-odd nucleus such as 235U, with Jπ = 7/2−, are such that
there is very little angular dependence for the re-emitted photon.)

Because of the relatively large NRF cross section, another option is available
for detection of nuclear material using NRF and that is to reverse the detection
process and look for a “notch” in the photon spectrum from the source as it leaves
the inspection object. Since the notch is only an electron-volt wide, it cannot be
observed directly on a photon detector. But if a target is made of the isotope under
study, it will have NRF interactions when there is no notch in the spectrum, but they
will be attenuated by NRF absorption if the object under test contains the material.
Reference [42] gives an example. The advantage of this scheme is that the detectors
required do not have to have high resolution, since they are comparing relative count
rates only. Thus the detectors can be very large scintillators, either water-filled or
plastic, and thus high efficiency and low cost. This system is also ideal for a photon
source with a narrow energy spectrum around the NRF line, with narrow beam angle
as well, i.e. a beam-transmission test setup.

4.2 Photon Sources for NRF

4.2.1 Bremsstrahlung

Themost common source forMeV-range NRF photons of relevance for most inspec-
tion scenarios are bremsstrahlung sources. These sources use an accelerated beam
of electrons which then interacts with some target material. The photons produced
have a spectrum with an end-point at the energy of the electron and a peak produc-
tion rate dNγ /dE at around 20 or 30% of the endpoint energy. Photon production
increases rapidly with increasing electron energy. Production also depends on the
target thickness. This thickness is usually given in “radiation lengths”, where radi-
ation length is defined as the distance through the target for a high energy electron
(Ee− � mec2/(αZ1/3), with α = 1/137.04 and Z the atomic number of the target
material) to have its energy reduced by a factor of e. The radiation length (in units
of g cm−2) is given approximately by:

ρX0 ≈ 716.4A

Z(Z + 1) log
(
287/

√
Z
) . (31)
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Fig. 11 Bremsstrahlung
from a thick (0.2 radiation
length) W-Au target. Yields
measured by deuteron
photodissociation. Data
from [39]

5 10 15 20

0.001

0.01

0.1

1

Energy (MeV)

P
hotons per M

eV
 per sterradian

E (e  ) = 20.9 MeV-

18
16.4

14

12
10

8

6.8

5.3

per electron

(Online tables of radiation lengths for elements and compounds are available at
[40].) Optimized targets for bremsstrahlung photon production typically have areal
densities of around 0.2ρX0. An example of production as a function of electron
energy is shown in Fig. 11.

At higher beam energies, (γ , n) reactions in the target can cause interference in
identifying NRF resonant lines. For this reason, sometimes targets are selected to
have high neutron separation energies. An example would be aluminum, with only
one stable isotope (27Al) with a neutron separation energy above 13 MeV. This was
the target material selected for the recent Darmstadt NRF experiment on 235U [59].

Bremsstrahlung sources have peak production in the forward direction, and
typically have an angular spread localized to a cone half-angle of ≈1/γ , where
γ = 1 + Ek/mec2. This is somewhat helpful in shielding the beam at large angles
from the beam. However, high-MeV bremsstrahlung sources are prodigious produc-
ers of photons, and careful shielding and interlock controls are necessary to avoid
potentially lethal doses from these machines on a timescale of seconds.

4.2.2 Laser Compton Upshift

An interesting alternative to bremsstrahlung excitation has emerged in recent years
and that involves using a short-pulse laser and a relativistic electron beam to create
a narrow-band photon source by virtue of relativistic Compton scattering. The basic
concept is relatively simple: a photon with a frequency ω in the lab frame is “seen”
by an electron moving in the opposite direction as having a frequency given by the
relativistic Doppler formula:

ω′

ω
=

(
c + v

c − v

)1/2

= γ +
√

γ 2 − 1. (32)

Here γ is the relativistic factor
(√

1 − v2/c2
)−1

. The electron can then re-radiate

at the frequencyω′ in its frame of reference. If it does this in the direction it is traveling
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in the laboratory frame, then the re-radiated photon is seen in the laboratory frame
with this same Doppler factor applied again, i.e.

ωX

ωL
=

(
γ +

√
γ 2 − 1

)2 ≈ 4γ 2(γ � 1), (33)

where the “X” and “L” subscripts denote the produced X-ray and the initial laser
frequency, respectively. If the X-ray photon is launched at a small angle θ with
respect to the electron beam, this formula is modified to read

ωX

ωL
≈ 4γ 2

1 + γ 2θ2
(34)

As an example, Ref. [42] considers a system with a 236 MeV electron beam with
laser scattering from a frequency-doubled Nd:YAG (yttrium aluminum garnet) laser
emitting light at 0.53µ wavelength (�ω = 2.33 eV). The relativistic factor γ = 436
here, so that the scattered X-ray photons have energies near 2 MeV, where NRF lines
for U and Pu isotopes are known to exist.

The interaction rate is given by the product of the photon flux and the electron
density and the interaction volume:

ṄX ≈ neφγ σTV, (35)

where σT is the Thomson cross section

σT = 8π

3
r2e , (36)

where re is the electron classical radius e2/mec2 = 2.8 fm. Thus the Thomson cross
section is about 0.665 b. This small cross section shows the need for highly focussed
electron beams with minimal angular divergence, and similarly tight tolerances on
the laser beam. The emergence of chirped pulse amplification (CPA) lasers has been
very helpful in this regard. In the CPA scheme [9], a short-pulse seed laser is sent into
a diffraction grating that acts as a pulse stretcher, which allows further amplification
of the laser light without the effects of nonlinearity that would take place if the
laser pulse was at very high power. Following amplification, the laser energy is
sent through a second grating which re-constitutes the laser pulse into a very short
(femtosecond range) pulse with very high power. A schematic is shown in Fig. 12.
Some of the short-pulse laser energy can be split from the main beam and directed to
a photocathode, thus producing a precisely timed burst of electrons for the electron
accelerator. Reference [42] gives a prototype designwith laser and electron spot sizes
on the order of 6µm and 22µm respectively, with pulse widths of 1.25 ps and 3
ps, respectively. This design would produce 4.5 × 108 X-ray photons per pulse at a
1KHz repetition rate. The rms energy spread of the X-ray photons would be about
0.5%. While this energy spread is much greater than the NRF Doppler-broadened
width, it is certainly much more narrow-band than a bremsstrahlung source.
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Fig. 12 a Schematic of the
first demonstration of
chirped pulse amplification.
b Time and wavelength
dependence of the output
pulse. From [9]. Used with
permission, Springer

(a)

(b) (c)

An inspection tool based on a device of this type is impractical if the electron
accelerator cannot be made small enough to be portable, and this is a challenge for,
say, an rf-driven linac delivering electrons at hundreds of MeV at average current of
1µA. However, there may be another alternative and that is to produce the electrons
using a laser wakefield acceleration process [18, 21]. In a laser wakefield accelerator,
a short pulse laser interactswith a plasma generated by an electric discharge, typically
in a capillary tube [33] or a gas jet, self-ionized by the laser. The nonlinear wave
coupling mechanism causes extremely high electric fields to build up, which in turn
accelerate electrons at energies up to themid-GeV range. The short-pulse laser for the
wakefield acceleration process can also be utilized for the Compton upshift, resulting
in MeV-range photons [49], or a separate scattering laser can be employed.

Another possibility exists for Compton upshift NRF sources that exploits the
polarized nature of the produced X-ray photons. Since the original ultraviolet pho-
tons from the laser are typically linearly polarized, the polarization characteristic is
retained in the upshifted X-ray photons. For NRF interaction in the even-even 0+
nuclides, this creates strong angular dependence for the NRF-scattered photons. This
strong angular dependence is a unique feature, and it may be sufficient to detect the
presence of the isotope under investigation, without the need for energy resolution.
Thus high-volume, inexpensive detectors at different scattering angles may show the
presence of the isotope, perhaps running in current-mode in real time [51].
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5 Dose Considerations

Active interrogation systems for nuclear material detection carry the risk of expo-
sure to both personnel operating the equipment and to stowaways that might be
present inside the object under test. For this reason it is worth presenting some basic
information about health risks from radiation exposure, and quantitative methods for
assessing the risks associated with various active interrogation schemes.

5.1 Radiation Exposure

Neutron and gamma radiation are considered to be forms of ionizing radiation. This
means that the interaction of these particles with matter causes the release of enough
localized energy to create an ionized molecule in tissue. At low doses, this can cause
cell-changing reactions to occur, particularly changes to cellular DNA information.
While most organisms have the ability to perform a sort of error-correcting function
on these DNA upsets, the capacity to repair simultaneous upsets in nearby DNA sites
is more limited. Natural factors cause there to be huge numbers of DNA modifica-
tions. For example, there are approximately 55,000 single-strand DNA breaks per
cell per day in humans [4, 55]. Double-strand breaks are much more rare but also
are less likely to get a full repair. Exposure to radiation can increase the number of
DNA damage events and tax the natural repair system, with the result that certain
types of cancer may be more likely.

The possibility of DNA upsets at nearby molecular sites also exists with radia-
tion. It becomes progressively more likely that no repair mechanism can reverse the
damage to DNA when there are closely spaced DNA breaks. For this reason, there is
an elevated risk of cancer upon exposure to radiation with a high energy deposition
per unit length. The so called “LET”, or linear energy transfer, distinguishes those
radiations with a high value of dE/dx along the ray path from those with less, and an
additional factor is added to form the equivalent dose compared to the same amount
of energy deposited in the low-LET case. The dividing line between low-LET and
high-LET is about dE/dx = 10 keV per micron.

The internationally recognized absorbed dose unit is the Gray (Gy) and is equiv-
alent to 1 J/kg of tissue. The Sievert (Sv) is the internationally accepted unit for dose
equivalent for all types of radiation. The equivalent dose is obtained by multiplying
the actual absorbed energy per kilogram (the exposure in Grays) by the weighting
factor wR unique to the type of radiation and the energy involved:

Dose Equivalent (Sv) = Absorbed Dose (Gy) · wR (37)

For X-rays and gamma rays, wR = 1, as these are low-LET radiation types. For
neutrons, alphas, and other heavy charged particles, wR > 1.
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Other nomenclature exists for these quantities. The weighting factor wR is some-
times called the “Quality Factor”, or. (“Higher quality” here means more lethal!)
Also, an older alternative set of units were used in the past and still are used in the
US. These are the rad for absorbed dose and the rem for dose equivalent. A rad of
absorbed dose is 100 ergs per gram and is equal to 0.01Gy. Dose rates are frequently
quoted in expressions like “mR per hour”, which means “millirems per hour”, with
the weighting (quality) factors already calculated in. The quality factor for X-ray and
gamma-ray photons is one, as is the quality factor for electrons.

An additional calculation to determine dose must be done if the dose is nonuni-
form, i.e. certain areas of tissue are exposed to radiation and others are not, or if
self-shielding is important. A set of “tissue weighting factors” (wT) have been devel-
oped which can be used to convert the dose to a particular part of the body. Reference
[56] gives a table of these factors as accepted by the ICRP. (The U.S. Nuclear Regu-
latory Commission uses an older and somewhat different set of these factors.) Then
the effective dose E (in Sieverts) is given by

E =
∑
T

wT

∑
R

wRDT,R (38)

where DT,R is the absorbed dose (Grays). Note that the sum of all the tissueweighting
factors is unity.

5.1.1 Neutrons

The quality factors used in the US for neutron exposure are given in Table2. These
are also given as an equivalent flux for a 1R exposure. (Note that the dose does not
go to zero at low neutron energy, because the energy release from neutron capture
reactions is taken into account.)

The International Commission on Radiological Protection (ICRP) has issued its
own guidelines [24], which are slightly different from the ones above and are under
regulatory review for adoption in the US. The weighting factor wR is given by a set of
equations, shown in Eq. (39). A graph of this weighting function is shown as Fig. 13.

wR(En) =

⎧⎪⎨
⎪⎩
2.5 + 18.2e− 1

6 log
2(En), En < 1 MeV

5.0 + 17.0e− 1
6 log

2(2En), 1 MeV ≤ En < 50 MeV
2.5 + 3.25e− 1

6 log
2(0.04En), En > 50 MeV

(39)

5.1.2 Photons

The dose rate to a small tissue sample in a beam of photons at a fixed energy Eγ is
given by

Ḋ = φEγ

(
μen

ρ

)
. (40)
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Table 2 Neutron dose quality factors and fluences per US 10CFR20 regulations

En (MeV) Quality factor (Q) Fluence per unit dose equivalent
(neutrons cm−2 rem−1)

2.5 ×10−8 2 980 ×106

1 ×10−7 2 980 × 106

1 ×10−6 2 810 × 106

1 ×10−5 2 810 × 106

1 ×10−4 2 840 × 106

1 ×10−3 2 980 × 106

1 ×10−2 2.5 1010 × 106

1 ×10−1 7.5 170 × 106

5 ×10−1 11 39 × 106

1 11 27 × 106

2.5 9 29 × 106

5 8 23 × 106

7 7 24 × 106

10 6.5 24 × 106

14 7.5 17 × 106

20 8 16 × 106

40 7 14 × 106

60 5.5 16 × 106

1 ×102 4 20 × 106

2 ×102 3.5 19 × 106

3 ×102 3.5 16 × 106

4 ×102 3.5 14 × 106

Fig. 13 Dose weighting
factor versus energy for
neutrons (ICRP)
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Fig. 14 Dose conversion factors, with units of Sievert per hour per photon per square centimeter
per second, found in two different studies. Curves labeled A and B are maximum doses near the
entrance point of the gamma, curve C is for a point 30cm back from the entrance point. Data from
Franck [17] and Rogers [46]. From [14]

Here μen is the mass energy-absorption coefficient, not to be confused with the mass
attenuation factor μ. Tables of each are available at [23]. As an example, the NIST
data for four-component soft tissue gives a value of μen/ρ = 3.073 × 10−2 cm2

g−1 at Eγ = 1 MeV. Thus a small sample would receive a dose of 1000 × 3.073 ×
10−2 × 1.6 × 10−13 = 4.91 × 10−12 joules per second per kilogram per photon per
square centimeter per second (Gray per photon per square centimeter), for exposure
to 1 MeV photons. A flux of one gamma per second would then give 3600 times
this number, or 1.77 × 10−8 Sv h−1. A thick target has some softening of the initial
photon energy spectrum through collisions, but with a highermass energy-absorption
coefficient at lower energies, giving a slightly different result. Figure14 gives results
computed by two different authors with a simple phantom model for a human target.

5.2 Health Risks

The overall mortality risk from radiation at low doses (<0.01Sv) has no direct epi-
demiological data to support it [34]. Risks are inferred from increased mortality
rates at doses above 0.1Sv and extrapolated downward, assuming a linear relation-
ship between dose and increased mortality. A frequently used relationship is that a
1.0Sv dose increases the risk of cancer by 5%, or taken another way, there would be
one additional death from cancer from low-level radiation exposure to a large popu-
lation with an aggregated dose equivalent of 20 person-Sieverts. The data supporting
this comes from Hiroshima and Nagasaki bomb survivors, people undergoing high
dose medical procedures such as multiphasic abdominal and pelvic x-rays, nuclear
industry workers, and large accidental exposures.

The linear, no-threshold risk model has remained a contentious point between
researchers in the field and some outspoken members of the public. The points



5 Dose Considerations 165

relevant to the arguments are (1) there is a large variation in radiation exposure in the
general population in this range, (2) a large portion (about 25%) of the public will
get cancer not related to radiation, and (3) even very large statistical studies would
not have sufficient size to show a small effect, given the nature of the statistical
fluctuations expected. While some researchers insist that “no radiation dose is safe”,
others claim a “hormesis effect” is present, where small doses of radiation are actually
beneficial.

In any case, radiation risk factors are elevated for women, children, and fetuses,
and are lower for elderly people. Exposure to members of the public is limited to 1.0
mSvper year in theUSbySub-partDof theCode of FederalRegulations 10CF20 [57]
and therefore forms the design maximum dose that a stowaway in a cargo container
can be exposed to [30]. The International Commission on Radiological Protection
(ICRP) uses this same number, and this is the standard adopted by many countries
[24, 58].

In the case of an acute dose a quantity known as LD50/30 is worth noting: that is
the dose that will kill 50% of a population within 30days. This is usually given as
4–4.5 Sv (400–450 rem).

5.2.1 Sample Radiation Exposure Calculations

Here are two sample problems for computation of dose and health risk for calculation
of potential doses to stowaways in a cargo screening application.

First we consider a real system for which there are radiological measurements
available. A source of 8.5 MeV neutrons was used to screen cargo by active inter-
rogation. This system was built by Rapiscan and called the Pulsed Fast Neutron
Analysis (PFNA) system [30]. The source had a measured neutron output flux of
1.0 × 107 ncm−2 s−1 at 1m from the source in the forward direction. The system
had a collimator so that the beam footprint was 12cm high and 9cm wide. A refer-
ence anthropomorphic phantomwas provided by the National Institute of Health and
placed at 2.06m from the source as a proxy for a stowaway. The neutron beam was
generated with a scanning arm that swept up and down so that the beam footprint
covered the height of a container (8.5 ft or 2.6m) at the position of the phantom. The
phantom was placed on a movable table which moved at a 1cms−1 rate to simulate
the actual x-y scan anticipated in the field. The phantom was fitted with neutron-
sensitive film badges (containing polyethylene and CR-39 film) and exposed to the
beam. The inverse square law gives a flux of 107/(2.06)2 = 2.36× 106 cm−2 s−1 at
the position of the phantom. Using Table2, we get a dose rate of 0.0982 rem s−1 for
this source. The horizontal beam footprint (9 cm) traverses the dose measurement
point in 9 s, and the vertical duty factor is 12cm/206 cm=0.046 because of the up-and
down scanning. Thus we calculate an expected dose of 9 · 0.0982 · 0.46 rem, or 40.9
mR (0.409 mSv). Actual measurement in the field gave a maximum dose per scan of
22 mR, in reasonable agreement because of overscanning and dwell in the scanning
arm. This system, with appropriate interlocks, would thus meet the requirement of
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less than 100 mR per year, as it would not be expected that a stowaway would repeat
this trip more than two or three times per year.

Next we consider the potential dose from a bremsstrahlung photon source derived
from a 10 mA, 10 MeV electron beam on a tungsten target. This type of source
might be imagined for NRF active interrogation. Here we use the data for thick-
target bremsstrahlung from Reference [54]. We find the dose rate by integrating over
the photon energy spectrum with the dose conversion factor shown in Fig. 14 (using
the data from [46] for dose at the surface):

Ḋ = Ṅe

R2

∫
dEY(E)fφ. (41)

Here Y(E) is the photon yield per sterradian per electron. A 10 mA electron
beam has Ṅe = 6.25 × 1016 electrons per second. If we take the distance R from
the bremsstrahlung target to the potential unintentionally irradiated stowaway to be
150cm, we find a dose of 26.5 Sv s−1, or slightly less than 100,000 Sv h−1. A lethal
dose would take less than 1s. This exceeds the NRC and ICRP standard by eight
orders of magnitude, and also poses risks of food activation from photoneutrons.

6 Conclusions

Active interrogation schemes for interdiction of nuclear material have different
requirements than systems designed for safeguards and arms control/treaty verifi-
cation missions [48]. Three key parameters are the cost and size of the equipment
involved, the radiation dose restrictions, and the time required for a measurement to
be made. Additionally, active interrogation systems can become quite complex and
technologically advanced, whichmay lead to reliability and availability issues. There
is also a broad spectrum of operator training requirements, ranging from getting a
“red light/green light” type of response from a simple radiation portal monitor to
potentially having to tune femtosecond laser pulses in the field for some proposed
laser Compton upshift NRF sources. Also important to consider in active interro-
gation systems, especially for cargo screening and interdiction, is how easily the
measurement can be thwarted by judicious use of shielding. This is especially true
for neutron interrogation, looking for either fission delayed neutrons or gammas,
because hydrogenous material such as food, lumber, or many other substances found
in commerce can easily attenuate the return signal by orders of magnitude. Systems
can be designed so that they can report their own limitations, e.g. presence of hydro-
gen for neutron-based interrogation systems or presence of high-Zmaterials for NRF
and delayed fission gamma-based systems.

Active interrogation for nonproliferation problems remains an active area of
research worldwide. The annual budget for nuclear nonproliferation at the U.S.
Department of Energy now (2015) stands at $1.9 billion. While only a fraction of
this goes for research into improved material assay techniques and the like, it is a
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substantial fraction. Similarly, the U.S. Department of Homeland Security, with its
Domestic Nuclear Detection Office, with a research and development budget above
$200 million per year, has invested heavily in active interrogation systems. Research
support in Europe and Japan for projects relating to active interrogation has also been
strong.

7 Problems

1. A 10.5 MeV neutron source capable of producing 1012 neutrons per second (with
150% of the isotropic flux in the forward direction) is available for use for cargo
inspection.

a. Find the dose rate, in Rem per minute, to a stowaway located at the midpoint
of a cargo container if this source is located one foot underneath the container.

b. Find the exposure time required for a lethal dose of this radiation.
c. Assume that the container is loadedwith plywoodwith a density of 0.6 g cm−3.

The thermal neutron flux at the center of the container is equal to 1.5 × 10−2

times the uncollided 10.5-MeV fluxwhich would be in that position if the con-
tainer were empty. Find the fission rate in a 100g quantity of plutonium, 93%
239Pu. Assume that the Pu component is optically thin to thermal neutrons,
and that σf = 750b for 239Pu.

2. Find the dose rate (in Rem perminute) for an (a) seated (average height 0.5m) and
(b) horizontal stowaway (on the container floor) immediately above a 10 MeV
bremsstrahlung source with a Pb target and 5mA beam energy. The target is 1m
below the container.
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Advanced Detection Technologies

Abstract Alternative technologies for gamma-ray photon and neutron detectors are
presented. First, new scintillator materials are discussed, with some of the underly-
ing physics of the scintillation process in inorganic scintillators. The performance
of some new materials such as strontium iodide and some lanthanum compounds
are discussed, along with growth techniques for these materials. Both single cystal
growth and methods for the manufacture of transparent ceramics are covered. Next,
the development of room temperature solid-state detector materials is explored, with
some general properties to guide the search for new ternary and quaternary com-
pounds. Next, alternatives to 3He for neutron detection are discussed, including stil-
bene and new lithium compounds such as elpasolites. Finally, imaging techniques
are explored. These include coded aperture arrays and Compton imaging detectors.
The algorithms associated with coded aperture de-convolution are also discussed.

1 Introduction

The workhorse nuclear detectors are high purity germanium (HPGe) for laboratory
high-resolution gamma spectroscopy, thallium-activated sodium iodide (NaI:Tl) for
more portable/less expensive gamma detection with lower resolution requirements,
and 3He gas proportional counters for thermal neutrons. However, each of these has
some drawbacks. High purity germanium detectors require liquid nitrogen or active
cooling to liquid nitrogen temperature. HPGe detectors are expensive, which limits
their deployment on a global scale for portal monitoring applications. They also have
difficulty with harsh environments, and have low damage thresholds for exposure to
fast neutrons. Sodium iodide detectors have poor linearity below 100 keV photon
energies, have appreciable temperature sensitivity, and are hygroscopic and tend to
yellow with age. 3He detectors have been less frequently deployed since 3He has
become scarce, although this scarcity has been fairly well managed since 2014. So
replacements for these common detectors have been an active area of research in
recent years.

There have also been additional goals for the use of radiation detectors in non-
proliferation applications. Instead of simply taking a spectrum with a given detector
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in a radiation field, systems that can image the source have become very desirable.
Also, demand for accurate hand-held devices that can detect and discriminate neu-
trons and gammas has increased, because first responders are frequently asked to be
able to test for radiation in their investigations. The large number of devices of this
type to be deployed dictates that they be manufactured cheaply, which means that
alternative processing to the usual crystal growth methods are being explored. It is
often anticipated that such devices will be networked, and processing algorithms are
being developed for making sense of the networked signals and information.

This chapter explores recent research in eachof the areas outlined above.Emphasis
has been placed on the science issues in each of these areas, and what is under
development, rather than what has come to market.

2 Advanced Scintillator Materials

The most desirable property of any scintillator detector is high energy resolution
[15]. Since energy resolution ∝ 1/

√
Nhν as shown in Chap. “Detection Statistics”,

this means that the number of visible photons per keV of gamma energy is a primary
criterion for a good scintillator. Linearity of the light output with gamma energy is
also important (although there can be electronic compensation algorithms applied if
necessary). The decay time of the light pulse should also be as short as possible. If
neutrons are also present, it is very useful if the gamma and neutron induced opti-
cal decay characteristics are different enough that they can be discriminated. The
spectrum of the emitted light is also important, as the photocathode efficiency of
photomultiplier tubes is wavelength-dependent. Also, to provide a strong photoelec-
tric absorption in the material, at least one of the atomic constituents should have an
atomic number Z of 50 or higher. Finally, higher mass density translates to higher
atomic number density, comparing similar atomic numbers, and this means greater
gamma photon absorption probability.

It is useful at this point to describe the scintillation process in inorganic scintil-
lators. Figure1 shows the general process of scintillation in an inorganic scintillator
with an activator at intermediate-to-late times since the first interaction with an ener-
getic photon [25]. At very early times (< 10−16 s), core electrons are scattered, and

Fig. 1 Schematic of the
scintillation mechanism in
rare-earth-doped inorganic
scintillators
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these electrons quickly couple their excess energy to valence band electrons, creat-
ing electron-hole pairs. The valence band electrons are excluded from a forbidden
energy range above the valence band and below the conduction band. Free elec-
trons can migrate through the material at energies in the conduction band. In a pure
crystal, recombination would happen relatively slowly, and photons generated in
recombination events would have energies larger than the band gap energy (typically
4 → 20eV), and most of the light would be re-absorbed. However if a small amount
of dopant material is added such as cerium or europium, additional excited states
can be made at these atomic sites which are inside the forbidden zone. The process
usually starts by the activator atom absorbing a valence-band hole, which can be
thought of as a positive charge which ionizes the activator atom. Then an electron
in the conduction band falls into the activator atom’s energy bands, typically in an
excited state. In the case of cerium, these represent 4f and 5d orbital states in spectro-
scopic notation. These excitations can happen with electrons with energy less than
that required to have an electron-electron collision, and these excited activator states
typically de-excite to the ground state in the activator atom in about 10−8 s. The light
produced by these de-excitations is typically in the visible range and the crystal is
fairly transparent for these photons, since they are below band gap energy.

There is also the possibility of an electron-hole pair traveling together as a bound
state known as an exciton. These excitons can also encounter a non-ionized activator
atom and immediately excite the activator atom in a one-step process. There are other
possibilities for the fate of excitons, however: they can become self-trapped by dis-
torting the local crystalline lattice, which can lead to defect generation in thematerial.
Also, other impurities in the material may represent traps for electrons and holes.
Defects also represent potential traps. Finally, if there are interactions between the
various excitationmodes, than the multi-step processes can cause nonproportionality
in the crystal’s light output.

Generally the light output of a scintillator is a function of the band gap Eg in
the material. Reference [15] suggests a relation:

Nγ = Eγ

βEg
(1)

Here the coefficient β usually takes on a value of around2.5 for the better scin-
tillators. Recent materials with sufficient light output to obtain better than 4% res-
olution at 662 keV include SrI2:Eu, LaBr3:Ce, LaCl3:Ce, and GYGAG(Ce)(Gd1.5
Y1.5Ga2.2Al1.8O12:Ce) [12]. The current record-holder for the highest resolution is
SrI2:Eu at 2.6% [14].

SrI2 must be grown using traditional crystal growth methods (vertical Bridgman
method, [16], see Fig. 2) and suffers from a very long optical fall time of around 9
μs [22]. It is hygroscopic and also air-sensitive. It is also brittle, and it is difficult
to grow large crystals. It may also suffer from nonuniformity, causing output to be
sensitive to the source position. GYGAG, on the other hand, has been fabricated by
a very different process [13, 32] . First, nanoparticles are generated by mixing the
inorganic metal salts in an organic solvent, which is sent through a nozzle, forming



176 Advanced Detection Technologies

Fig. 2 Schematic of the
vertical Bridgman method
for crystal growth. From
[16]. Used with permission,
Springer

small droplets, and ignited. The particles collected have a size of around 10nm. The
particles are then pressed to make a “green body” and then progressively heat treated
in air to 1200 ◦C which calcines and forms a crystalline structure in the material.
These are then sintered in a vacuum furnace, which compresses the material and
removes the oxygen. Finally, the material is hot isostatically pressed (HIP-ed) to
get to the final density, forming a transparent ceramic. The material is mechanically
tough, durable, and machinable. Also, the process lends itself to batch production.
Many samples can be processed at once in a HIP machine, some of which have
capacities up to 66 inches diameter. Although the energy resolution is not as good
as SrI2 (GYGAG has an energy resolution of ≈4% at 662 keV), its potential for
low manufacturing cost, combined with its durability, make it a desirable detector
material for handheld devices.

Lanthanum-based scintillators (See Fig. 3 for a typical handheld device format.)
(LaBr3:Ce and LaCl3:Ce) have been characterized extensively [26, 38]. Although
these materials show excellent light output, they have the potential drawback that
lanthanum has some radioactivity [21, 23]. 138La, with an abundance of 0.09% in
natural La, has a half-life of 1.02 × 1011 y and has two decay branches: an electron
capture to 138Ba with a 65.6% branching ratio, and a β− decay to 138Ce with a 34%
branching ratio. The Ba branch produces a 1436 keV gamma, and the Ce branch
produces a 789 keV branch. These decay activities give LaBr3 a specific activity
of 1.62Bq cm−3 and LaCl3 a specific activity of 1.8Bq cm−3. These activities may
ultimately limit the size of practical lanthanum-based detectors. However, in interme-
diate size ranges these activities may not interfere significantly in applications other
than ultra-low counting, and in fact may lead to the possibility of self-calibration
[21, 23, 26, 38] using this internal radioactivity. The use of the 1436 line, however,
is complicated by the release of two characteristic x-rays around 31–32 keV simul-
taneously with the 1436 gamma, and these sum to be very close to the 1461 keV
gamma of 40K, always present in backgrounds. The 789 keV line is less prominent
and can be muddled by the β− continuum [23].
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Fig. 3 Prototype handheld spectrometer based on LiYCl detector. Department of Homeland
Security

3 Advanced Semiconductor Detectors

A comprehensive overview of the search for alternative semiconductor detectors
is given in Ref. [29]. While cryogenic high purity germanium remains the defin-
itive high-resolution gamma detector, other materials have been studied in hopes
of developing a semiconductor detector that works well at room temperature. An
ideal semiconductor detector would have at least one component with an atomic
charge Z greater than 40 to maximize stopping power. The material should have a
low dielectric constant to reduce system noise. Room temperature operation requires
that the band-gap Eg be above 1.4 eV to avoid excessive leakage current, which also
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induces noise. High resolution requires the maximum generation of charge carriers
(electron-hole pairs), which sets an upper limit on the band gap at around 2.2 eV.

The probability that either an electron or hole generated by a radiation-induced
electron-hole pair created at some point x0 in a detector modeled as an infinite slab
are collected at electrodes located at x= 0 and x= L, the so-called charge collection
efficiency, is given by the Hecht equation [19]:

CCE = λe

L

[
1 − exp

(
− (L − x0)

λe

)]
+ λh

L

[
1 − exp

(
− (L − x0)

λh

)]
. (2)

Here λe and λh are the drift lengths for the electrons and holes, respectively, and
these in turn are given as λe = μeτeE and λh = μhτhE, where μ is the carrier
mobility for each species (defined so that the velocities of the charge carriers are
given by ve,h = μe,hE, where E is the electric field) and τe,h is the recombination
lifetime for each charge carrier. Charge carrier lifetime-mobility products should be
better than 10−2 cm2V−1 for electrons and 10−3 cm2V−1 for holes. (For comparison,
these numbers are both greater than 1.0 in cryogenic Ge.) The requirement of a long
charge carrier lifetime requires that a very low (�1 part per billion) concentration
of trapping centers must be present in the material.

Since incomplete charge collection is usually the dominant source of statistical
noise in a semiconductor detector, the mobility-lifetime product μτ for each species
is the single most important parameter describing the performance of the material
as a radiation detector. The search for better semiconductor detectors other than the
elemental detectors (Ge, Si, and diamond) startedwith the study of binary compounds
made with either one element from column III of the periodic table with one from
column V, and binary II-VI compounds. (There are also IV-IV compounds as well,
such as SiGe and SiC.) Reference [29] gives a list of these: the binary compounds
with 1.4V < Eg < 2.2V include GaAs, InP, CdTe, AlSb, CdSe, BP, InN, AlAs, and
HgS. Of these, CdTe has the highest μτ products of 3×10−3 and 2×10−4 cm2 V−1

for electrons and holes, respectively–still a bit low compared to the desirable values
given above.

The lackluster performance of the binary compounds has led to a look at ternary
and quaternary compounds. As onemight imagine, this creates a rather large parame-
ter space. The list of candidate compounds can be pared down a bit by adding some
useful rules. One rule is that the sizes of the individual atoms should be similar, and
that the elemental lattice structure should be the same type, e.g. cubic or zincblende.
Another rule is that the lattice constant should not change more than 15% when one
element is substituted for another. This is important so that the material has as few
defects as possible, which can form trapping sites for the electrons and holes.

An example of a candidate ternary compound is Cd1−xZnxTe, commonly referred
to as CZT [31]. This material has a band gap which can be “engineered” by adjusting
the stoichiometric coefficient x [28]:

Eg = 1.510 + 0.606x + 0.139x2 eV. (3)
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Raising the stoichiometric coefficient x increases the band gap, which decreases
the number of electron-hole pairs generated by a gamma-ray photon, but also lowers
the noise due to leakage current. The optimized value depends on the temperature
of the detector: at −30 ◦C, x = 0.10 gives the highest resolution, while x = 0.7
optimizes the detector at room temperature [35]. Figure4 shows a comparison of
CZT with other detector materials.

Similarly, an effort has been carried out at Berkeley to develop a semiconductor
from Ga2(Se1−xTex )3 [1]. The motivation for studying this particular material stems
from noting that the band gap in Ga2Se3 is between 2.0 and 2.6 eV (too high) and
1.0–1.2eV for Ga2Te3 (too low). By adjusting the stoichiometric coefficient x, it is
possible to create a material with the optimum band gap value of around 1.75 eV
with x = 0.1. It appears difficult to get closer to a band gap of 1.4eV as there seems
to be a miscibility gap between 0.1 < x < 0.5, and the Bridgman method tended to
produce materials with cracks in this region [20].

It is interesting to note some of the techniques used to identify material properties
for these semiconductormaterials efforts.One of themost commonly used techniques
for determining crystal structure is x-ray diffraction. This technique exploits the
interference effect caused by the crystalline lattice constant d with the wavelength
of an x-ray photon λ, given by the Bragg equation:

nλ = 2d sin θ, (4)

where θ is the angle of the scattered radiation relative to the beam. Figure5 shows
the details of a setup used to measure the lattice parameters of a CZT crystal at

NaI

LaBr3

HPGe

CZT

Energy  (keV)

8

10
Log    (C

ounts)

Fig. 4 Detector response comparison for CZT, high purity germanium (HPGe), LaBr3, and NaI.
Source was 122Sb and 124Sb. Response curves are shifted for clarity. Data courtesy of Lawrence
Livermore National Laboratory. See also [37]
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Fig. 5 Experimental setup
used to measure crystalline
properties in CZT. From
[11]. Used with permission,
Springer

Fig. 6 Experimental setup
for positron annihilation
spectroscopy. From [36].
Used with permission,
Springer

Brookhaven National Laboratory [11]. Band gap energies can be measured using
photoluminescence. In this technique, a laser light source is used to create excitons
at energies above the band gap energy, and the resulting de-excitation photons are
measured with a spectrometer. The resulting spectrum has a peak which gives the
band gap energy. Reference [28] gives an example of this technique applied to CZT.
Another useful technique for characterizing semiconductors is positron annihilation
spectrometry [1, 36]. In this technique, positrons, derived either from a radioactive
source such as 22Na, 59Co, 64Ge, or 68Ge or from pair production from an ener-
getic bremsstrahlung source, are deposited in the test material and the lifetime of
the positrons is observed by a measurement of the time delay of production of 511
keV annihilation gammas from the time the production of gammas associated with
the positron production. Figure6 shows a typical scheme using 22Na as a positron
source, with the characteristic 1.27MeV photon being used as a coincidence signal.
The positron lifetime is affected by crystalline defects such as vacancies and inter-
stitial atoms. Also, the momentum of the annihilating electron is carried through as a
Doppler shift on the two 511 keV annihilating photons, and the differential energies
of the 511 keV photons can be seen by two opposing detectors working in coinci-
dence mode. These combined signatures can be used to characterize the type and
concentration of defects in the material.
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4 Alternatives to 3He

4.1 History and Background

A shortage of 3He was anticipated in 2008 [17]. Reasons for this shortage included a
large demand for neutron detectors in radiation portal monitors, poor communication
among U.S. Federal agencies in determining supply and demand (in part caused
by classification issues regarding tritium inventory, from which 3He is derived),
and a sudden termination in Russian supply to the marketplace. Since that time, a
coordinated working group has been formed within the U.S. government, and the
actual needs have been assessed more carefully, resulting in a reduction in demand
from 70,000 liters per year to less than 3,200 liters per year. The 3He stockpile is
expected to grow to more than 100,000 liters by 2020. Tritium for DOE purposes is
still being produced at theWatts Bar Nuclear Plant Unit 1, operated by the Tennessee
Valley Authority. The 12.3 year half-life for tritium to decay to 3He assures that there
will be 3He for some years to come.

However, themomentumgained by the search for 3He alternatives for neutron pro-
duction has continued. Besides the availability and cost issues for 3He, there has been
a demand for detectors that can be adapted to shapes required for hand-held detectors
such as shown in Fig. 3. This has led to research in various solid detection media.

4.2 Stilbene

Stilbene (C14H12) is one of the earliest scintillators discovered for detecting fast
neutrons. It is a clear organic crystal. Its neutron detecting efficiency is about half
that of anthracene, another organic crystal. Stilbene’s crystalline structure causes it
to be about thirty percent more efficient in one direction than another. Nevertheless,
what makes it stand out is the difference in waveform between a high energy neutron
and a gamma ray interacting in the scintillationmedium. In its early history, however,
the electronic circuits used to perform the pulse shape discrimination were not as fast
or as accurate, and the gamma-to-neutron rejection ratios were in the range of about
1000:1 at 2.0 MeV neutron energy in a 1959 study [10], and headed towards unity
at lower energies. Modern digital signal processing, however, has resulted in about
a 5000:1 rejection ratio at 2.0 MeV and above 500:1 at 30 keV [30]. Thus stilbene
can be regarded as a fair, but not perfect, 3He alternative.

4.3 CLYC, CLLB, and CLLC

Cs2LiYCl6:Ce3+ [33, 34],Cs2LiLaBr6:Ce3+ (CLLB), andCs2LiLaCl6:Ce3+ (CLLC)
are members of a crystalline family known as elpasolites, named after their discovery
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Table 1 Properties of three elpasolite scintillator materials

Cs2LiLaBr6:Ce3+ Cs2LiLaBr6:Ce3+ Cs2LiYCl6:Ce3+

CLLC CLLB CLYC

Density, g cm−3 3.5 4.2 3.3

Emission, nm 290(CVL), 290(CVL)

400(Ce3+) 410(Ce3+) 390(Ce3+)
Decay time, ns 1 (CVL) 1 (CVL)

60, ≥400 55, ≥270 50, ∼1000

Max. light yield, ∼35,000 ∼60,000 ∼20,000

ph/MeV

Light yield ph/n ∼110,000 ∼180,000 ∼70,000

GEE, MeV ∼3.1 3.2 ∼3.1

Best ER 662 keV (%) 3.4 2.9 3.9

PSD Excellent Possible Excellent

Data from [33]

in El Paso County, Colorado. All three of these detector materials contain lithium,
for which the 6Li component has a large reaction cross section (940 b at thermal
neutron energy) for the reaction 6Li(n,α)T with a positive Q of 4.78 MeV. (The
natural abundance of 6Li in natural Li is only 6.7%, but enriched material is easily
obtainable.) All three of these materials show excellent proportionality (within a few
percent down to 15 keV), and have excellent light output. Table1 gives somematerial
properties for these compounds. In this table, “GEE” means the energy of a gamma
ray which would give the same pulse height as a thermal neutron, ans “PSD” refers to
the potential for pulse shape discrimination in the material. Also the materials show
different emission wavelengths and decay times for scintillation photons arising
from core valence luminescence (CVL) and from interactions with the Ce3+ acti-
vator (which can be further divided up into self-trapped excitons (STE) and prompt
photon production by de-excitation). For neutrons, the slowest process dominates
in CLYC and CLCC and that is the light produced from the decay of the STE with
decay times up to 1µs, whereas the neutrons do not produce any CVL light, which is
produced with a 1.0ns component. Differentiation of the neutron and gamma signals
can be done with high accuracy. Furthermore, the different wavelengths for the scin-
tillation light components affords the possibility of using two photomultipliers with
different wavelength sensitivity to increase the gamma rejection ratio to near-3He
levels if desired. Figure7 shows the differentiation of the neutron and gamma signals
on CLYC based upon a relatively simple algorithm. A prototype handheld detector
based on the CLYC material is shown as Fig. 3.
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Fig. 7 Discrimination of
neutrons from gammas in
CLYC using the ratio of an
integrated time slice of the
output pulse to the total
integrated pulse. From [34]

5 Imaging Detectors

5.1 Detector Arrays

Almost as soon as a new detector technology is developed, someone will make an
array of them and try to get two- or three- dimensional images from the detector
system. The need for detection systems that can localize a radiation source in two
coordinate angles has special importance in determining the nature and location of
threat signatures in homeland security applications. Oftentimes these systems have
followed the lead ofmedical imaging systemswhich have been around for a long time.
Reference [4] gives a description of the gamma camera used in medicine by the late
1950s. These systems have been optimized for small-to-intermediate sources located
close by the imager, e.g. a thyroid gland or a heart injected with a tracer. For these
systems, there can be one slab of scintillator material with a Pb collimator, and many
photomultiplier tubes reading out the light signals through light pipes. A variation
on this scheme known as SPECT (single photon emission computed tomography),
can also use a coded aperture. Here a pseudo-random pattern of openings in a Pb slab
is used to create a projection of photons on the detector slab or array which carries
the angular information of the source location by the position of the shadows and
illuminated areas on the detector.

The arrangement is somewhat different for far-field (3–50m) detection of radioac-
tive sources. These systems can utilize coded aperture imaging as well, but generally
the systems are large enough in size to warrant an array of standard size scintillator
crystals with each crystal coupled to an individual photomultiplier. Figure8 shows an
example of such a system at Berkeley. This system consists of 100 NaI scintillators,
each a 10cm cube, mounted in a 10× 10 pattern. The coded aperture consists of an
aluminum panel with circular holes in a 20× 15 array. About fifty percent of the
holes are covered with 25mm thick Pb squares. The signals from each phototube
are processed through a fast digitizer and these signals are sent through software
to compose a two-dimensional image of the radiation field. Details of the software
algorithm are described in [8], and some of the characteristic images obtained with
test sources are shown. Typical resolution of a point source is about 60cm at five
meters standoff with a 10 µCi 137Cs source (662 keV). The radiation data collected
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Fig. 8 A 10× 10 imaging NaI array at Berkeley. Left the NaI array. Right the mask for the array.
The black squares are 25mm thick Pb plates

can be combined with the data from video cameras, which in turn can be put through
image segmentation algorithms to try to identify the person or vehicle containing the
source. The overall system has been named MVRDS, for “machine vision radiation
detection system”.

It is interesting to explore the mathematical details of the processing of coded-
aperture signals. Let P stand for the information at the detector array (for “picture”).
P is derived from a convolution of the actual image information O (the “Object”) by
the system function A, along with noise N:

P = (O ∗ A) + N, (5)

where the convolution operator * is defined by

(A ∗ B)(k, l) =
∑
i

∑
j

A(i, j)B(i + k, j + l) (6)

with indices i + k and j + l taken to be modulo the array size p. Note that the
numbering goes from 0 to p-1, not 1 to p.

The deconvolution on the received data P is done by constructing a matrix G,
chosen so that G ∗ A approximates a delta function. As an example, suppose that A
is square p x p matrix with p being a prime integer equal to 4n + 1 for some integer
n. Then a pseudorandom function based on Jacobi symbols can be constructed [18]:

A(i, j) =

⎧⎪⎨
⎪⎩
0 j = 0
1 j �= 0 and i = 0

1 −
((

i
p

) (
j
p

)
+ 1

)
/2 else.

(7)
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Fig. 9 A coded aperture
array constructed using
Jacobi symbols. Here p = 61
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Here the Jacobi symbol
(
a
p

)
is defined as

(
a

p

)
=

⎧⎨
⎩
0 if a = 0 (mod p)
+1 if a �= 0 (mod p) and for some integer x, a = x2 (mod p)
−1 if there is no such x.

(8)
An example of a coded aperture array constructed with this method is shown as

Fig. 9. For this choice of A, the appropriate decoding matrix G is given by

G(i, j) =
{+1 if A(i, j) = 1

−1 if A(i, j) = 0,
(9)

and the correlation gives

(A ∗ G)(i, j) =
{

p2

2 − 2 if i = j = 0
−2A(i, j ) else.

(10)

Then the reconstructed image is given by

Ô = P ∗ G. (11)

Figure10 illustrates the process on an image which is a 61× 61 bitmap of the
Berkeley mascot Oski. A drawback of this simple deconvolution scheme is that the
number of computational steps required for the deconvolution is proportional to p4,
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(a) (b) (c)

Fig. 10 Illustration of coded aperture encoding and decoding using the 61× 61 coded aperture
shown earlier. a Original image, b coded image, c decoded image

and this can become unwieldy unless some type of parallel processing environment
can be utilized.

5.2 Compton Imaging

An alternativemethod for gamma-ray imaging exploits the energy-angle relationship
in Compton scattering. Equation23 in Chap. “Signatures and Background” can be
re-written as:

cos θ = 1 − mec
2

(
1

Eγ ′
− 1

Eγ

)
. (12)

Suppose that a detector has an incident gamma ray and that gamma ray has aCompton
scattering event within the detector. Suppose also that the scattered gamma is not
absorbed in this detector, but impinges on a second detector which is in the form
of a segmented array. Suppose that the scattered gamma from the first detector is
completely absorbed in the second detector, either by deposition in a single cell of
the second detector or by a track through two or more cells. In this way the total
incident gamma energy E is known, and also the angle at which the scattered gamma
with energy E′ can also be found. Since E and E′ are both known, the scattering angle
for the Compton process in the first detector θ can be calculated. This angle then
describes a locus of source points given by a cone with a symmetry axis around the
line connecting the two detection locations. The process is repeated for each gamma
interaction in the detection system of this type. The intersection of three or more
cones generated by detected events, within some tolerance band, defines an absolute
angle, both azimuthal and polar, for the direction of incoming radiation. Thus a two-
dimensional image of source strength (and energy of the emitted gammas) can be
constructed (Fig. 11).

http://dx.doi.org/10.1007/978-3-319-29731-6_3
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Fig. 11 Angular detection
determination by three
separate Compton events,
showing the intersection of
three back-calculated cones
in angular space

Compton
scattered
photons

θ , φ

More sophisticated formsofCompton imagingdetectors canbe created. Reference
[7] gives an example of a Compton imaging system (also known as a Compton tele-
scope) containing ten high-purity germanium slabs, each 8cm× 8cm× 1.5cm, with
thirty-seven strips on each side, running perpendicular to one another. The details of
the device fabrication are given in [3]. The x and y locations of the gamma ray photon
interactions are obtained from the charge signals collected from each set of strips on
the two sides of the slab. The depth, or z-coordinate location, is determined by the
difference in arrival times between the electron charge signal arriving at the positively
biased set of strips and the hole charge signal arriving at the negative side [2]. The
signals are processed using Compton kinematic discrimination (CKD) algorithms
[5, 9, 24, 27]. The detector was launched on a balloon to observe extraterrestrial
gamma-ray signals in the 300 keV–2 MeV range in 2005 and 2009 and success-
fully imaged the Crab Nebula from 6500 light years away–quite a standoff detection
project! While this system is dwarfed by the Fermi Large Area Telescope, which
works on the 20 MeV–50 GeV range and gives very high resolution images in real
time and is based on pair production rather than Compton events [6], it is important
to point out that the Fermi device cost around $ 690 million. The device described
above is compact, much less expensive to fabricate, and might possibly find use in
nuclear threat detection applications.

6 Concluding Remarks

The quest for low-cost, high-resolution, particle-discriminating, and efficient nuclear
detection systems has been a constant since Becquerel’s serendipitous detection of
uranium alpha particles on photographic film in 1896. The need for better detectors
in nuclear security and treaty verification programs has hastened the development
of new technology in the area of solid-state detectors, scintillators, and imaging
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detectors. In some cases, older materials such as stilbene have been rediscovered. A
great amount of cross-fertilization exists in detection research and development, with
medical physics, high energy physics, and nuclear astrophysics bringing concepts
forward which have been of great interest to the nonproliferation, arms control and
treaty verification, and nuclear security communities.

7 Problems

1. A Compton upshift source is used for NRF inspection of cargo. The source makes
108 photons per pulse, 103 pulses per second, with a bandwidth of one percent
centered on 1.733 MeV. The photons are distributed evenly inside a cone with a
half-angle of two degrees. Assume that the source is one meter away from the
underside of a cargo container, at its midpoint in length and width, and that a
5kg spherical pit of 93% enriched uranium (ρ = 19.1gcm−3) is at the geometric
center of the cargo container, surrounded by plywoodwith a density of 0.6gcm−3.
The mass attenuation coefficient for plywood at 1.733 MeV is 0.054cm2 g−1.

a. Find the number ofNRFphotons perminute thatwould bedetectedby agamma
detector (100cm2 area and an efficiency of 0.2) located one meter from the
outside of the container, at a small angle to the incoming photons. Note that the
resonance integral

∫
σdE = 30 barn-eV at the 1.733 MeV resonance. (Note:

use the thick-target efficiency factor

η = nσNRF

nσNRF + 2μ
= 0.43

and assume that the NRF resonance width � ΔE of the source.)
b. If the beam were made to have much less angular divergence, what other

detection method might be used?

2. Construct a pseudo-random mask using the Jacobi symbols with a size p = 73.
Plot a picture of this mask.

3. Decode the p = 61 image codedimage.m located on the resource page for the
book. The decoding correlation function Gtable61.m is also on the resource page.
Plot the image.
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Arms Control and Treaty Verification

Abstract Methods of detection unique to arms control and treaty verification are
discussed here. The conditions and opportunities for detection in these enivronments
are contrasted with portal monitoring and cargo screening environments. First, neu-
tron multiplicity counting is covered, including both the technology involved and the
mathematics required. Next, the Pu300, Pu600 and Pu900 plutonium analyses are
explored. Next, neutron imaging methods are discussed from the historical perspec-
tive in the context of counting the number of warheads on a missile. The necessity
for “information barriers” in this application is discussed. The use of anti-neutrino
detectors to verify the operating power level of a nuclear reactor is also covered,
and successful experiments of this technology are described. The dependence of the
neutrino signal on the uranium-to-plutonium fission rate is discussed, and a simple
analytical model for quantifying this effect is presented.

1 Introduction

Analytical methods used for arms control and treaty verification can be substantially
different from techniques used for detectionof clandestine nuclearmaterial. Typically
the expected result is known. The package size is typically much smaller than a
cargo container. An inspection might be scheduled to determine whether a container
contains a weapon component, and if so, what is the approximate mass of material
involved. Because an open inspection may not be allowed because that would reveal
design details that the party being inspected wants to keep secret, techniques must be
used to remotely estimate the mass and other factors, such as 240Pu content or date
of manufacture, to ensure that the material contained is consistent with records.

Unlike cargo screening and other detection schemes being applied to a huge stream
of test objects, oftentimes the number of test objects is small enough to employ more
expensive and time-consuming tests with very high accuracy. Since a declaration of
non-compliance in a weapon inspection scenario might very quickly escalate into
a state diplomacy issue, the test methods employed must be very robust. The ideal
situation is where the parties monitoring each other have a clear understanding of
the physics involved in the test procedures, and have some agreement about their
reliability. Members of weapon inspection teams often have prior background in
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nuclear weapon designs of their own country, and will probably be aware of what
information is considered sensitive. Some analysis systems are designed with “infor-
mation barriers” built in, so that only the agreed-upon parameters are available.

Neutronmultiplicity counting for plutonium assay is donewith systemswith large
numbers of 3He tubes with typical counting times of 30 min or more-hardly the type
of procedure that would be done in a cargo inspection environment. These systems
are large and expensive. The Pu300, Pu600, and Pu900 methods all require long
counting times using high purity germanium detectors, and more suited to a low-
background analytical laboratory than, say a repository building. Neutron imaging
methods were used to provide self-radiography of a missile to determine the number
of weapon packages on board in the case of multiple independent trajectory re-entry
vehicle (MIRV) warheads. These systems have beenmade obsolete by changes in the
terms of the inspection protocol, as well as the reduction of the number of warheads
under the arms limitation agreement now in place. Neutrino methods for verification
of power levels in nuclear reactors in order to verify the inventory of Pu isotopes
potentially being produced. Here the detector systems have weight in tonnes and
detection times of months–certainly quite a different detection methodology from
cargo inspection!

2 Neutron Multiplicity Counting

As an example of a technique which would probably never be used in routine cargo
inspection, we first consider neutron multiplicity counting. These systems require
dozens of 3He tubes and thirty or sixty minute counting times. These systems can
determine the amount of fissile material to within a few percent, important in mater-
ial accountability programs. Neutron multiplicity counting has become the standard
method of plutonium assay for all phases of weapon-related plutonium, from initial
manufacture to machining, stockpiling, and ultimately conversion into MOX fuel
or other non-weapon formats. It is based upon the presence of spontaneous fission
isotopes in the material, specifically 238Pu, 240Pu, and 242Pu. Table1 lists the spon-
taneous fission properties of nuclides of interest. Figure1 shows the most important
relationship: the probability distribution for spontaneous fission of 240Pu versus the
induced fission distribution for fast neutrons in 239Pu. Typically, the fractions of
these isotopes relative to the total plutonium present is measured by gamma-ray
spectroscopy or mass spectrometry. Then the neutron multiplication in the mater-
ial is determined by looking at the number of time-correlated neutrons coming out
of the sample. Since the statistical distribution of neutrons per fission is different
for the spontaneous fission in the nuclei just mentioned from neutron-induced fis-
sion in 239Pu (and others), it is possible to determine the overall multiplication M
in the sample. There can be a significant contribution to the total neutron rate from
(α, n) reactions due to the presence of oxygen (17O and 18O), fluorine, beryllium,
others. These reactions, however, produce only one neutron per reaction and thus
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Table 1 Spontaneous fission yields of actinides of interest for multiplicity counting

Isotope
A

Number
of
protons
Z

Number
of
neutrons
N

Total half-life Spontaneous
fission
half-life (yr)

Spontaneous
fission yield
(ns−1g−1)

Spontaneous
fission
multiplicity
ν

Induced
thermal
fission
multiplicity
ν

232Th 90 142 1.41 × 1010 yr >1 × 1021 >6 × 10−8 2.14 1.9
232U 92 140 71.7 yr 8 × 1013 1.3 1.71 3.13
233U 92 141 1.59 × l05 yr 1.2 × 1017 8.6 × 10−4 1.76 2.4
234U 92 142 2.45 × 105 yr 2.1 × l0l6 5.02 × 10−3 1.81 2.4
235U 92 143 7.04 × 108 yr 3.5 × 1017 2.99 × 10−4 1.86 2.41
236U 92 144 2.34 × 107 yr 1.95 × 1016 5.49 × 10−3 1.91 2.2
238U 92 146 4.47 × 109 yr 8.20 × 1015 1.36 × 10−2 2.01 2.3
237Np 93 144 2.14 × 106 yr 1.0 × 1018 1.14 × 10−4 2.05 2.70
238Pu 94 144 87.74 yr 4.77 × 1010 2.59 × 103 2.21 2.9
239Pu 94 145 2.41 × 104 yr 5.48 × 1015 2.18 × 10−2 2.16 2.88
240Pu 94 146 6.56 × 103 yr 1.16 × 1011 1.02 × 103 2.16 2.8
241Pu 94 147 14.35 yr (2.5× 1015) (5 × 10−2) 2.25 2.8
242Pu 94 148 3.76 × 105 yr 6.84 × 1010 1.72 × 103 2.15 2.81
24lAm 95 146 433.6 yr 1.05 × 1014 1.18 3.22 3.09
242Cm 96 146 163 days 6.56 × l06 2.10 × 107 2.54 3.44
244Cm 96 148 18.1 yr 1.35 × 107 1.08 × 107 2.72 3.46
249Bk 97 152 320 days 1.90 × 109 1.0 × 105 3.40 3.7
252Cf 98 154 2.646 yr 85.5 2.34 × 1012 3.757 4.06

From [13]

Fig. 1 Comparison of the
neutron production
probability distribution for
spontaneous fission in 240Pu
versus induced fast fission in
239Pu. From [12]

0 1 2 3 4 5 6 7 8
0.0

0.1

0.2

0.3

0.4

Spontaneous Fission of   240Pu
2MeV Induced Fission of  239 Pu

Multiplicity

P
ro

ba
bi

lit
y

no coincident neutrons are present. Spontaneous fission, however, produces between
zero and eight neutrons per event.

The distribution of the number of neutrons per fission event has been well-
characterized for a number of isotopes. Studies of induced-fissionmultiplicity started
in 1939 [3]. Table2 shows the distribution of spontaneous fission neutrons for those
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Table 2 Spontaneous and induced fission multiplicity distributions

P(ν) 238Pu s.f. 240Pu s.f 242Pu s.f. 242Cms.f. 244Cms.f. 252Cf s.f. 239 Pu
0.025 eV

239Pu 2
MeV

0 0.052 0.066 0.068 0.021 0.015 0.002 0.011 0.006

1 0.205 0.232 0.230 0.147 0.116 0.026 0.099 0.061

2 0.380 0.329 0.334 0.327 0.300 0.127 0.275 0.227

3 0.225 0.251 0.247 0.327 0.333 0.273 0.327 0.326

4 0.108 0.102 0.099 0.138 0.184 0.304 0.205 0.259

5 0.028 0.018 0.018 0.037 0.043 0.185 0.073 0.096

6 0.002 0.003 0.003 0.009 0.066 0.010 0.022

7 0.001 0.015 0.001 0.003

8 0.002 0.001

ν1 2.21 2.156 2.145 2.540 2.720 3.757 2.876 3.163

ν2 3.957 3.825 3.794 5.132 5.939 11.962 6.748 8.240

ν3 5.596 5.336 5.317 8.036 10.101 31.812 12.589 17.321

From [13]

isotopes with substantial spontaneous fission rates and compares those distributions
to neutron-induced fission in 239Pu for both thermal energy (0.25 eV) and for fast
fission energy (2 MeV). It is fortunate that the most common (α, n) reaction (in oxy-
gen) has an average neutron energy of 2.03 MeV, very close to the average energy
of neutrons emitted in spontaneous fission of 1.96 MeV. Since other spontaneous
fission nuclides can be present in plutonium, the effective 240Pu content is what is
actually measured, and it is given by:

240Pueff = 2.52238Pu +240 Pu + 1.68242Pu (1)

Instead of working with the probability distributions directly, resulting in a nine-
parameter set of equations, a set of three factorial moments are derived from the
experimental multiplicity data for each isotope. These are given by:

ν1 =
max∑
ν=1

νP(ν)

ν2 =
max∑
ν=2

ν(ν − 1)P(ν)

ν3 =
max∑
ν=3

ν(ν − 1)(ν − 2)P(ν)

(2)

These are given in Table2 as well.
The detectors used for multiplicity counting are arrays of 3He tubes with a paraffin

moderator and awell-type area for the sample. Typically, graphite reflectors are added
top and bottom. Sample size capacities range from roughly a quart paint can size to
55 gallon drums and to standard waste containers of several meters on a side that can
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Fig. 2 Shift register
electronics for multiplicity
counting. From [12]

Input

Strobe

Pre-delay Shift Register

Up-Down Counter

Sort by Number in Counter

Zeros Scaler Ones Scaler Twos Scaler

Long Delay Accidentals Scalers

hold fourteen 55 gallon drums. The largest U.S.-built systems have 260 3He tubes
pressurized to 10 atm and mounted in a 14.6 m × 2.6 m × 4.1 m high trailer. Typical
detector efficiencies are 40–65%.

A schematic diagram for the electronics is shown in Fig. 2. The typical gate length
G for all coincidence counting intervals is 32µs, with a 128-bit shift register running
on a 4MHz clock. Because of pulse pile-up at early times caused by the detector
and counting electronics, a “pre-delay” is used to dismiss an early part of the signal
which may not fit an exponential decay model. Typically, this pre-delay is about 3
µs. An innovative feature of the current design is a “derandomizer” circuit, which
moves a detected event in time to the beginning of a clock pulse. This has been shown
to reduce the errors due to pulse pile-up, which effects the higher-multiplicity events
at high count rates. There are actually two sets of shift registers, one measuring all
real multiplicities plus accidental ones due to independent events, called the R+A
distribution, plus another one where a long time delay (up to 4096 µs) is used to
determine accidental multiplicities, called the A distribution. A typical output from
the shift register electronics is shown in Table3. Notice that the events of multiplicity
zero are higher in the A channel, but higher numbers of higher-multiplicity events
are recorded in the R+A signal.

The signal processing proceeds as follows [7, 13]. First normalized probability
distributions are made out of the R+A and A multiplicity data, resulting in a set of
numbers PR+A(n) and PA(n) for both the R+A and A data. (Note that the R+A and
A rates do not necessarily sum to the same number, because they are measuring
two different time intervals. They should, however, have the same total count rate
to within normal Poisson counting statistics.) Then factorial moments fi and bi (for
“foreground” and “background”) are formed in the manner given earlier in Eq. 2:

f1 =
max∑
n=1

nPR+A(n)

f2 =
max∑
n=2

n(n − 1)PR+A(n)

f3 =
max∑
n=3

n(n − 1)(n − 2)PR+A(n)

(3)

and similarly for the bi.
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Table 3 Multiplicity distribution for a 60-g plutonium oxide sample

Multiplicity Counts in (R+A Gate) (f(i) distribution) Counts (A Gate) (b(i) distribution)

0 26804360 29731130

1 8187530 6222207

2 1772831 1016603

3 325270 157224

4 53449 22387

5 8231 3093

6 1237 402

7 183 42

8 30 8

9 2 1

10 0 0

From [13]

The “singles” rate S is not the rate shown for multiplicity-one events but rather is
the sum of all triggers. i.e. 37, 153, 123 total counts, divided by the counting time,
for the data shown in Table 3. The “doubles” and “triples” rates are defined by S and
the factorial moments:

D = S(f1 − b1)
T = S(f2 − b2 − 2b1(f1 − b1))/2.

(4)

Not all doubles and triples happen within the timing windowG. The exponential die-
away time τ in the detector may be on the order of the timing window for optimum
counting statistics. Thus the efficiency of collecting doubles, called the doubles gate
fraction fd, is given by

fd = e−P/τ
(
1 − e−G/τ

)
, (5)

and the triples gate fraction is approximately f2d . The measured doubles rate D and
triples rate T are then equated to the theoretical values through the following equa-
tions:

S = FεMνs1(1 + α)

D = Fε2fdM2

2

[
νs2 +

(
M − 1

νi1 − 1

)
νs1(1 + α)νi2

]

T = Fε3fdM3

3

[
νs3 +

(
M − 1

νi1 − 1

)
[3νs2νi2 + νs1(1 + α)νi3]

+ 3

(
M − 1

νi1 − 1

)2

νs1(1 + α)ν2
i2

]
.

(6)
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Here F is the spontaneous fission rate, ε is the neutron detection efficiency, M is
the neutron leakage multiplication, α is the (α, n) to spontaneous fission ratio, fd is
the doubles gate fraction, ft is the triples gate fraction, νs1, νs2, νs3 are the factorial
moments of the spontaneous fission distribution, and νi1, νi2, νi3 are the factorial
moments of the induced fission distribution.

The above yields a cubic equation in M:

a + bM + cM2 + M3 = 0 (7)

where the coefficients are functions of S, D, and T:

a = −6Tνs2(νi1 − 1)

ε2ftS(νs2νi3 − νs3νi2)

b = 2D [νs3(νi1 − 1) − 3νs3νi2]

εfdS(νs2νi3 − νs3νi2)

c = 6Dνs2νi2

εfdS(νs2νi3 − νs3νi2)
− 1

(8)

Once M is determined, the sample fission rate F is given by:

F =

[
2D

εfd
− M(M − 1)νi2S

νi1 − 1

]

εM2νs2
. (9)

The effective 240Pu mass (in grams) is obtained from

m240 = F

473.5
(10)

And the oxide α is given by

α = S

Fενs1M
− 1. (11)

As an example (for illustrative purposes only: some of the values chosen here are
not necessarily accurate) we will take the data for the 60g oxide sample given in
Table3. Using Eq.5 with G = 32 µs and τ = 47 µs and P = 3µs gives a doubles
fraction fd = 0.463; however using fd = 0.485 (with fT = f2D) gives a more credible
result. If we assume that M ≈ 1, then we have a + b + c + 1 = 0, which gives (for
ft = f2d ):

fd = 3νs2T

Dενs3
. (12)

The resulting cubic equation has one positive root with M = 1.0000 as expected.
This gives α = 1.23966, a reasonable value for oxide scrap. Reference [12] does not
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Fig. 3 Multiplicity assay
results for for single and
stacked plutonium samples
using the Large Neutron
Multiplicity Counter at Los
Alamos. From [13]
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give a counting time tc, but we obtain the result:

meff
240 = 29017

tc
.

Thus if this was a (fairly typical) 1800 s (30min) count, the effective 240Pu mass
would be 16.1 g, or 30.4% of the total plutonium mass, which represents fairly high
burnup.

As a final note, we look at the accuracy of multiplicity counting. Figure3 shows
a set of measurements done on 10 gallon containers at Los Alamos containing either
one or two Pu samples, each less than 2kg and with 240Pu content of around 6%.
One can see that overall variation in the assay value of the 240Pu is less than 3%,
which is impressive because the accuracy of the “book value” of the plutonium is on
the order of a few percent as well.

3 Pu300, Pu600, and Pu900 Methods

An important aspect of fissile material accountability consists of determining the
time which has passed since the chemical separation of plutonium from other iso-
topes after its production in a reactor. The Pu-300 plutonium age method [4] uses
high-resolution gamma spectroscopy to determine the age of a plutonium sample by
comparing the intensity of two nearby lines in the gamma-ray energy histogram for
a plutonium sample. The method uses the isotope 241Pu, which typically is present
in small quantities in all produced plutonium. Figure4 shows the decay scheme for
241Pu. 241Pu decays to 241Am by beta decay and to 237U by alpha decay with a
half-life of 14.35 y. The 432-y 241Am isotope decays to 237Np with branching ratios
of 0.00149% for the production of a 332 keV gamma ray and 0.000496% for the
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Fig. 4 Decay scheme for 241Am, used for the Pu300 method of plutonium age determination.
From [4]

production of a 335 keV gamma ray. Similarly, the 6.75-d 237U isotope decays to
237Np with branching ratios of 1.2% for the production of a 332 keV gamma ray
and 0.095% for the production of a 335 keV gamma ray. The importance of these
particular lines is that they are closely spaced in energy, and self-shielding effects
are very similar with this close energy spacing, and thus the intensity ratios can be
used to extract the age since separation. Although both isotopes in the decay chain
produce the same gamma ray lines, they do so with different branching ratios. We
can the give the number of photons produced at 332 and 335 keV as:

N332 = a1f1λPue−λPut + b1λAm
(
1 − e−λPut

)
N335 = a2f1λPue−λPut + b2λAm

(
1 − e−λPut

) (13)
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with

λPu = 0.693/14.35 λAm = 0.693/432.7
a1 = 0.012 a2 = 0.00095
b1 = 0.0000149 b2 = 0.0000496
f1 = 0.000239.

(14)

This set of equations then gives an expression for the line pair ratio r = N332/N335

as:

r = N332

N335
= 2.3863

(
1 − e−0.0482927t

) + 13.85e−0.0482927t

7.943
(
1 − e−0.0482927t

) + 1.09648e−0.0482927t
. (15)

A plot of this line pair ratio as a function of time is shown as Fig. 5.
This can be converted into an expression for the time since separation t as:

t = t0 ln

(
k
r0 − r

r − r∞
+ 1

)
(16)

where r = N(332 keV)/N(335 keV) and

t0 = 1/λPu, r0 = a1/a2, r∞ = b1/b2, k = a2f1λPu

b2λAm
(17)

Which gives numerically:

t = 20.7071 ln

[
1 + 0.138208(12.6154 − r)

r − 0.300403

]
(18)

Fig. 5 332.4–335.4 keV
intensity ratio for Pu as a
function of time since
separation
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Fig. 6 Gamma ray spectrum for a plutonium sample around 635–670 keV. Dotted line shows total
counts. From [4]

ThePu600method similarly uses nearby lines in the 600keV region of the gamma-
ray histogram for Pu isotopic mixtures to determine the isotopic composition. In this
case the contributors are 239Pu, 240Pu, and 241Am. In particular, there is a line at
642.5 keV in 240Pu and one at 646.0 keV in 239Pu. A typical spectrum is shown as
Fig. 6. Because of the presence of an interfering line from 241Am at 641.5 keV (with a
branching ratio of 7.1×10−6 %), special analysis is required. Another peak in 241Am
at 662.4 keV (branching ratio 3.64× 10−4%) has little interference from plutonium
gammas, and thus the interfering peak at 641.5 can be subtracted. This leaves a
relatively accurate measurement of the 239Pu/240Pu ratio, thus revealing whether or
not the sample is weapon-grade (<7%) plutonium.

The Pu900 analysis uses a gamma ray emitted by de-excitation of 17O from its first
excited state at 870.7 keV to determine whether the sample is metal or oxide. This
gamma was originally thought to be due to 17O(α, α′) inelastic reactions, although
further measurements at the Pacific Northwest National Laboratory have shown that
the dominant mechanism is actually a reaction on nitrogen: 14N(α, n)17O∗, which
produces the same gamma. However, the presence of this gamma in large quantities
rules out the possibility that the sample is plutonium metal, which is the attribute to
be determined. An additional measurement technique to determine the presence of
oxide is the measurement of 2438.0 and 2788.8 keV peaks from the 18O(α, n)21Ne
reaction. While these peaks are weaker and at higher energies (where high purity Ge
detectors have lower efficiency), the measurement of strong peaks at these energies
rules out the presence of Pu metal [4].
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4 Neutron Imaging

The current strategic arms reduction treaty (START) between the United States and
Russia, called “new START” entered into force on February 5, 2011 after ratification
by the U.S. Senate and both the Duma and the Federation Council in Russia. It will
stay in force for ten years, with a renewal possible after that time. The terms of
the agreement allow for ten on-site re-entry vehicle inspections each year at ICBM
bases, air bases, and on submarines. The requirements for these inspections, primar-
ily designed to count the number of warheads on a particular (randomly selected)
weapon, are to check that number against the declared inventory. For this purpose,
there cannot be a cover (such as a nose cone) over the payload package of the
weapon, but each independent warhead can be covered to mask design details. This
has obviated any current need for more remote warhead-counting schemes such as
neutron imaging. Reference [1], an assessment of technologies for re-entry vehicle
on-site inspections (RVOSIs) conducted by the U.S. Defense Nuclear Agency in
1994 stated that “We found no clear indication that the use of a technology would
eliminate intrusiveness or operational impact concerns associated with the visual
inspection protocol, and technologies are unlikely to offer cost savings over visual
inspections.” However, some background on neutron imaging techniques that have
been developed is given here for completeness and historical interest.

Reference [11] describes the inspection regime possibilities from a 1987 perspec-
tive, and gives a preliminary design for an in-silo neutron radiography system. The
INF (Intermediate-Range Nuclear Forces) treaty, ratified in May 1988, allowed for
on-site inspections at U.S. and Russian military bases and specifically allowed radia-
tion detection devices to be used in these tests. This was found to be helpful because
of the different neutron radiation fields generated depending on the number of war-
heads. Reference [14] gives a discussion of the deployment of a large polyethylene-
moderated 3He detector array (with single output) used in Russia to map the neutron
fields surrounding SS-20 (three warheads) and SS-25 (single warhead) missiles. The
flux maps generated were clearly distinct. In 1990–1991, several U.S. national labo-
ratories participated in technology demonstrations at the F. E.Warren Air Force Base
near Cheyenne,Wyoming. These tests were aimed at warhead counting using remote
radiation detection using the Peacekeeper missiles located there, which had as many
as tenMIRVwarheads each. Reference [24] describes a Livermore-developed system
called the Gamma Ray Imaging Spectrometer, using a coded-aperture gamma detec-
tor array, similar to the one described in Chap. “Advanced Detection Technologies”,
mounted in an existing payload package transport truck used at the site. Reference
[8] describes a Los Alamos-made detector tested at the site. This detector was con-
structed with four boron-loaded plastic scintillators (type BC454), each 7.6cm diam-
eter and 20cm long, used in a diamond-shaped pattern with a polyethylene neutron
collimator. The electronics package would tag events where the front scintillator saw
a fast neutron recoil, primarily on hydrogen, with a time-correlated boron neutron
capture pulse from one of the other three scintillators. (The detector, originally used
for neutron detection in space, is described in [15].) This afforded a ±20◦ horizontal

http://dx.doi.org/10.1007/978-3-319-29731-6_9
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Fig. 7 Peacekeeper missile
payload layout and detector
geometry for LASL
measurements. From [8]
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and ±50◦ vertical sensitivity. The detector was transported around the perimeter of
the missile at the height of the warheads. The test geometry is shown in Fig. 7. The
Peacekeeper missile warhead placement had nine of ten warheads in an outer circle,
with a tenth one closer to center. The tests performed by LASL showed a clear vari-
ation in neutron signal (variation of approximately a factor of two) for the outer nine
warheads, but failed to pick up the tenth warhead farther inside the missile payload.
Reference [17] provides some additional historical perspective on these tests.

Since that time, other neutron imaging systems have emerged. An excellent exam-
ple of current imaging capability is given in [19]. Here four Eljen EJ301 scintillators
were arranged in a plane, and another seven were placed 45cm behind. Energy depo-
sition in the first set of detectors was recorded, and that information was combined
with time-of-flight information from a coincident signal in the rear set. From that a
back-projection cone could be constructed, similar to the case of Compton imaging
described in Chap. “Advanced Detection Technologies”. The combination of many
such cones then yields an image. In these tests, a 252Cf source could be properly
imaged at 30m standoff distance, and the source could be imaged through the walls
of a seagoing ocean tanker. Angular resolution of order ±10◦ was obtained.

Coded aperture techniques have also been explored for neutron imaging. Refer-
ence [16] describes a system fabricated atOakRidgeNational Laboratory for imaging
of fast neutrons. The system used a polyethylene mask for neutron scattering and
included a lead shield for gamma attenuation. It showed an angular resolution of
about one degree, and could easily identify configurations of mixed oxide fuel pin
segments from several meters away, even with concrete-block shielding. The system
was also tested in an active-interrogation mode to detect 235U with a neutron gener-
ator in a pulsed mode, using the die-away portion of the signal following each pulse.
Similarly, a thermal neutron imager was developed at Brookhaven National Labo-
ratory [23], using a cadmium mask. In this study, photoneutrons generated from an
accelerator were used to expose a depleted uranium target, and the delayed-fission
neutrons were detected after thermalization in a two-dimensional 3He-filled wire
chamber.

A good review of the full gamut of image-based warhead counting methods is
given in [20]. The authors make the point that all of these systems are very intrusive,

http://dx.doi.org/10.1007/978-3-319-29731-6_9
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and can reveal toomuch information about theweapons under inspectionwithout suf-
ficient information barriers. The authors recommend that should any of these systems
be developed further, the information barrier and image reconstruction algorithms
should be developed together rather than separately.

5 Neutrino Methods

Verification of the total number of fissions produced at a nuclear reactor is paramount
in determining if the spent nuclear fuel has been properly accounted for. One method
available to do this is by looking at the total number of anti-neutrinos produced
by the reactor, produced by beta decay of fission product nuclei. At typical reactor
power levels (gigawatts thermal), about 1021 anti-neutrinos per second are produced.
A typical neutrino production reaction would be, for example [2]:

86
35Br →86

36 Kr + ν̄ + e− Q = 7.626 MeV (19)

This fission product is produced cumulatively in 1.8% of all thermal-neutron
induced fissions in 235U, and has a 55.1 s half-life. Generally the energy released
in beta decay is split between the neutrino and the electron with 30–40% going to
the electron and the remainder to the antineutrino. Typically one fission produces a
total of 12 MeV in neutrino energy in the beta decay products, most of which are in
isotopes with half-lives shorter than a few hours, so that the neutrino signal tracks
the reactor power level fairly closely.

The most common method of detecting antineutrinos is to use the inverse beta
decay process on hydrogen:

ν̄e + p → n + e+. (20)

This reaction has a threshold of about 1.81 MeV. The cross section is given by [10]:

σ(Eν̄ ) = 8.85 × 10−44(Eν̄ − (mn − mp))((Eν̄ − (mn − mp))
2 − m2

e )
1/2 cm2, (21)

where the masses and the neutrino energy are in MeV. It is useful to plot the product
of this cross section multiplied by the energy spectrum of the antineutrinos produced
in fission in 235U and 239Pu, and this is shown in Fig. 8. The integrated cross sections
are 6.38 × 10−43 cm2 for 235U and 4.18 × 10−43 cm2 for 239Pu. Thus an interaction
rate for antineutrinos in a (say, water, molecular weight = 18, two protons) detector
located a distance R away from the reactor running at a power level P with a mass
m of water can be calculated as:

Ṅ = P

Ef
· 2mNA

18
· σ

4πR2
. (22)



5 Neutrino Methods 207

Fig. 8 p(ν̄, e+)n cross
section multiplied by
neutrino yield per MeV per
fission in 235U and 239Pu.
Data from [10]
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Fig. 9 Neutrino detector
deployed at the San Onofre
Nuclear Generating Station.
From [21]
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Fig. 10 Neutrino counts per
day at the SONGS site. From
[22]

A prototype 1000kg liquid scintillator detector was developed by Livermore and
Sandia and was deployed at the San Onofre Nuclear Generating Station (SONGS)
in 2003 [22]. This detector is shown as Fig. 9. With a 25m standoff from the reactor
core, this gives about 4000 antineutrino interactions per day for fresh fuel (no initial
239Pu inventory). The performance of this detector is shown in Fig. 10. As one can
see from the figure, about 400 excess anti-neutrino events were seen each day when
the reactor was at full power, showing about a 10% efficiency.

The physics processes in this detector include independent and time-correlated
measurement of the produced positron and the neutron shown in Eq.20. The positron
undergoes almost immediate annihilation and thus the production of two 511 keV
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gamma rays; these result in a fast light pulse in the photomultiplier tubes coupled
to the scintillator. The neutron coming out of this reaction would thermalize and
then interact with a gadolinium dopant added to the liquid scintillator at 0.1% con-
centration. The thermal neutron would be absorbed in the Gd (with a 49,000 barn
cross section at thermal energies), which would produce about 9 MeV in photons
from the (n, γ ) reactions. This second light pulse would typically occur some tens
of microseconds after the positron annihilation event, and the coincident light pulses
with the correct timing signature would form the counts. A competing signal mas-
querading as a true antineutrino reaction is formed by cosmic-ray muons, however.
These events could be minimized by placing the detector underground (with about
10mof equivalent earth covering) and by providing an anti-coincidence signal from a
set of scintillators surrounding the central detectors, called the “muon veto paddles”.

The efficiency reduction from 100% is due in part to the addition of the Gd acti-
vator, which lowers the optical transparency of the scintillator medium, and to light
coupling efficiency related to the scintillators and the coupling to the photomultiplier
tubes, given the index of refraction of the scintillating fluid. While the experiment
was concluded to be a success, other issues may prevent this system from being prac-
tical. First, the distance from the reactor is critical because of the inverse-square law
involved. Fortunately for the SONGS detector, a convenient location was available
near the reactor core: this was the “tendon gallery” at the bottom of the containment
structure and underground, where the steel cables for the confinement structure are
tethered in a way that they can be inspected. (The underground feature helps a great
deal with the muon problem.) Not all reactors have this feature, nor will all nuclear
reactor facilities be compliant with letting a team of international inspectors set up
there. Second, the organic scintillator chosen had a low flash point and might be con-
sidered as a dangerous addition to a nuclear reactor facility because of flammability
issues. (Consider asking a utility company to tolerate a tonne of flammable liquid
25m from the reactor!) Third, some knowledge is required about the composition of
the initial fuel, the core parameters for calculating 239Pu infill, and other issues.

To address some of these issues, Livermore and Sandia built a second-generation
prototype which they called the SONGS-2 detector [21]. It was similar in size but
used a solid plastic scintillator medium, undoped, but interleaved in 2cm sheets with
a set of Mylar sheets which have been painted with a 1.0mm thickness of a Gd paint.
The undoped plastic scintillator sheets were then coupled to the photomultiplier
tubes. This lowered the light self-attenuation in the scintillator medium, and the
segregated Gd-painted areas would produce neutron capture gammas with enough
energy to have access to the plastic scintillator. This designwas somewhat successful.
A third prototype was built, and this time a water-based scintillator was used with
Gd doping. This design had a lower manufacturing cost as a feature, but the problem
of lower light output emerged, because water interacts with electrons from gamma
scattering only through the Cerenkov effect (where electrons with a speed greater
than c/n, where n is the index of refraction, create light). This process is about 100
times less efficient than the light production in a plastic or liquid organic scintillator,
but nevertheless would lend itself to much larger detectors at greater standoff range.
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Unfortunately, The SONGS experiments ended in January 2012 due to the closure
of both reactors active on the site until this time.

Other antineutrino detectors have been developed around the world. The Nucifer
Reactor Neutrino Monitor has been assembled at the CEA-Saclay laboratory in
France and has been operating since 2012 [5]. It uses a 0.8 m3 volume organic
scintillator doped with 0.2% Gd with plastic scintillator muon veto, similar to the
SONGS-2 design. It is located 7m from the 70 MW Saclay research reactor. The
observed neutrino rate is 276 ± 14 events per day. The use of this detector with the
smaller research reactor is noteworthy, because this class of reactor probably forms a
bigger proliferation threat than the large power reactors. It is also worth noting some
earlier neutrino experiments done by a Russian team working at the Rovno nuclear
power plant in what is now Ukraine between 1983 and 1991 [18]. Their detector was
a large volume of distilled water with an array of sixteen 3He tubes. The inverse beta
decay reaction on hydrogen produced fast neutrons which thermalized in the water.
Background subtraction was done using data during reactor refueling periods.

5.1 Reactor Antineutrino Detection Time Dependence

Over time a fraction of the fission power in LEU-fueled reactors is due to 239Pu
because it is bred by the fertile conversion of 238U. A small quantity of other isotopes
are also produced, in particular 241Pu, which also has a thermal fission cross section.
There are also fast fissions in the 238U, which is the majority component in LEU
fuel. Over time the antineutrino interactions are somewhat fewer, as the plutonium
antineutrino integrated cross section is about 66% of the uranium antineutrino inte-
grated cross section. The relevant energy-averaged cross sections for antineutrino
detection using the inverse beta reaction on protons is shown in Table4, along with
the energy produced per fission reaction in the relevant isotopes. If the initial dis-
tribution of isotopes in the reactor fuel is known, then one can simulate the relative
rate of neutrino detection as a function of time, and consequently of the burnup in
the core. A simple set of rate equations can be set up of the form

dni
dt

= −ni(σ
i
f + σ i

c) + ni−1σ
i−1
c , (23)

Table 4 Data for calculation of antineutrino detection from a reactor using the inverse beta decay
reaction

Isotope Energy-Averaged cross section per fission
(10−43 cm2)

Energy release per fission (MeV)

235U 6.38 201.7 ± 0.6
239Pu 4.18 210 ± 0.9
238U 8.89 205.0 ± 0.9
241Pu 5.76 212.4 ± 1.0

Data from [6]
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where the subscripts “f” and “c” stand for fission and capture, respectively. The
reactor power is then proportional to

∑
σ i
f E

i
fni. The antineutrino detection rate per

unit power can then be calculated from

Ṅν̄e ∝
∑

σ i
ν̄e
σ i
f ni∑

σ i
f E

i
fni

. (24)

As an example, a simulation of the antineutrino output for a US-made pressurized
water reactor (PWR) is shown here as Fig. 11. Here the initial fuel load was taken
to be 3.5% enriched in 235U with the balance as 238U. The cross sections must be
averaged over the neutron energy spectrum for the particular reactor type. Reference
[9] contains a full set of appropriately averaged cross sections for a US-made PWR.

The coupled rate equations given in Eq.23 can be solved in an analytic closed
form. The relative neutrino detection rate can then be calculated using Eq.24. If the
total fission power is integrated over time, one can also switch from time as a variable
in the antineutrino observation rate to burnup in its usual unit of megawatt-days per
tonne of heavy metal (MWd/THM). One can see the individual contributions to
the neutrino signal in Fig. 11 as well as the total. At medium burnup, say 20,000
MWd/THM, the relative antineutrino rate has dropped about 10%. The accuracy, of
course, depends on knowledge of the actual initial enrichment and whether there are
initial Np or Pu isotopes in the “clean” fuel. It also depends on the flux distribution in
the reactor, the practices used for fuel shuffle, and some other variables, but a fairly
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Fig. 11 Simulation of neutrino detection rate as a function of burnup for a U.S.-made pressurized
water reactor. Cross section data from [9]
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strong case can be made that diversion of significant quantities of fissile material
can be ruled out by antineutrino monitoring if the reactor core constituents are well
known.

6 Concluding Remarks

A wide variety of analytical techniques have been developed specifically for various
arms control and treaty verification regimes. The shifting goals and requirements
for arms control and treaty verification have resulted in some of these technological
approaches becoming little more than of historical interest, while other technologies
have become routine and adopted by other countries. The continued development of
neutrino detectors is an example of the latter. If these can be made cheaply, reliably,
and tamper-proof, this may lead to an IAEA standard for deployment at all power
reactors and research reactors in all NPT countries.

Detection methods for arms control and treaty verification must be made non-
intrusive and contain provably robust information barriers. When one sees the infor-
mation available from multiplicity counting and the Pu300, Pu600, and Pu900
methods, it becomes more clear as to why the new START treaty adopted an open
nose cone inspection regime.

7 Problems

1. Download and read http://www.lanl.gov/orgs/n/n1/FMTTD/neut_mc/pdfs/LA_
13422_M.pdf. Use the data in Table 5.8 in this document to obtain moments
f1, f2, b1, b2 from the data. Use the factorial moments for Pu spontaneous fission
and induced fission from the data in Table 5.8. Use the expressions in Eq.3 in this
chapter to obtain the singles, doubles, and triples rates. Then use Eqs. 10 and 11
in this chapter to obtain the 240Pumass and the oxide (n, α) coefficient α. Assume
an 1800s counting time and a 56% efficient detector.

2. A Pu sample is analyzed and the following gamma ray counts are obtained: 332
keV: 75,100; 335 keV: 68,500.

a. Using the Pu300 method, estimate the age of the sample, i.e. time since sepa-
ration.

b. Find the 2 − σ uncertainty in that age.

http://www.lanl.gov/orgs/n/n1/FMTTD/neut_mc/pdfs/LA_13422_M.pdf
http://www.lanl.gov/orgs/n/n1/FMTTD/neut_mc/pdfs/LA_13422_M.pdf
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Public Policy and Proliferation

Abstract The structure of international, national, and non-governmental agencies
that participate in the worldwide activity to control nuclear proliferation is discussed
here. The International Atomic Energy Agency (IAEA) is described from the stand-
points of its organization, reporting functions, the treaties behind its functions, and
the technical support that it provides. Its role in safeguards and verification, uphold-
ing the standards of the Additional Protocol, and promoting peaceful uses of nuclear
energy are detailed. Next, the organizations within the US government involved
in nuclear proliferation are discussed: these include the Departments of Homeland
Security, Energy, State, and Justice. The US Intelligence Community, with its sev-
enteen individual branches is discussed. The nonproliferation-relevant activities in
the US Nuclear Regulatory Commission are also outlined. Next the role of non-
governmental organizations (NGOs) is discussed. Their activities include promoting
international peace and security, publicizing nuclear construction and service activi-
ties, and providing guidance and advocacy on export control issues related to nuclear
proliferation.

1 Introduction

This chapter outlines the basic mechanisms and structures by which the world’s
nuclear “haves” and “have-nots” communicate with each other and develop policies
and treaties. It also serves to introduce readers contemplating a career in nonprolif-
eration, arms control, and treaty verification to the institutions and projects where
they might find a job someday.

2 The International Atomic Energy Agency (IAEA)

The IAEAwas established on 29 July 1957 as an independent organization. It reports
to the United Nations General Assembly and Security Council. Its purpose is to pro-
mote the peaceful uses of nuclear energy and to prevent the development and use
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of nuclear weapons. The original headquarters were in Geneva, Switzerland, but
since 1979 the IAEA has been headquartered in Vienna, Austria. Operational liai-
son offices are located in Geneva, Switzerland, and New York. Regional offices are
located in Toronto, Canada, and Tokyo, Japan. Four main technical thrust areas for
the IAEA are Nuclear Energy, Nuclear Safety and Security, Nuclear Sciences and
Applications, and Safeguards and Verification. These technical areas also support the
policy-making bodies of the IAEA known as the General Conference and the Board
of Governors. The agency’s Secretariat has approximately 2,300 scientific, techni-
cal, and administrative personnel overall, representing over 100 countries. Nuclear
engineers, nuclear physicists, and safeguards inspectors make up the largest profes-
sional group in the agency. Almost all other types of scientists are involved as well,
along with lawyers, computer experts, and other professionals. Most professional
appointments are limited to 5 years and never more than 7 years. This relatively
high-turnover environment is intended to keep a fresh flow of ideas into the agency,
and it forms an ideal environment for early-career professionals.

2.1 Verification and Safeguards

Article III of the Nonproliferation Treaty (NPT, see Appendix A) calls out “com-
prehensive safeguard agreements”. These give IAEA the authority to verify that
the description of nuclear material and nuclear-related activities is complete and
accurate. Currently there are such agreements for 174 of the 182 NPT member
states [1]. Verification activities can include on-site inspections, evaluations, visits,
installation of seals, and remote surveillance with cameras. IAEA does the account-
ing for all “source and special fissionable material” usable for producing nuclear
weapons, specifically 233U, 235U, and 239Pu.

Safeguards activities include the following: Nuclear material accountancy con-
sists of a conventional audit of thematerials from a record-keeping viewpoint. Design
information verification consists of determining whether or not a facility’s technical
design is consistent with its stated use and that use for other purposes has not been
attempted. Environmental sampling can detect trace quantities of isotopes of interest
(particularly 233U, 235U, and 239Pu), and analysis can determinewhether or not highly
enriched U or weapons-grade Pu have been present at the facility. Material account-
ability is determined by counting, weighing and performing certain non-destructive
assay tests, such as radiation detection, on the material. In some cases destructive
analysis techniques are used on small samples. Containment and surveillance tech-
nologies such as cameras and seals can be installed at a facility to detect unauthorized
access or undeclared operation. To date almost 300 remote surveillance systems, with
the ability to communicate directly with IAEA headquarters, have been installed at
nuclear facilities.
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2.2 Additional Protocol

The original safeguard agreements contained in Article III of the NPT have been
found to be less than fully effective in some cases. The rules by which IAEA inspec-
tors could gain access to sites were structured such that material could be relocated
before visits could occur. Also, some activities such as nuclear research and develop-
ment, import/export traffic, and U and Th production were not adequately addressed.
The Additional Protocol program was designed to cut access time to as little as two
hours and called for automatic visa renewals for inspectors. Not only do current
stockpiles of U and Th have to be reported, but total production of these materials,
whether or not they have been traded outside the country, must be disclosed.

As of July 2015 there have been 146 Additional Protocols signed and 126 are
in force [2]. While the Additional Protocols have greatly increased the reporting
requirements for the member states, they have resulted in more transparency in
accounting for any activity even only loosely coupled to nuclear weapon production.

2.3 Peaceful Uses of Nuclear Energy

Article IV of the NPT gives IAEA the responsibility to promote the development
of peaceful uses for nuclear energy, especially in developing countries. The IAEA
gives the member states the right to exchange equipment, materials, and information
toward this end.The IAEApublishes a vast amount of technical and scientificmaterial
pertaining to nuclear energy in general. IAEA divides this effort among three major
divisions: Nuclear Energy, Nuclear Safety and Security, and Nuclear Sciences and
Applications.

3 Nuclear Nonproliferation Activities Within the US
Government

In 2010, the US government announced an inter-agency plan called the Global
Nuclear Detection Architecture (GNDA). The participants in this plan include the
Department of Homeland Security (DHS), the Department of Defense (DOD), the
Department of Energy (DOE), the State Department, the Department iof Justice
(DOJ), the Intelligence Community (IC), and the Nuclear Regulatory Commission
(NRC). Consolidating and coordinating nonproliferation efforts across such a broad
range of government interests has been a daunting task, but this type of collaboration
is absolutely necessary.
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3.1 DHS: The Domestic Nuclear Detection Office (DNDO)

DNDO is the lead agency for domestic nuclear detection as it relates to the threat
of nuclear terrorism and illicit trafficking of nuclear material. DNDO partners with
international, federal, state, local, tribal, and private sector entities to fulfill this
mission. DNDO also has custody of the nuclear forensics program in the US, in
partnershipwith theNational Nuclear Security Administration (NNSA) arm ofDOE.
The forensics effort also has links to the US Federal Bureau of Investigation (FBI),
the DOD (especially the Defense Threat Reduction Agency (DTRA)), the State
Department, and the Office of the Director of National Intelligence. DNDO’s support
of new technologies, such as 3He alternatives and advanced solid state and scintillator
detectors have been described in Chap. “Arms Control and Treaty Verification”.

DNDO has also partnered with the European Commission, through its Joint
Research Center, in a 3 year program (from 2010 to 2013) to characterize nine
different detection systems. This effort, known as the Illicit Trafficking Radioactive
Assessment Program+10 (ITRAP+10), compared nearly 100 instruments available
on the commercial market. The results of these tests will be shared with the interna-
tional community along with U.S. agencies at the federal, state, and local levels.

DNDO also has trained more than 8,500 US federal, state, and local officers and
first responders in radiation detection. DNDO also has administered an Academic
Research Initiative (ARI) program which has supported hundreds of undergraduate
and graduate students interested in professional development for a future workforce
in the area of nuclear security.

Also, DNDO launched a program under the aegis of the Global Initiative to Com-
bat Nuclear Terrorism, or GICNT, which is carried out within the GICNT Nuclear
Detection Working Group (NDWG). This effort is comprised of 82 countries work-
ing together. This resulted in a coordinating meeting in Marrakech, Morocco for a 1
year activity which led to a third volume of a series entitled “Guidelines for Planning
and Organization”, which was approved at the GICNT meeting in 2013.

3.2 DNDO Nuclear Forensics Efforts

A document entitled Nuclear Security Summit Communiqué and Work Plan was
generated in 2010 which has become a blueprint for international collaboration to
strengthen nuclear security. One of the focus areas in this plan was to develop nuclear
forensic methods to trace the origin of interdicted nuclear materials, help identify
smuggling networks, and aid in prosecution of illicit trafficking. The program also
aims at identifying weaknesses in security measures in place to detect clandestine
nuclear and radiological material. DNDO is also committed to training exercises
related to nuclear forensics for scientists as well as law enforcement personnel,
including crime scene management. Tabletop exercises have been held in 15member
nations in the GICNT.

http://dx.doi.org/10.1007/978-3-319-29731-6_10


3 Nuclear Nonproliferation Activities Within the US Government 219

DNDOhas provided expertise to the IAEAand interagencyUSpartners to develop
databases for national nuclear forensics libraries. These databases help countries
determine whether radioactive material outside of regulatory control are consistent
with material being held inside their regulatory control, i.e. to determine whether
interdicted material was in transit from another country or if it might have been the
result of theft within the country.

DNDO has also supported the development of a common language, or lexicon,
for standardization of terms related to nuclear and radiological material in order to
enable more precise communication among its international partners regarding these
materials. It is hoped that tightening the language being used in nuclear interdiction
cases will bring confidence in international collaboration relating to policing in these
matters.

DNDO also supports an educational program entitled the National Nuclear Foren-
sics Expertise Development Program for support of graduate and post-graduate stu-
dents at universities, along with junior faculty awards and undergraduate mentoring
activities.

3.3 National Nuclear Security Administration (NNSA)

TheNNSAis chargedwith stewardship of the nuclearweapon stockpile for theUnited
States. The nuclear weapons laboratories, including Lawrence Livermore National
Laboratory, the Los Alamos National Scientific Laboratory, and Sandia National
Laboratory are directly under the control of the NNSA, andNNSA supports activities
at other Department of Energy laboratories including Pacific Northwest National
Laboratory, IdahoNational Laboratory, BrookhavenNational Laboratory, OakRidge
National Laboratory, and Argonne National Laboratory. The NNSA has an Office
of Defense Nuclear Nonproliferation which interacts with many other national and
international partners on a wide range of issues relating to nuclear nonproliferation.
The NNSA has the primary responsibility for handling and disposal of nuclear and
radiological material within the US, as well as various other WMD materials.

The Nuclear Nonproliferation Program is divided into six offices, including the
Office of Global Threat Reduction, the Office of Nonproliferation Research and
Development, The Office of Nonproliferation and International Security, the Office
of International Material Protection and Cooperation, the Office of Fissile Material
Disposition, and the Office of International Operations.

The Office of Global Threat Reduction is charged with securing nuclear and
radiological materials worldwide and reducing the quantity of these materials where
possible. A system called Materials Protection, Control and Accounting has been
put in place and has now been applied to almost all Russian nuclear material and
warhead sites. Of particular interest in this regard is the facility at Mayak, which
is the largest and longest running part of the Russian nuclear production effort.
The new storage facility was developed in a joint US-Russian effort. This facility
has been used for downblending weapon-grade uranium for use as nuclear fuel as
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well as the dismantling of plutonium weapon components. The Office has also been
involved with the conversion of 57 reactors in 32 countries from HEU to LEU fuel.
This has resulted in the return of 765kg of HEU to Russia and over 1,200kg of
HEU to the US. There also has been a program to secure buildings with nuclear
and radiological materials, and 545 buildings worldwide of this nature have been
secured. Additionally, over 29,000 US radiological sources have been recovered by
NNSA through this Office.

The Office of Nonproliferation Research and Development has been at the
forefront of the advanced radiation detection equipment described in Chaps.
“Advanced Detection Technologies” and “Arms Control and Treaty Verification”.
This Office has also been responsible for the development of enhanced ground and
space based systems for the detection of nuclear explosions.

TheOffice ofNonproliferation and International Security is chargedwith ensuring
transparency in nuclear weapon reduction efforts, strengthening nuclear safeguards,
and developing protection and export control for other countries possessing nuclear
material. It is also tasked with transitioning nuclear weapon design expertise and
infrastructure to peaceful efforts in international partner countries, and improving
interaction and cooperation in nuclear weapon states towards this end. Thousands of
nuclear weapon scientists in the former Soviet Union, Iraq, and Libya in over 200
facilities have been engaged under this program.

The Office of Fissile Materials Disposition is responsible for the disposition of
surplus US weapon grade plutonium and HEU and Russian plutonium by converting
this material intomixed-oxide (MOX) fuel for consumption in power reactors. Under
this program, over 352MTof former SovietweaponsHEUhas been downblended for
use in US power plants. This material, representing the equivalent of 14,000 nuclear
weapons, provided more than ten percent of electricity production in the US over
more than two decades. Additionally 108 tonnes of US HEU has been downblended
(equal to 2,376 nuclear weapons). A program is underway to complete a MOX fuel
fabrication facility in the US, with the goal of using this facility to convert 68 MT
of US and Russian weapon-grade plutonium to MOX fuel. This Office also gave
support to the closure of the weapon-grade plutonium production reactor at Seversk
in Russia, thus ending all weapon-grade plutonium in Russia.

3.4 The Department of State

TheUSDepartment of State has a Bureau of International Security andNonprolifera-
tion. TheBureau is organized into thirteen offices, ten ofwhich are involved in nuclear
nonproliferation issues. These are the Office of Cooperative Threat Reduction, the
Office of Counterproliferation Initiatives, the Office of Export Control Coopera-
tion, the Office of Missile, Biological, and Chemical Nonproliferation, the Office
of Multilateral Nuclear and Security Affairs, the Office of the Nonproliferation and
Disarmament Fund, the Office of Nuclear Energy, Safety, and Security, the Office of
Regional Affairs, the Office of Threat Reduction, and the Office of WMDTerrorism.

http://dx.doi.org/10.1007/978-3-319-29731-6_9
http://dx.doi.org/10.1007/978-3-319-29731-6_10
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The Office of Cooperative Threat Reduction is tasked with reducing the risk of
WMD threats by states of concern and terrorist groups through diplomatic means.
States of concern with US diplomatic channels have included Iraq, Libya, and former
Soviet Union nations. Former WMD experts working in these countries have been
engaged through this office in order to reduce the risk of their cooperation with
terrorist organizations, non-state actors, and proliferant states.

The Office of Counterproliferation Initiatives works at developing counterprolif-
eration initiatives designed to interdict or deny shipments of WMD materials and
their delivery systems, and checks compliance with UN Security Council Resolution
1540, as discussed in Chap. “Introduction”.

TheOffice of Export Control Cooperation develops and coordinates export control
issues as they pertain to the possibility of nuclear proliferation. This Office manages
the export control system and related border security issues. The Office also coor-
dinates export control issues with its international partners, and tries to maintain
consistency in export control policies worldwide.

The Office of Missile, Biological, and Chemical Nonproliferation, in addition
to its biological and chemical nonproliferation interests, also works to impede the
development of missile delivery systems for both nuclear and chemical/biological
WMD delivery. They also monitor associated materials and technology for missile
development.

The Office of Multilateral Nuclear and Security Affairs is the lead organiza-
tion for stewardship of a number of international treaties, including the Treaty on
the Non-Proliferation of Nuclear Weapons, budgetary and policy support for various
IAEA-directed activities including safeguards, nuclear security, and shared technical
knowledge, and G-7 and EU nonproliferation and disarmament summit meetings.
The Chairman of the interagency Subcommittee on International Safeguards and
Monitoring is from this Office. This Office also plays a role in various discussions,
within the US government and internationally, on safeguards, nonproliferation, secu-
rity, and nuclear disarmament.

The Office of Nonproliferation and Disarmament Fund coordinates, evaluates,
and executes projects aimed at high-priority, short-timescale activities which have a
profound effect on arms control and nonproliferation. Typically the Office has about
35–45 active projects with a total budget of around USD 150 million. Examples of
past projects have included the removal of about 100 pounds of HEU fuel from the
reactor facility at the Vinca Institute in Belgrade, Serbia and the removal of various
nuclear infrastructure items from Libya.

The Office of Nuclear Energy, Safety, and Security is the responsible party within
the State Department for coordination of peaceful uses of nuclear energy abroad,
with emphasis on export control issues, nuclear safety, and physical protection of the
facilities involved. The agency coordinates with Department of Energy and IAEA
personnel on issues related to civilian nuclear safety, waste management, and nuclear
fuel cycles as they pertain to proliferation risks and dirty bombs. This Office is also
involved in carrying out an international program to convert research and test reactors
to lower enrichment fuel, and to help with secure repatriation of HEU developed in
this way.

http://dx.doi.org/10.1007/978-3-319-29731-6_1
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The Office of Regional Affairs concentrates on diplomatic responses needed to
specific regional nuclear proliferation issues posed by countries such as Iran, North
Korea, and Syria. It also develops diplomacy for “nuclear-have” countries such as
India, Pakistan, and China.

The Office of Threat Reduction works with international partners to develop coor-
dinated global efforts to reduce the risk of WMD development. Although it focuses
on biological threats, it has a charter for nuclear weapons threats as well, through
the pathway of its outreach program to domestic and international non-government
organizations (NGOs).

The Office of WMD Terrorism is charged with reducing the threat of WMD
terrorism through building international partnerships to defend against terrorism.
ThisOffice is the chargedwith diplomatic efforts especially aimed at stopping nuclear
smuggling. The Office helps connect US experts in nuclear security, border security,
and radiation detection with their international counterparts. It chairs the Nuclear
Trafficking Response Group. It works with other agencies on developing expertise
in nuclear forensics. It also serves as the US point of contact for the IAEA Incident
and Trafficking Database.

3.5 The Department of Defense

The Department of Defense (DoD) set up the Defense Threat Reduction Agency
(DTRA) in 1998. It was the continuation and consolidation of several previ-
ous nuclear-related agencies within DoD: the Defense Special Weapons Agency
(1996–1998), the Defense Nuclear Agency (1971–1996), the Defense Atomic Sup-
port Agency (1959–1971), the Armed Forces SpecialWeapons Project (1947–1959),
and the Manhattan Project (1942–1946). It is the Combat Support Agency for all
WMD threats, including nuclear. DTRA has the prime military responsibility for
minimizing the effect of a domestic nuclear event within the US. It also has the
charge to reduce the risk of such an event, and to conduct a research program in
support of nuclear threat reduction. It is headquartered in Fort Belvoir, Virginia and
has a staff of about 2000 people, and an annual operating budget of about USD 420
million.

Part of DTRA’s charter is to assist in the implementation of the Nunn-Lugar
Cooperative Threat Reduction (CTR) Program, enacted in 1991. This treaty estab-
lished the destruction of a large part of the nuclear arsenal in the US as well as the
former Soviet Union (FSU). DTRA staff have assisted in the destruction of FSU
military equipment in three FSU countries (Ukraine, Belarus, and Kazakhstan). The
Nunn-Lugar program has four objectives:

1. Dismantle FSU WMD and associated infrastructure,
2. Consolidate and secure FSU WMD and related technology and materials,
3. Increase transparency and encourage higher standards of conduct, and
4. Support defense and military cooperation with the objective of preventing prolif-

eration.
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To date CTR has resulted in the deactivation of 7,616 warheads, 2,531 missiles
(ICBMs, SLBMs, and ASMs), 1,187 launchers and silos destroyed, and 33 sub-
marines decommissioned [3].

3.6 The US Department of Justice

The Department of Justice has jurisdiction over the Federal Bureau of Investigation
(FBI). Within the FBI, a Weapons of Mass Destruction Directorate (WMDD) was
established in 2006, and it was tasked with collecting intelligence related to attempts
at developing, importing, or stealingWMDcomponents in theUS. In 2011, aNational
Security Branch was established within the FBI, and the efforts for counterterrorism,
counterintelligence, andWMDwere combined into one branch with a senior Bureau
official presiding. Also included in this branch are activities in counterproliferation
and the Terrorist Screening Center. Additionally the Branch includes the High-Value
Detainee Interrogation Group, for intelligence gathering for collecting intelligence
from key terror suspects.

The FBI is the lead organization in the US for gathering counterintelligence. Since
proliferation attempts are often done by international organizations, the FBI partners
with agencies with an international charter, which includes the Department of Home-
land Security and the Department of Commerce’s Office of Export Enforcement.
The Export Enforcement Coordination Center, run by the Immigration and Customs
Enforcement (ICE) group at DHS, acts as a conduit for information between federal
law enforcement and the intelligence community as pertains to potential export con-
trol violations. The National Counterproliferation Center, which is managed by the
Office of National Intelligence, assists the intelligence community regarding matters
of potential nuclear trafficking, and helps with predicting future WMD threats.

3.7 The US Intelligence Community

The US Intelligence Community consists of 17 separate organizations. They are:
Air Force Intelligence, Army Intelligence, the Central Intelligence Agency, Coast
Guard Intelligence, the Defense Intelligence Agency, the Department of Energy, the
Department of Homeland Security, the Department of State, the Department of the
Treasury, the Drug Enforcement Administration, the Federal Bureau of Investiga-
tion, Marine Corps Intelligence, the National Geospatial-Intelligence Agency, the
National Reconnaissance Office, the National Security Agency, Navy Intelligence,
and the Office of the Director of National Intelligence. Of these, the Central Intelli-
genceAgency (CIA) has the largest international impact, while the FBI has the largest
presence in potential nuclear issues domestically. Whereas the FBI functions both
as a law enforcement agency and as an intelligence gathering agency, the CIA’s role
is purely intelligence gathering internationally, i.e. espionage. The CIA’s efforts are
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complemented by the National Security Agency (NSA), which is largely involved in
electronic surveillance and code-breaking. While there has been a view among some
that these agencies compete in some cases and fail to share information, in recent
years information sharing has been streamlined. The appointment of a Director of
National Intelligence has improved the situation since this positionwas established in
2004. TheDirector of National Intelligence is responsible for integrating information
from all the intelligence sources into the President’s Daily Briefing.

3.8 The Nuclear Regulatory Commission (NRC)

The NRC is responsible for controlling all SNM used for commercial and other
peaceful purposes. In order to comply with U.S. government non-proliferation com-
mitments, the NRCmust engage in various activities outside of its normal function in
regulating nuclear reactors from a safety viewpoint. These activities include imple-
menting international safeguards treaties and reviewing import and export licenses.
The NRC maintains a Nuclear Materials Management and Safeguards System
(NMMSS). It is through this system that domestic nuclear safeguards are applied
in conformance with the US’s Safeguards Agreement (SA) with IAEA. The NRC
also helps provide compliance to theNuclear Non-Proliferation Treaty (NPT) and the
Additional Protocol (AP) to the U.S.-IAEA SA, and places requirements on the U.S.
government that the NRC helps to implement. Regulations in the USCode of Federal
Regulations (CFR) 10CFR Part 75 and Part 110 contain requirements which help to
ensure that the USmeets its IAEA nonproliferation requirements as long as the NRC
and Agreement State licensees, applicants, and certificate holders comply with the
terms of these 10 CFR regulations. Additionally, however, under international safe-
guard rules, the NRC would be obliged to report the location of all civilian nuclear
facilities, give information on the location of source and special nuclear materials,
to track and report on imports and exports involving source material, special nuclear
material and certain dual-use items, and give access to the civilian nuclear facili-
ties to conduct inspections. However, as a nuclear weapons state under the NPT, the
U.S. is not obligated to undergo international safeguards. The U.S. IAEA Safeguards
Agreement and the U.S. Additional Protocol are both subject to a national security
exclusion. Nonetheless, the US has agreed to all of the reporting conditions and site
access conditions given above, except in those cases where the US determines that
national security might be jeopardized. (In practice, the IAEA has never visited a US
nuclear power plant.)

The NRC also gives technical assistance to the IAEA. The NRCworks to enhance
international safeguards and verification programsmanaged by IAEA. The Subgroup
on Safeguards Technical Support (SSTS) and other US government organizations
that NRC is involved with assist the IAEA in developing the technical capabilities
useful for enhancing verification regimes worldwide. The NRC works multilaterally
with other US agencies to improve both domestic and international nonproliferation
standards.
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4 Non-governmental Organizations (NGOs)

4.1 The Center for Export Controls (CEC)—Moscow

The CEC advises exporters of materials, equipment, and services from Russia on
possible issues pertaining to the potential use of these products and services forWMD
development. The CEC helps exporters set up training programs for development of
export controls for dual-use technology. The CEC also advises exporters on setting
up internal compliance programs, developing licensing documentation, and issuance
of international contracts for dual-use technology.

4.2 The Center for International Trade and Security,
University of Georgia (CITS)

The CITS conducts research and does teaching in the area of nuclear security, arms
control, nonproliferation, and regional security. It also explores US-Russia and US-
India foreign relations. An important focus for the Center’s work are evaluations
of nonproliferation and arms control issues from the standpoint of export controls.
These analyses include National Export Control Focus, U.S. Industry Evaluations,
Export Control Regime Evaluations, and an Export Control Database Project. The
latter is useful for government, academics, policymakers, and other NGOs.

4.3 The Center for Nonproliferation Studies (CNS)

The CNS is the largest nonproliferation-related NGO in the US, with more than 40
specialists and 70 graduate students. Its headquarters are in Monterey, California
and there are also offices in Washington, DC and Almaty, Kazakhstan. The CNS
has four major thrust areas: the Chemical and Biological Weapons Nonproliferation
Program, the International Organization and Nonproliferation Program, the Newly
Independent States Nonproliferation Program, and the East Asia Nonproliferation
Program. The CNS publishes two region-specific newsletters based on the last two
programs: the NIS Export Control Observer andNISAsian Export Control Observer.
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4.4 The Institute for Science and International Security
(ISIS)

The ISIS is committed to providing public information regarding science and public
policy issues related to national security. ISIS is focused on export control issues
regarding nuclear technology. ISIS tries to assist commercial enterpriseswhichmight
otherwise become engaged in the exportation of sensitive nuclear-related materials,
equipment, or services.

4.5 The Nuclear Threat Initiative (NTI)

The NTI provides public information regarding the nuclear, biological, chemical
weapons, and missile programs of a selection of countries. NTI promotes citizen
involvement in public policy issues involving WMD proliferation risks.

4.6 The Stimson Center

The Henry L. Stimson Center is a nonprofit, nonpartisan institution concerned with
international peace and security. The Export Controls section provides news and
information relevant to current WMD-precursor export control issues.

4.7 The Stockholm International Peace Research Institute
(SIPRI)

The SIPRI concerns itself with national and multilateral export control issues in
Europe. SIPRI offers analysis of national arms export controls, multilateral export
control regimes, and international organizations providing support to export control
efforts.

4.8 The Wisconsin Project on Nuclear Arms Control

The Wisconsin Project is the developer of The Risk Report. This report provides
current unclassified intelligence on worldwide WMD programs. The Project has
investigated sales of proliferation-related technology for more than two decades. The
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Project has identified thousands of buyers linked to WMD and missile proliferation.
By tracking and exposing the movement of weapons and dual-use goods, the Project
has been instrumental in changing export control policies worldwide.

References

1. International Atomic Energy Agency: IAEA Safeguards Serving Nuclear Non-Proliferation.
IAEA (2015). https://www.iaea.org/sites/default/files/safeguards_web_june_2015.pdf

2. International Atomic Energy Agency: Status of the Additional Protocol. IAEA (2015).
https://www.iaea.org/safeguards/safeguards-legal-framework/additional-protocol/status-of-
additional-protocol

3. U.S. Department of Defense-Defense Threat Reduction Agency: CTR program measures
and Scorecard URL http://www.dtra.mil/Portals/61/Documents/CTR%20Scorecards/Nunn-
Lugar%20CTR%20Scorecard%202014.pdf

https://www.iaea.org/sites/default/files/safeguards_web_june_2015.pdf
https://www.iaea.org/safeguards/safeguards-legal-framework/additional-protocol/status-of-additional-protocol
https://www.iaea.org/safeguards/safeguards-legal-framework/additional-protocol/status-of-additional-protocol
http://www.dtra.mil/Portals/61/Documents/CTR%20Scorecards/Nunn-Lugar%20CTR%20Scorecard%202014.pdf
http://www.dtra.mil/Portals/61/Documents/CTR%20Scorecards/Nunn-Lugar%20CTR%20Scorecard%202014.pdf


Appendix A
The Treaty on the Non-proliferation
of Nuclear Weapons

Notification of the Entry into Force

1. By letters addressed to the Director General on 5, 6 and 20 March 1970
respectively, the Governments of the United Kingdom of Great Britain and North-
ern Ireland, the United States of America and the Union of Soviet Socialist Re-
publics, which are designated as the Depositary Governments in Article IX. 2 of
the Treaty on the Non-Proliferation of Nuclear Weapons, informed the Agency
that the Treaty had entered into force on 5 March 1970.

2. The text of the Treaty, taken from a certified true copy provided by one of the De-
positary Governments, is reproduced below for the convenience of all Members.

Treaty on the Non-proliferation of Nuclear Weapons

TheStates concluding this Treaty, hereinafter referred to as the “Parties to theTreaty”.
Considering the devastation that would be visited upon all mankind by a nuclear

war and the consequent need to make every effort to avert the danger of such a
war and to take measures to safeguard the security of peoples, Believing that the
proliferation of nuclear weapons would seriously enhance the danger of nuclear war.

In conformitywith resolutions of theUnitedNationsGeneralAssembly calling for
the conclusion of an agreement on the prevention of wider dissemination of nuclear
weapons, Undertaking to co-operate in facilitating the application of International
Atomic Energy Agency safeguards on peaceful nuclear activities.

Expressing their support for research, development and other efforts to further
the application, within the framework of the International Atomic Energy Agency
safeguards system, of the principle of safeguarding effectively the flow of source and
special fissionable materials by use of instruments and other techniques at certain
strategic points.
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Affirming the principle that the benefits of peaceful applications of nuclear tech-
nology, including any technological by-products which may be derived by nuclear-
weapon States from the development of nuclear explosive devices, should be avail-
able for peaceful purposes to all Parties to the Treaty, whether nuclear-weapon or
non-nuclear-weapon States.

Convinced that, in furtherance of this principle, all Parties to the Treaty are entitled
to participate in the fullest possible exchange of scientific information for, and to
contribute alone or in co-operation with other States to, the further development of
the applications of atomic energy for peaceful purposes.

Declaring their intention to achieve at the earliest possible date the cessation of
the nuclear arms race and to undertake effective measures in the direction of nuclear
disarmament.

Urging the co-operation of all States in the attainment of this objective.
Recalling the determination expressed by the Parties to the 1963 Treaty banning

nuclearweapon tests in the atmosphere, in outer space and underwater in its Preamble
to seek to achieve the discontinuance of all test explosions of nuclear weapons for
all time and to continue negotiations to this end.

Desiring to further the easing of international tension and the strengthening of
trust between States in order to facilitate the cessation of the manufacture of nuclear
weapons, the liquidation of all their existing stockpiles, and the elimination from na-
tional arsenals of nuclearweapons and themeans of their delivery pursuant to aTreaty
on general and complete disarmament under strict and effective international control.

Recalling that, in accordance with the Charter of the United Nations, States must
refrain in their international relations from the threat or use of force against the
territorial integrity or political independence of any State, or in any other manner
inconsistent with the Purposes of the United Nations, and that the establishment and
maintenance of international peace and security are to be promoted with the least
diversion for armaments of the world’s human and economic resources.

Have agreed as follows:

Article I

Each nuclear-weapon State Party to the Treaty undertakes not to transfer to any
recipient whatsoever nuclear weapons or other nuclear explosive devices or control
over such weapons or explosive devices directly, or indirectly; and not in any way
to assist, encourage, or induce any non-nuclear-weapon State to manufacture or
otherwise acquire nuclear weapons or other nuclear explosive devices, or control
over such weapons or explosive devices.

Article II

Each non-nuclear-weapon State Party to the Treaty undertakes not to receive the
transfer fromany transferorwhatsoever of nuclearweapons or other nuclear explosive
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devices or of control over such weapons or explosive devices directly, or indirectly;
not to manufacture or otherwise acquire nuclear weapons or other nuclear explosive
devices; and not to seek or receive any assistance in the manufacture of nuclear
weapons or other nuclear explosive devices.

Article III

1. Each Non-nuclear-weapon State Party to the Treaty undertakes to accept safe-
guards, as set forth in an agreement to be negotiated and concluded with the
International Atomic Energy Agency in accordance with the Statute of the In-
ternational Atomic Energy Agency and the Agency’s safeguards system, for the
exclusive purpose of verification of the fulfillment of its obligations assumed un-
der this Treatywith a view to preventing diversion of nuclear energy frompeaceful
uses to nuclear weapons or other nuclear explosive devices. Procedures for the
safeguards required by this Article shall be followed with respect to source or spe-
cial fissionable material whether it is being produced, processed or used in any
principal nuclear facility or is outside any such facility. The safeguards required
by this Article shall be applied on all source or special fissionable material in all
peaceful nuclear activities within the territory of such State, under its jurisdiction,
or carried out under its control anywhere.

2. Each State Party to the Treaty undertakes not to provide: (a) source or special
fissionable material, or (b) equipment or material especially designed or pre-
pared for the processing, use or production of special fissionable material, to
any non-nuclear-weapon State for peaceful purposes, unless the source or special
fissionable material shall be subject to the safeguards required by this Article.

3. The safeguards required by thisArticle shall be implemented in amanner designed
to comply with Article IV of this Treaty, and to avoid hampering the economic
or technological development of the Parties or international co-operation in the
field of peaceful nuclear activities, including the international exchange of nuclear
material and equipment for the processing, use or production of nuclear material
for peaceful purposes in accordance with the provisions of this Article and the
principle of safeguarding set forth in the Preamble of the Treaty.

4. Non-nuclear-weapon States Party to the Treaty shall conclude agreements with
the International Atomic Energy Agency to meet the requirements of this Article
either individually or together with other States in accordance with the Statute of
the International Atomic Energy Agency. Negotiation of such agreements shall
commence within 180 days from the original entry into force of this Treaty. For
States depositing their instruments of ratification or accession after the 180-day
period, negotiation of such agreements shall commence not later than the date
of such deposit. Such agreements shall enter into force not later than eighteen
months after the date of initiation of negotiations.
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Article IV

1. Nothing in this Treaty shall be interpreted as affecting the inalienable right of all
the Parties to the Treaty to develop research, production and use of nuclear energy
for peaceful purposes without discrimination and in conformity with Articles I
and II of this Treaty.

2. All the Parties to the Treaty undertake to facilitate, and have the right to partici-
pate in. the fullest possible exchange of equipment, materials and scientific and
technological information for the peaceful uses of nuclear energy. Parties to the
Treaty in a position to do so shall also cooperate in contributing alone or together
with other States or international organizations to the further development of the
applications of nuclear energy for peaceful purposes, especially in the territories
of non-nuclear-weapon States Party to the Treaty, with due consideration for the
needs of the developing areas of the world.

Article V

Each Party to the Treaty undertakes to take appropriate measures to ensure that, in
accordance with this Treaty, under appropriate international observation and through
appropriate international procedures, potential benefits from any peaceful applica-
tions of nuclear explosions will be made available to non-nuclear-weapon States
Party to the Treaty on a non-discriminatory basis and that the charge to such Parties
for the explosive devices used will be as low as possible and exclude any charge
for research and development. Non-nuclear weapon States Party to the Treaty shall
be able to obtain such benefits, pursuant to a special international agreement or
agreements, through an appropriate international body with adequate representa-
tion of non-nuclear-weapon States. Negotiations on this subject shall commence
as soon as possible after the Treaty enters into force. Non-nuclear-weapon States
Party to the Treaty so desiring may also obtain such benefits pursuant to bilateral
agreements.

Article VI

Each of the Parties to the Treaty undertakes to pursue negotiations in good faith on
effective measures relating to cessation of the nuclear arms race at an early date and
to nuclear disarmament, and on a treaty on general and complete disarmament under
strict and effective international control.
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Article VII

Nothing in this Treaty affects the right of any group of States to conclude regional
treaties in order to assure the total absence of nuclear weapons in their respective
territories.

Article VIII

1. Any Party to the Treaty may propose amendments to this Treaty. The text of any
proposed amendment shall be submitted to the Depositary Governments which
shall circulate it to all Parties to the Treaty. Thereupon, if requested to do so by
one-third or more of the Parties to the Treaty, the Depositary Governments shall
convene a conference, to which they shall invite all the Parties to the Treaty, to
consider such an amendment.

2. Any amendment to this Treaty must be approved by a majority of the votes of all
the Parties to the Treaty, including the votes of all nuclear-weapon States Party to
the Treaty and all other Parties which, on the date the amendment is circulated, are
members of the Board of Governors of the International Atomic Energy Agency.
The amendment shall enter into force for each Party that deposits its instrument of
ratification of the amendment upon the deposit of such instruments of ratification
by a majority of all the Parties, including the instruments of ratification of all
nuclear-weapon States Party to the Treaty and all other Parties which, on the
date the amendment is circulated, are members of the Board of Governors of the
International Atomic Energy Agency. Thereafter, it shall enter into force for any
other Party upon the deposit of its instrument of ratification of the amendment.

3. Five years after the entry into force of this Treaty, a conference of Parties to the
Treaty shall be held in Geneva, Switzerland, in order to review the operation of
this Treaty with a view to assuring that the purposes of the Preamble and the
provisions of the Treaty are being realised. At intervals of five years thereafter. a
majority of the Parties to the Treaty may obtain, by submitting a proposal to this
effect to the Depositary Governments, the convening of further conferences with
the same objective of reviewing the operation of the Treaty.

Article IX

1. This Treaty shall be open to all States for signature. Any State which does not
sign the Treaty before its entry into force in accordance with paragraph 3 of this
Article may accede to it at any time.

2. This Treaty shall be subject to ratification by signatory States. Instruments of
ratification and instruments of accession shall be deposited with the Governments
of the United Kingdom of Great Britain and Northern Ireland, the Union of Soviet
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Socialist Republics and theUnited States ofAmerica,which are hereby designated
the Depositary Governments.

3. This Treaty shall enter into force after its ratification by the States, the Govern-
ments of which are designated Depositaries of the Treaty, and forty other States
signatory to this Treaty and the deposit of their instruments of ratification. For the
purposes of this Treaty, a nuclear weapon State is onewhich hasmanufactured and
exploded a nuclear weapon or other nuclear explosive device prior to 1 January,
1967.

4. For States whose instruments of ratification or accession are deposited subsequent
to the entry into force of this Treaty, it shall enter into force on the date of the
deposit of their instruments of ratification or accession.

5. The Depositary Governments shall promptly inform all signatory and acceding
States of the date of each signature, the date of deposit of each instrument of
ratification or of accession, the date of the entry into force of this Treaty, and the
date of receipt of any requests for convening a conference or other notices.

6. This Treaty shall be registered by the Depositary Governments pursuant to Article
102 of the Charter of the United Nations.

Article X

1. Each Party shall in exercising its national sovereignty have the right to withdraw
from the Treaty if it decides that extraordinary events, related to the subject matter
of this Treaty, have jeopardized the supreme interests of its country. It shall give
notice of such withdrawal to all other Parties to the Treaty and to the United
Nations Security Council three months in advance. Such notice shall include a
statement of the extraordinary events it regards as having jeopardized its supreme
interests.

2. Twenty-five years after the entry into force of the Treaty, a conference shall be
convened to decide whether the Treaty shall continue in force indefinitely, or shall
be extended for an additional fixed period or periods. This decision shall be taken
by a majority of the Parties to the Treaty.

Article XI

This Treaty, the English, Russian, French, Spanish and Chinese texts of which are
equally authentic, shall be deposited in the archives of the Depositary Governments.
Duly certified copies of this Treaty shall be transmitted by the Depositary Govern-
ments to the Governments of the signatory and acceding States.

IN WITNESS WHEREOF the undersigned, duly authorised, have signed this
Treaty. DONE in triplicate, at the cities of London, Moscow and Washington, the
first day of July, one thousand nine hundred and sixty-eight.



Appendix B
The Atomic Energy Act

The AEA, as amended, sets forth the procedures and requirements for the U.S.
governments negotiating, proposing, and entering into nuclear cooperation agree-
ments with foreign partners. The AEA, as amended, requires that U.S. peaceful
nuclear cooperation agreements contain the following nine provisions:

1. Safeguards: Safeguards, as agreed to by the parties, are to be maintained over
all nuclear material and equipment transferred, and all special nuclear material
used in or produced through the use of party, irrespective of the duration of other
provisions in the agreement or whether the agreement is terminated or suspended
for any reason. Such safeguards are known as “safeguards in perpetuity.”

2. Full-scope IAEA safeguards as a condition of supply: In the case of non-nuclear
weapons states, continued U.S. nuclear supply is to be conditioned on the main-
tenance of IAEA full-scope safeguards over all nuclear materials in all peaceful
nuclear activities within the territory, under the jurisdiction, or subject to the
control of the cooperating party.

3. Peaceful use guaranty: The cooperating party must guarantee that it will not use
the transferred nuclear materials, equipment, or sensitive nuclear technology, or
any special nuclear material produced through the use of such, for any nuclear
explosive device, for research on or development of any nuclear explosive device,
or for any other military purpose.

4. Right to require return: An agreement with a non-nuclear weapon state must stip-
ulate that the United States has the right to require the return of any transferred nu-
clear materials and equipment, and any special nuclear material produced through
the use thereof, if the cooperating party detonates a nuclear device, or terminates
or abrogates an agreement providing for IAEA safeguards.

5. Physical security: The cooperating party must guarantee that it will maintain
adequate physical security for transferred nuclear material and any special nuclear
material used in or produced through the use of any material, or production or
utilization facilities transferred pursuant to the agreement.

6. Retransfer rights: The cooperating party must guarantee that it will not transfer
any material, Restricted Data, or any production or utilization facility transferred
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pursuant to the agreement,or any special nuclear material subsequently produced
through the use of any such transferred material, or facilities, to unauthorized
persons or beyond its jurisdiction or control, without the consent of the United
States.

7. Restrictions on enrichment or reprocessing of U.S.-obligated material: The coop-
erating party must guarantee that no material transferred, or used in, or produced
through the use of transferred material or production or utilization facilities, will
be reprocessed or enriched, or with respect to plutonium, uranium- 233, HEU,
or irradiated nuclear materials, otherwise altered in form or content without the
prior approval of the United States.

8. Storage facility approval: The cooperating party must guarantee not to store any
plutonium, uranium-233, or HEU that was transferred pursuant to a cooperation
agreement, or recovered from any source or special nuclear material transferred,
or from any source or special nuclear material used in a production facility or
utilization facility transferred pursuant to the cooperation agreement, in a facility
that has not been approved in advance by the United States.

9. Additional restrictions: The cooperating party must guarantee that any special
nuclearmaterial, production facility, or utilization facility produced or constructed
under the jurisdiction of the cooperating party by or through the use of transferred
sensitive nuclear technology, will be subject to all the requirements listed above.



Appendix C
The Area Under the ROC Curve
for Gaussian Probability Distributions

The formula for the area under the curve (AUC) for a receiver operator characteristic
(ROC) derived from gaussian probability distributions is derived here.

Let the probability distribution of the positives be given by

p(x) = 1√
2πσ1

exp

(
− (x − μ1)

2

2σ 2
1

)

Note that
∫ +∞
−∞ p(x)dx = 1.

Similarly, let the probability distribution of the negatives be given by

n(x) = 1√
2πσ2

exp

(
− (x − μ2)

2

2σ 2
2

)

The true positive rate TPR(x) is given by the integral of the positive rate from the
threshold x to infinity, i.e.

TPR(x) =
∫ ∞

x
p(x′)dx′

= 1√
2πσ1

∫ ∞

x
exp

(
−

(
x′ − μ1

)2
2σ 2

1

)
dx′

= 1
2 erfc

(
x−μ1√

2σ1

)

and the false positive rate FPR(x) is given similarly by

FPR(x) =
∫ ∞

x
n(x′)dx′

= 1
2 erfc

(
x−μ2√

2σ2

)
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The area under the curve (AUC) is given by

AUC =
∫ 1

0
TPR |d(FPR)|

=
∫ +∞

−∞
TPR(x)

∣∣∣∣d(FPR(x))

dx

∣∣∣∣ dx
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−∞
1

2
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2σ1

) [
1√
2πσ2
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(
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2

2σ 2
2

)]
dx

This integral is essentially a double integral, since erfc is an integral over a
gaussian. We deal with this by replacing the function erfc with a substitution

erfc

(
x − μ1√

2σ1

)
= − 2√

π

∫ +∞

0
exp

(
−

(
x − μ1√

2σ1

− x′
)2

)
dx′ + 2

The AUC integral contains two terms; call them I1 and I2, with I2 standing for the
part of the above expression for the AUC with the +2 term in the above expression
for erfc, and I1 representing the part with the double integral. I2 integrates easily:

I2 =
∫ +∞

−∞
1

2
(2)

[
1√
2πσ2

exp

(
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2

2σ 2
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dx = 1.

The other term results in a double integral

I1 = −1

2
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π

∫ +∞

−∞

[∫ +∞

0
exp

(
−

(
x − μ1√

2σ1

− x′
)

2

)
dx′

]

×
[

1√
2πσ2

exp

(
− (x − μ2)

2

2σ 2
2

)]
dx

Both integrals have fixed end points, so the order of integration can be reversed:

I1 = −1

2

1√
2πσ2

2√
π

∫ +∞

0

∫ +∞

−∞

[
exp

(
−

(
x − μ1√

2σ1

− x′
)

2

)]

×
[
exp

(
− (x − μ2)

2

2σ 2
2

)]
dx dx′

We can evaluate the inner integral by completing the square. The result is
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And this gives

AUC = I1 + I2 = 1 − 1

2
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or equivalently
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Glossary

Actinide Elements with atomic number between 89 and 103
Adsorption A process where a gas, liquid or dissolved solid adheres to a surface
Alpha emission spectroscopy Analysis of a sample by the energy distrubution of

alpha particles
Areal density The product of mass density and thickness
Asymptotic Limits of functions at extreme values of parameters
Avogadro’s constant Number of atoms in a gram-mole = 6.02 × 1023

Boltzmann law Equation relating density and pressure variations with potential
energy in thermodynamic equilibrium

Boltzmann transport equation An equation describing the movement of parti-
cles in velocity space, physical space, and time

Boltzmann’s constant Constant relating average energy and temperature in a gas
or plasma

Boosting Weapon yield enhancement by use of fusion reactions
Bragg equation An equation showing the X-ray diffraction angles in X-ray in a

crystal
Breit-Wigner form A model of the energy dependence of a resonant state in an

atom or nucleus
Bremsstrahlung Radiation produced by the interaction of electrons with atomic

nuclei
Bridgman method A crystal-growing method in which a melting zone travels

slowly through the powder charge
Brunt-Väisälä frequency A frequency of stable oscillation in the atmosphere

caused by buoyancy
Burnup Consumption of fissile material due to fission reactions
BWR Boiling Water Reactor
Calcines Heating a solid material to drive off water, oxygen, and other gases
Carbogenic molecular sieve Molecular sieve containing folded graphite or other

carbon-based structure
Cerenkov effect Production of light be electrons in a mediumwhere the electrons

are traveling faster than the light speed in that medium
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Child-Langmuir limit Limit of current in a beam of charged particles due to
electrostatic space charge

Compton collisions Elastic collisions between electrons and photons
Compton kinematic discrimination Algorithm to use Compton-scattetred pho-

tons to generate a two-dimensional image
Compton upshift Production of high-energy photons by interaction of low energy

photons with an electron beam
Convolving Taking an integration of a source term with a propagation function
Core valence luminescence Radiative recombination of holes in the upper core

band into the valence band
Coriolis forces Force acting on a moving object in a rotating system
Cosmogenic Created by interaction of airborne and surface nuclei with cosmic

rays
Coulombic forces Repulsive electrostatic forces between nuclear particles
Démarche An official diplomatic protest or request
De-excitation Return of a nucleus or atom to its ground, or lowest energy, state
Debye temperature A temperature in a solid equivalent to the energy of the high-

est vibrational state
Decoupled A condition where an underground nuclear explosion is not well con-

nected to the surrounding rock
Desorption A process where a gas or liquid is released from a solid material
Deuteron photodissociation The splitting of a deuteron into a proton and a neu-

tron
Die-away time Time for a reduction in neutron count rate by a factor of e= 2.718
Dielectric constant The ratio of the electrical permittivity of a material to that of

free space
Discrete ordinate methods Neutron transport equations using a rid in space and

groups of energy and angle
Doppler broadening Increase in spectral linewidth due to random thermalmotion
Doppler shift Ashift in frequencyof awave causedby thevelocity of the generator

or observer
e-folding The time or distance for a signal to be attenuated by a factor of e= 2.718
Eikonal A theory of wave propagation which assumes that changes in the medium

happen slowly
Electron Capture Capture of an electron by an atomic nucleus
Eutectoid A material that has two distinct phases coming lead together
Even-even actinides Actinides with an even number of both protons and neutrons
Exciton A quantum-mechanical state in which an electronhole pair travel together
Fano factor Reduction in statistical variance due to collective effects
Faraday cups Electrodes for collecting charged particles
Fermat’s principle A principle that says that the path that a wave will take is the

one which takes the minimum time
Fermi age model Amethod of treating the slowing down of fast neutrons to ther-

mal energies
Fick’s law Equation relating diffusive flux to concentration gradient
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Fractionation Changes in elemental concentrations due to variations in transport
properties

Fuel shuffle Movement of fuel rods in a reactor to even out the burnup
Gamma-ray spectroscopy Identification of nuclei through gamma-ray emissions
Gaussian distribution Limiting form of a Poisson distribution when the mean

becomes large
Graphite-moderated reactor A reactor using graphite to slow fission neutrons

to thermal energies
Green body An intermediate phase of creating a ceramic
Green’s function kernel An expression used to solve a differential equation with

a source term
Hecht equation An equation describing the efficiency of charge collection in a

semiconductor
Heisenberg relation An expression for the uncertainty of the positionmomentum

product or the energy time product and Planck’s constant �

High-Z elements Elements with a high atomic number, such as U or Pb
Highly enriched uranium Uranium containing more that 20% 235U
Histogram A plot of the number of events observed for each measurement value
Hot isostatic press A method to increase the density of a material by using heat

and pressure, usually with an inert gas
Hydroacoustic Acoustic wave traveling through water
Hygroscopic Prone to absorb water
Indium resonance energy The energy at which a large cross section for capture

exists in indium at 1.46eV
Inverse barns Fluence in units of 10+24 cm−2

Jacobi symbol A mathematical operator on two integers that returns a single in-
teger

Kalinowski line A line in Xe isotope ratio space separating reactor produced Xe
from nuclear explosive produced Xe

Lagrangian fluid model A fluid description where the coordinate system moves
with the fluid

Lamb wave An atmospheric wave which is localized to the earth’s surface
Laplacian operator ∂2

∂x2 + ∂2

∂y2 + ∂2

∂z2

Laser wakefield acceleration Productionof high-energyparticles by intense laser
pulses

Love wave A wave located near the surface of a solid or liquid with a motion
perpendicular to the direction of travel and in the plane of the surface

Mach number Ratio of velocity to speed of sound
Mass attenuation coefficient Gamma attenuation coefficient divided by mass

density
Mass spectrometry Analysis of a sample by the atomic mass distribution in the

material
Matthews correlation coefficient Metric for the quality of a binary qualifier
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Maxwellian An energy distribution following Maxwell-Boltzmann statistics, i.e.
f(E) α

√
Eexp(−E/T)

Millibarn 10−27 cm2

Miscibility The ability of two substances to exist in solution together
Monte Carlo Computational method based on random numbers
Natural abundance The fraction of an isotope of an element that is found natu-

rally compared to all isotopes of that element
Nebulizer Device for making fog-like mixtures
Neutron capture Capture of a neutron by an atomic nucleus
Odd-odd nuclide A nuclide with an odd number of both protons and neutrons
Orbital states Energy states in an atom
Pig Shieldded container for radioactive materials
Poisson distribution Distribution expected for any number of uncorrelated events
PWR Pressurized Water Reactor
Quaternary Having four distinct parts
Radioxenon radioactive xenon isotopes
Rayleigh wave A wave located near the surface of a solid or liquid with an ellip-

tical motion
RMS thermal velocity The root-mean-square average velocity of particles at

some temperature
Roentgen Unit of radiation exposure, roughly equal to rads
Saggital focusing double Laue monochromator Adevice used in X-ray diffrac-

tion analysis
Scintillation detector A radiation detector based on conversion of nuclear parti-

cles or gamma rays into low-energy photons
Self-attenuation Absorption of gamma rays or particles within the material gen-

erating them
Sintered Conversion of a material into a high-density format using heat and pres-

sure
SOFAR channel Acoustic waveguide in seawater at 500–1000 m depth
Solid-state germanium detectors Radiation detectors based on conversion of

gamma rays into electron-hole pairs in germanium
Spallation Breakup of nuclei by energetic particles
Species One isotope of an element
Spline Connection of data points using smooth algebraic functions
Sterradian Unit of solid angle = ∫

d cos θdφ
Stoichiometric coefficient The subscripts in a chemical formula showing the

number of atoms per molecule
Sublimation Conversion of a substance from a solid to a gas without an interme-

diate liquid phase
Surface-barrier semiconductor diode detectors Detectors used for α counting

with a metallic contact on the back side and no diffused n-type layer
T-phase seismic wave Seismic wave resulting from a hydroacoustic wave
Ternary Having three distinct parts
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Thermal neutron cross sections Neutron cross sections averaged over a thermal
energy spectrum

Torr Unit of pressure equal to one mm Hg. 1.0 atm ≈ 760 torr
Vitrified Converted into a glass-like substance
Wavenumber 2π/λ, where λ is the wavelength
WGU Weapon Grade Uranium; enriched to >90% 235U
Yukawa kernel An alternative to the Fermi age model useful for hydrogenous

media



Index

Symbols
β − γ coincidence counter, 118
3He detectors, 173
3He shortage, 181
7Be, 36
134Cs, 111
16N, 146
208Tl, 35
222Rn, 32
233U, 91
240Pu, 19
37Ar, 113
40K, 31, 41
60Co, 41
99mMo, 112

A
Accuracy, 55
Active interrogation, 141
Acronyms, list of, vii
Additional Protocol, 217
Advanced detection technologies, 173
Air attenuation, 29
Alamogordo, New Mexico, 11, 107
Albright, Madeleine, 124
Alpha decay

in Pu, 99
Alpha machines, 86
Al-Qaeda, 4
Anti-neutrino detection, 206
Argon

nuclear testing signature, 113
ARIX-1, 116
ARIX-3, 118
Arms control and treaty verification, 193
Atmospheric transport, 114

computer modeling, 115
Aum Shinrikyo, 4
AVLIS, 88

B
Baghdad, 87
Band gap energy, 175
Bayes’s theorem, 45
Bayesian statistics, 45
Bespoke algorithms, 68
Bikini Atoll, 107
Breakout time, 85
Bremsstrahlung X-Ray sources, 157
Bulgarian border, 99
Burma/Myanmar, 90

C
Calutron, 85
CANDU, 72, 90
Castle Bravo, 107
Center for International Trade and Security,

225
Center for Nonproliferation Studies (CNS),

225
Central Intelligence Agency (CIA), 223
Cesium

fission product signatures, 111
Chronometers, 95
CLYC, CLLB, and CLLC, 181
Coded aperture imaging, 183
Cold War, 12
Compton collisions, 36
Compton imaging detectors, 187
Conditional probability, 46
Confusion matrix, 54
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Contamination control, counting laboratory,
102

Cosmic rays, 36
Cosmogenic nuclides, 36
Critical mass, 15
CZT, 178

D
Decay series, 31
Dedication, vi
Defence Department (US), 222
Delayed gammas, 145
Delayed neutrons, 144
Depleted uranium, 73
Detector systems, 47
Differential Die-Away Analysis, 142
DNDO

nuclear forensics, 218
Domestic Nuclear Detection Office

(DNDO), 218
Dose from radiation exposure, 161
Downblending, 74

E
ElBaradei, Mohammed, 4
Elpasolites, 181
Export control, 85

F
F1 test, 58
False Discovery Rate, 56
False negative, 55
False positive, 55
Fano factor, 51
Fat Man, 11
FBI, 223
Fertile conversion, 73
Fission products, 109

mass distributions, 111
Fractionation, 32
Fuel bundles, 73
Fukushima, 111
FWHM, 48

G
Ga2(Se1−xTex )3, 179
Gadget, 11
Gaussian distribution, 48
Global Nuclear Detection Architecture

(GNDA), 217

Gorbachev, Mikhail, 13
Groves, Leslie, 10
GYGAG(Ce), 175

H
Heads, 73
Hussein, Saddam, 87
Hydroacoustic monitoring, 126
Hyperfine structure, 89
Hypothesis, 45

I
IAEA, 215
IAEA Incident and Trafficking Database, 5
Imaging detectors, 183
Inconel, 85
India, 90
Infrasonic signatures, 128
Infrasound dispersion relation, 129
Institute for Science and International Secu-

rity (ISIS), 226
Intelligence Community (US), 223
Interdiction of nuclear material, 5
International Monitoring System

radionuclide monitoring, 115
Iran, 78, 90
Iraq, 87, 90
Isotope separation

cascade design, 81
cascade equations, 77
ccentrifuge, 78
electromagnetic, 85
gaseous diffusion, 75
laser, 88
molecular laser, 89
proliferation risk, 89
separative work, 77

Israel, 90
Ivy Mike, 12

J
Joe-1, 114
Justice Department (US), 223

K
Kalinowski Line, 111
Khan, Abdul Qadeer, 78
Kitty litter, 41
Krypton

fission product signature, 113
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L
LaBr3:Ce, 176
LaBr3:Ce, LaCl3:Ce, 175
LaCl3:Ce, 176
Laser Compton upshift sources, 158
Libya, 78, 90
Little Boy, 11
Lop Nor, 132
Los Alamos Primer, 14
Love wave, 120
Lycomède, 128

M
Machine Learning, 65
Manhattan Project, 10, 85
Mass spectrometry

inductively coupled pasma, 103
thermal-ion, 103

Matthews correlation coefficient, 56
Medical isotopes, 41, 112
Megatons to Megawatts, 74
MLIS, 88
Moldova, 6
Monte Carlo, 16
Morphology, 99
Munich airport, 99

N
National Nuclear Security Administration

(NNSA), 219
Negative Predictive Value, 56
Neutrino detection, 206

variation with burnup, 209
Neutron imaging, 204
Neutron multiplicity counting, 194
Neutron transport, 147
Non-governmental organizations (NGOs,

225
NORM, 40
North Caucasus, 4
North Korea, 78, 90, 109
Novaya Zemlya, 13, 124
Nuclear club, 13
Nuclear forensics, 93

post-detonation, 94
pre-detonation, 94

Nuclear fuel
spent, 74

Nuclear fuel cycle, 71
mining, 71
post-reactor, 73
reprocessing, 73

Nuclear reactors
and proliferation, 90
proliferation risk

CANDU, 90
Nuclear Regulatory Commssion (NRC), 224
Nuclear resonance fluorescence, 153
Nuclear terrorism, 4
Nuclear testing, 107

fallout from, 107
venting from, 109

Nuclear Threat Initiative (NTI), 226
Nuclear waste management, 75
Nuclear weapons

number of, 2
political motivation for, 3

O
Oak Ridge, 10
Olympic Dam, 71
Oppenheimer, J. Robert, 10

P
P wave, 119
Pair production, 37
Pakistan, 90
Peaceful uses for nuclear energy, 217
Pebble fuel, 73
Photofission, 152
Plutonium, discovery of, 10
Plutonium-gallium phase diagram, 99
Poisson distribution, 48
Positive Predictive Value, 56
Positron annihilation spectrometry, 180
Preface, vii
Primordial isotopes, 30
Pu300, Pu600, and Pu900 methods, 200
Public policy and proliferation, 215
Pulse shape discrimination, 66
PUREX, 74

Q
Quality factor (radiation dose), 162

R
Radiation

health risks, 164
background, 30

variation in, 38
backrouund

neutron, 39
Rare events, 58
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Rayleigh wave, 120
Receiver operating characteristic, 59
Red mercury, 94
Research reactors, 19
Rongelap, 107

S
S wave, 119
Safeguards, 216
SAUNA, 116
Seaborg, Glenn, 10
Seismic mb scaling with yield, 123
Seismic signals, 119
Semipalatinsk, 12, 124
Sensitivity, 55
Sevmorput, 99
Significant Quantity, 20
SOFAR channel, 127
SPALAX, 116
Special Nuclear Material, 19
Specificity, 56
Spectroscopy, alpha, 102
Spitsbergen, 124
Spontaneous fission, 18
SrI2:Eu, 175
Standard atmosphere, 129
State Department(US), 220
Statistics

energy resolution, 46
error propagation, 50, 52

Stilbebe, 181
Stimson Center, 226
Stockholm International Peace Research In-

stitute (SIPRI), 226
Syria, 90

T
Tails, 73
Tamper, 17
Teller, Edward, 12
TENORM, 40
Transport calculations

infinite half-Space, 29
point source, 24
self=shielded disk, 25

Trinity, 11
True negative, 55
True positive, 55
Tsar Bomba, 13
Turkey, 6
Tuwaitha Nuclear Research Center, 87

U
U.S. Enrichment Corporation, 89
UF6, 72
UN Security Council

Resolution 1887, 5
Uranium

chemical processing, 72
reserves, 71

Urenco, 78

V
Von Ardenne, Manfred, 78

W
Wisconsin Project onNuclearArmsControl,

226

X
X-ray diffraction, 179
Xenon

fission product signatures, 111

Y
Yellowcake, 98

Z
Zippe,Gernot, 78
Zircaloy, 73


	Preface
	Contents
	Acronyms
	Introduction
	1 Nuclear Proliferation
	2 The Threat of Nuclear Terrorism
	3 Interdiction of Nuclear Material
	References

	Nuclear Explosives
	1 History
	1.1 The Dawn of the Atomic Age
	1.2 The Cold War and the Arms Race
	1.3 The Fall of the Soviet Union

	2 Device Physics
	2.1 Critical Mass
	2.2 Heat Generation. Neutron Background and Predetonation

	3 Special Nuclear Material
	References

	Signatures and Background
	1 Simplified Transport Calculations
	1.1 Gamma Radiation Field from a Point Source
	1.2 Self-Shielded Disk
	1.3 Intermediate Optical Thickness
	1.4 Infinite Half-Space Source

	2 The Radiation Background
	2.1 The Primordial Isotopes
	2.2 Cosmogenic Nuclides
	2.3 The Compton Continuum and Pair Production
	2.4 Typical Background Spectra
	2.5 Man-Made Radioactivity
	2.6 Neutrons
	2.7 NORM and TENORM
	2.8 Medical Isotopes

	3 Problems 
	References

	Detection Statistics
	1 Classical and Bayesian Statistics
	2 Counting Statistics
	2.1 Energy Resolution Statistics
	2.2 More on Error Propagation Statistics

	3 Confusion Matrices
	4 Receiver Operating Characteristics
	5 Application of Bayesian Statistical Methods
	6 Pulse Shape Discrimination as an Example  of Binary Classification
	7 Problems
	References

	The Nuclear Fuel Cycle
	1 Mining and Chemical Processing of Uranium
	2 UF6 Conversion and Enrichment
	3 Post-reactor 
	4 Conversion of Military Materials
	5 Waste Management
	6 Enrichment Technologies
	6.1 Gaseous Diffusion
	6.2 Centrifuge Separation
	6.3 Electromagnetic Separation
	6.4 Laser Isotope Separation

	7 Reactors and Proliferation
	8 Problems
	References

	Nuclear Forensics
	1 Introduction
	2 Attribution Methods
	2.1 Chronometers
	2.2 Calculation of Initial Enrichment
	2.3 Other Nuclear Signatures
	2.4 Morphology and Structure

	3 Analysis Tools
	3.1 Radiation Detection Equipment
	3.2 Mass Spectrometry

	4 Problems
	References

	Nuclear Testing
	1 Introduction and History
	2 The Comprehensive Test Ban Treaty  and the International Monitoring System
	3 Radionuclide Monitoring
	3.1 Fission Product Distributions
	3.2 Xenon and Cesium Signatures
	3.3 Krypton Signatures
	3.4 Argon-37
	3.5 Atmospheric Transport of Radionuclides
	3.6 Radionuclide Monitoring Technology

	4 Seismic Signals
	4.1 Seismic Wave Types
	4.2 Distance-to-Event Determination
	4.3 Seismic Signatures of Nuclear Explosive Tests
	4.4 Limitations of Seismic Monitoring

	5 Hydroacoustic Monitoring
	6 Infrasonic Signatures
	6.1 Waves in the Atmosphere
	6.2 Infrasound Signatures for Atmospheric Nuclear Testing
	6.3 Instruments for Infrasonic Detection

	7 Concluding Remarks
	8 Problems
	References

	Active Interrogation
	1 Introduction
	2 Neutron Active Interrogation
	2.1 Differential Die-Away Analysis
	2.2 Delayed Neutrons
	2.3 Delayed Gammas from Fission Products
	2.4 Neutron Transport

	3 Photofission
	4 Nuclear Resonance Fluorescence
	4.1 NRF Physics
	4.2 Photon Sources for NRF

	5 Dose Considerations
	5.1 Radiation Exposure
	5.2 Health Risks

	6 Conclusions
	7 Problems
	References

	Advanced Detection Technologies
	1 Introduction
	2 Advanced Scintillator Materials
	3 Advanced Semiconductor Detectors
	4 Alternatives to 3He
	4.1 History and Background
	4.2 Stilbene
	4.3 CLYC, CLLB, and CLLC

	5 Imaging Detectors
	5.1 Detector Arrays
	5.2 Compton Imaging

	6 Concluding Remarks
	7 Problems
	References

	Arms Control and Treaty Verification
	1 Introduction
	2 Neutron Multiplicity Counting
	3 Pu300, Pu600, and Pu900 Methods
	4 Neutron Imaging
	5 Neutrino Methods
	5.1 Reactor Antineutrino Detection Time Dependence

	6 Concluding Remarks
	7 Problems
	References

	Public Policy and Proliferation
	1 Introduction
	2 The International Atomic Energy Agency (IAEA)
	2.1 Verification and Safeguards
	2.2 Additional Protocol
	2.3 Peaceful Uses of Nuclear Energy

	3 Nuclear Nonproliferation Activities Within the US Government
	3.1 DHS: The Domestic Nuclear Detection Office (DNDO)
	3.2 DNDO Nuclear Forensics Efforts
	3.3 National Nuclear Security Administration (NNSA)
	3.4 The Department of State
	3.5 The Department of Defense
	3.6 The US Department of Justice
	3.7 The US Intelligence Community
	3.8 The Nuclear Regulatory Commission (NRC)

	4 Non-governmental Organizations (NGOs)
	4.1 The Center for Export Controls (CEC)---Moscow
	4.2 The Center for International Trade and Security, University of Georgia (CITS)
	4.3 The Center for Nonproliferation Studies (CNS)
	4.4 The Institute for Science and International Security (ISIS)
	4.5 The Nuclear Threat Initiative (NTI)
	4.6 The Stimson Center
	4.7 The Stockholm International Peace Research Institute (SIPRI)
	4.8 The Wisconsin Project on Nuclear Arms Control

	References

	Appendix AThe Treaty on the Non-proliferationof NuclearWeapons
	Appendix BThe Atomic Energy Act
	Appendix CThe Area Under the ROC Curvefor Gaussian Probability Distributions
	Glossary
	Index



