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Introduction

The European Safeguards Research and Development Association (ESARDA) has setup an academic course
module with a full five-days program of lectures by experts in the field of nuclear safeguards and non-
proliferation, visits to safeguards laboratories and some classroom exercises. This course is since 2004
annually organized by the Nuclear Security unit of the Joint Research Centre (JRC) in Ispra and meanwhile
recognised as optional course in the European curriculum for Nuclear Engineering with three credits in the
European Credit Transfer System (ECTS).

The course addresses the various aspects of a global nuclear non-proliferation system and explains how this
system works in practice. It starts from the legal basis of the Treaty on Non-Proliferation of Nuclear Weapons
at international scale and the EURATOM Treaty at regional scale, on the one hand and the technical aspects of
the Nuclear Fuel Cycle on the other hand. After having explained the terminology and specification of nuclear
materials as subject, the Safeguards Principles are defined, including the statistical aspects of accountancy
and auditing. Then the nuclear safeguards technology is described with destructive and non-destructive
nuclear material measurements, monitoring of transported or processed bulk material, containment and
surveillance techniques. Their application in field is illustrated with a direct reporting of on-site inspections by
the EURATOM and IAEA inspectorate. In the course, also innovative technologies as used for the Additional
Protocol, environmental sampling and satellite imagery, are discussed and an excursion on nuclear forensics
is given. An overview is given on the management and analysis of information, such as collected from open
sources. Also analysis on import/export and strategic trade controls ares addressed. To comply with the
ambition of an up-to-date course, the standard safeguards aspects are completed in the course with some
topical lectures. Because of their temporary nature these are not included in the standard safeguards
information package the syllabus aims to provide. Those topical lectures and case studies, such as on Irag,
Nuclear Security, Illicit Trafficking, or on the industry impact with the example of a Central Fuel Bank, serve as
illustration for the discussed nuclear safeguards and non-proliferation issues. In a summary, the course deals
specifically with technical aspects and application of safeguards and non-proliferation tools, including
examples of in-field implementation of the safeguards principles and methodology at the different nuclear
facilities.
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This compact course is open to Master Degree students, in particular Nuclear Engineering students, but also
International Relations/ Law Students and to young professionals. It aims also to provide understanding and
communication of both very complementary aspects: technical and juridical/political.

Due to its success, the course was reached-out over several worldwide regions such as Asia and Africa, thanks
to the financial support of EC DG INTPA. In Africa, two regional courses based on ESARDA course were
successfully organized in 2018, the first in Pretoria for South African countries (13 countries) in February
2018 and a second in Algiers for north African and Sahel countries (9 countries) in October 2018. In South
East Asia, two regional courses were organized for South East Asian countries, the first in Bangkok (Thailand)
in June 2013 and the second in Kuala Lumpur (Malaysia) in November 2015. A third course in Asia was
orgnised in September 2017 for China and took place at Tsinghua University in Beijing with about 80
participants from 18 Chinese universities and six private companies. The outreach ESARDA course constituted
an important evolution with respect to classical ESARDA course, which is organized in JRC Ispra (Italy). Another
important evolution of the course is initiated from the Coronavirus pandemic context, in fact the annual
ESARDA course is successfully organised on-line since 2021 with an outstanding participation of African
countries.

Last but not least, based on the success of this one week course and the high international interest it enjoys,
an additional initiative was started, building upon this course and relying strongly also upon the involved
experts, from ESARDA and partnering organisations, to implement a full academic specialised master
programme in nuclear safeguards (60 ECTS points), where the first batch of 24 students graduated in
November 2022 at the Politecnico di Milano under coordination by the European Nuclear Educational Network
and funding by the European Commission.

Foreword

The continued interest in the deployment of nuclear technology for energy production, medical and other
applications, urges the parallel development of the necessary human resources potential. Expanding this
sophisticated nuclear sector with the same high-level standard of safety, safequards and security requires
highly skilled staff for design, operations, licensing, inspections .. Today fewer comprehensive, high-quality
nuclear technology educational programs are observed than before in most countries and the ability of
universities to attract students, to meet future staffing requirements of the nuclear industry is becoming
seriously compromised. Thus, education and training in nuclear engineering and sciences is one of the
cornerstones for the nuclear sector. Teaching in the nuclear field still seems strongly influenced by national
history but it is time to strengthen resources and collaborate. Moreover, with the current nuclear security
threats it becomes primordial that nuclear technology experts master the basic principles not only of safety,
but also of nuclear safeguards, non-proliferation and security. The classic nuclear engineering courses cover
well reactor operation and nuclear safety and security aspects, but are shortcoming with regard to technical
aspects of non-proliferation, safeguards, import-export control etc.

This shortcoming on education in nuclear safeguards and non-proliferation was discussed by the ESARDA and
it was decided to provide a continuum of didactical information, from a glossary that explains shortly the
various concepts and objects used in nuclear safeguards, to a specialised course entirely devoted to teaching
nuclear safeguards and non-proliferation concepts, methods and techniques. Both glossary and technical
sheet examples can be found on the ESARDA website and the course activity is ongoing with annual
safeguards courses. The course modules initiated in September 2002, thanks to the effective support of the
ESARDA Secretary with an evaluation of the demand and interest for these Course Modules. This led to the
setup of a task group in May 2003, which took shape as a new ESARDA WG, called the Training and
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Knowledge Management Working Group — TKMWG. Since then, together with the JRC in Ispra a nuclear
safeguards and non-proliferation course is organized every spring and is receiving international response of
lecturers and students. This course is detailed on https://esardajrc.ec.europa.eu/course_en with schedule and
abstracts for each lecture. The course program addresses:

i. “what is safeguarded” (definition of nuclear material subject to safeguards),
ii. “where is such nuclear material found” (nuclear fuel cycle),

iii.  “which legal protective means” (the international and regional treaties, institutions and
organisations),

iv. “how to control the nuclear material inventory and to audit a nuclear material accounting” (the
techniques and methodology of verification, statistics for accounting & control),

V. “practical implementation of control measures” (how inspections are performed, and which tools the
inspector has),
Vi. “What additional information offers” (importance of the collection of open source data, illustrated

with some case studies, and import/export and strategic trade controls).

The standard set of lectures, which represent about two third of the course, are given by representatives from
regulatory bodies and inspectorates such as EURATOM, IAEA, IRSN, industry such as ORANO, and research
organisations (Stockholm University, Hamburg University, JRC-Ispra/Karlsruhe/Geel). The course covers most
of the safeguards and non-proliferation topics from the historical, legal and technical aspects such as:

- History of Non-Proliferation

- EURATOM, Historical Facts Material and Facilities subject to Safeguards

- Non-Proliferation Treaty

- Nuclear Fuel Cycle

- Nuclear Material Accounting and Control (NMAC)

- State System for Accounting for and control of Nuclear Material (SSAC)

- Safeguards On-Site Inspections

- Destructive and Non-Destructive Assay of nuclear material (DA and NDA)
- Containment and Surveillance

- Statistical Accounting State System for Accounting for and control of Nuclear Material (SSAQ),
- Aspects of Export Control of Dual Use Commodities

- Information Collection and Analysis

- State Level Concepts and Approaches

The remaining part is completed with topical lectures addressing illicit trafficking, the Iraq case study, satellite
imagery interpretation etc. With this structure of a stable core part and a variable set of invited lectures, the
course is both sustainable and up-to-date.

A syllabus with background information on the basic principles for nuclear safequards and non-proliferation
was realized with the input of the lecturers and the reviewing effort of the different ESARDA Working Groups
and covers the core part of the course. The objective of the course and the syllabus is to provide a
homogeneous set of information material in nuclear safeguards and non-proliferation at the European and
international level. It serves in particular as a reference work of didactical material reviewed by the ESARDA
safeguards experts. This ESARDA-labelled course material should provide not only students but also teachers
the basis for addressing nuclear safeguards and non-proliferation in their courses.
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In this way, the ESARDA WG TKM aims to contribute to a two-fold scientific-technical and political-juridical
education and training. This allows education of safeguards professionals with an equilibrated background in
nuclear technology and in nuclear law, which are able to understand both, the language of lawyers and of
nuclear technicians-scientists. In the EU, to our knowledge no multidisciplinary education initiatives in
safeguards, non-proliferation exist. To streamline the educational resources, new synergies with
interuniversity collaboration in a first step and interfaculty collaboration in a second step are fostered.
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Nuclear Non-Proliferation — A Brief Historical Background

Thomas Jonter

Stockholm University

Introduction

The ultimate goal of nuclear non-proliferation is to prevent the spread of nuclear weapons. Ever since 1945,
when the first atomic bombs were dropped over Japan, states, regional organizations, and international
organizations have sought, by various means, to limit the possibilities of nations developing nuclear capacity.
These efforts have resulted in the setting up of an international system of cooperation among countries;
treaties and conventions have been signed and ratified, and global and regional organizations and national
authorities have been established with the aim of stopping the illegal flow of nuclear materials and
components. The system is far from perfect, and it isn’t one that all the states of the world adhere to. In
1945, there was one nuclear power in the world - the United States. Today, there are nine states with nuclear
weapon capacity - the United States, Russia, Great Britain, France, Ching, India, Pakistan, Israel, and North
Korea. Against this backdrop, is it then really relevant to speak of success in the prevention of proliferation of
nuclear weapons? The answer to that question depends on how the word “successful’ is defined and on what
are considered as attainable objectives. An optimistic person would surely say that it could have been a lot
worse. Considering that a large number of states were contemplating acquiring nuclear weapons during the
1950s and 1960s, the current number of nuclear weapons states could have been much higher unless the
work against nuclear proliferation had been successful. The optimist might add that there hasn’t been a
nuclear war since August 1945. On top of that, the optimist would possibly also point out that states such as
South Africa, Ukraine, and Kazakhstan have voluntarily relinquished their nuclear arsenals. All in all, in the
eyes of the optimist, the system of nuclear non-proliferation has functioned well, despite certain deficiencies
and shortcomings.

On the other hand, a pessimist would probably claim that all the efforts to create a non-proliferation system
have hardly succeeded in making the world a safer place; if anything, the opposite is true. The pessimist
would also most likely assert that the current multipolar international system is much more insecure and less
predictable compared with the bipolar system during the cold war. During the cold war, the world was divided
into two power blocks, and the two superpowers, the United States and the Soviet Union, were able to control
each other, thereby reducing the risks of a nuclear war. Today, however, we have several countries with
nuclear weapons capability. As a consequence, the prospects for major crises have increased dramatically and
a future nuclear war cannot be ruled out as unthinkable.! To this, the pessimist would surely add the threat
from terrorist groups, which, according to some experts, have tried to acquire nuclear weapons. Who is right,
the optimist or the pessimist? Once again, that depends on the vantage point and what is considered to be the
ultimate attainable objective in efforts to create a safer world.

Since 1945 three main approaches have been used to reduce the number of nuclear weapons: disarmament,
arms control and non-proliferation. These three approaches, or endeavours, have meant different things for
various actors over time. For example, during the 1960s the United States and the Soviet Union often used
the term disarmament in conjunction with initiatives to create agreements to promote international security.

! About the prospects for major crises and military conflicts in a multipolar system, see for example, John F. Mearsheimer, Back to the
Future: Instability in Europe after the Cold War. International Security, Summer 1990 (Vol. 15, No. 1).

6
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However, the intention was never to aspire to a complete abolishment of all nuclear weapons. Disarmament
in the eyes of the US and Soviet state leaders meant, in real terms, arms control or non-proliferation. The two
superpowers overarching aim was to implement an international order that allowed them to keep their own
nuclear weapons while preventing other states from acquiring those weapons.

To understand where the world community stands today in the efforts to create a safer world without nuclear
weapons, we need to come to grips with how the major actors (primarily the United States and the Soviet
Union/Russia) have interpreted and used these three terms during different periods since 1945. By doing this
we can better understand the intentions behind radical proposals to reduce or abolish nuclear weapons and
how they have been handled at international settings since the cold war period.

In this chapter, the three main approaches are used according to the following definitions:

e Nuclear disarmament: endeavours that aim to abolish nuclear weapons completely.

e Nuclear non-proliferation: legal and/or political undertakings with the aim of limiting the
spread of nuclear weapons.

e Arms control: efforts to reduce the development, stockpiling, production, proliferation and

usage of nuclear weapons through political and/or legal commitments.?

Background: 1939-45

When was the first step taken towards what was later to be called nuclear energy and its use? It is impossible
to cite an exact date or to point to a single, decisive discovery. The idea that the things we can see with the
naked eye consist, in their tumn, of smaller elements has more or less been taken as a fact in the discussions
of learned philosophers since time immemorial. Already during antiquity, Democritos speculated that the
smallest elements of matter consisted of what he called “atoms.” In the 17th and 18th centuries,
Enlightenment philosophers developed atomic models describing the structure of the world. For example,
Isaac Newton imagined something resembling miniature billiard balls which he believed formed the basis of
the mechanics of the universe. But there have also been scientists in modern times who have doubted the
existence of the atom. The world-famous German physicist Max Planck even believed that the atom could be
considered a British invention, and if such an element of matter existed, he asserted, it could not be
mechanical in nature. A mechanistic atom, Planck writes in his doctoral dissertation of 1879, is inconsistent
with the second law of thermodynamics.®

However, the first evidence that there exist small particles, atoms, in nature was found during an experiment
conducted by the physicist Emest Rutherford in 1911. Rutherford was inspired by the research on radioactivity
conducted by Henri Becquerel and Pierre and Marie Curie in Paris.* During the 1920s and 1930s, the
frontlines of research were being moved forward at dizzying speed, and both physicists and chemists took
part in this accelerating scientific development. Indeed, it is probably impossible to establish an exact date.
However, if one still wants to attempt finding a date, especially one that signalled a decisive breakthrough for
the direct civilian and military use of nuclear energy, then January 6, 1939 would not be a bad choice. For it
was on this day that the German physicists Otto Hahn and Fritz Strassman described, in the journal
Naturwissenschaften, their discovery of a new type of nuclear reaction - fission. In an experiment, they had
bombarded a uranium atom and successfully split it into two lighter elements. Other researchers became

2 Barry Kolodkin, “What is arms control?”18 March 2017 https://www.thoughtco.com/what-is-arms-control-3310297
® Richard Rhodes, The Making of the Atomic Bomb. Touchstone Books, New York 1986, p. 30.
4 Ibid., p. 42.
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inspired. Soon thereafter, the Austrians Lise Meitner and Otto Frisch demonstrated experimentally that this
fission released energy, an energy that it would be possible to exploit. A couple of weeks after that the
Hungarian physicist Leo Szilard was able to establish that two neutrons are released when a neutron that has
already been released in the process collides with another (35U) atom.> All those discoveries had an
enormous impact on the ongoing physics research all over the world. Now it seemed that the energy issue
had been solved for all time.

Unfortunately, it was not the civilian use of nuclear energy that became the first tangible application of this
new science. During the Second World War, a race emerged between Nazi Germany and the United States to
use this new science to produce nuclear weapons. Leading scientists were engaged in this competition. For
example, Albert Einstein, at the request of Leo Szilard among others, wrote a letter to the US President
Franklin Roosevelt in August 1939 that became the launching pad for the program to manufacture atomic
bombs. In the letter, the famous physicist explained that Germany had begun experiments aimed at producing
highly enriched uranium for the development of nuclear weapons. Einstein advised Roosevelt to commit
resources to developing nuclear weapons before Nazi Germany would be able to succeed in doing s0.°
However, it took a long time for Roosevelt and the US administration to give green light to the plans that
Einstein expressed in his letter. A project to develop atomic bombswas a major commitment and would
require huge financial and scientific resources. Decision makers and advisors within the American
administration wondered if it really would be wise to invest all needed scientific skills and capital in aproject
whose results were difficult to overlook. In October 1941, however, President Roosevelt made the decision to

launch the world's largest military industrial project to date, namely the Manhattan Project.

Roosevelt ‘s approval to go ahead with the project had been preceded by a convincing research report that
affected the outcome of the decision. During the spring of 1941, the top secret British so-called MAUD
Committee's findings had been handed over to the United States. The MAUD committee, whose members
represented a network of physicists from outstanding British universities, had in two reports summarized its
conclusions on how a production of nuclear weapons could be carried out. Despite the excellent nuclear
research conducted in United Kingdom, the country was far from able to allocate needed resources to realize
such a huge and complex project. The fierce war with Nazi Germany devoured the country ‘s all capital and
manpower.’

The Manhattan project has often been characterized as the first model of how large-scale research can be
created - so called "big science". Before WWII, universities and research institutes had in general scarce
resources and were not in a position to build larger research environments. However, the necessities of war
forced governments in most nations to allocate financial resources to build large-scale research projects with
the goal to develop efficient weapon systems. As a consequence, large and costly scientific and technical
cooperation projects emerged among universities, research institutes and companies in most countries
affected by the war. The Manhattan project was such a “big science” project, but on a mega scale. At most,
more than 130,000 people were involved in the efforts to develop nuclear weapons! Cadres of scientists,
engineers, civil servants, workers were employed during the war years. A dynamic and authoritarian general,
Leslie Groves, became the director of the Manhattan project in 1942 and he ran the project withaniron fist.

® David Fischer, History of the International Atomic Energy Agency: The First Forty Years. IAEA, Vienna 1997, p. 15. et passim.

& Rhodes, p. 303-314.

7 David Holloway, Stalin and the Bomb. The Soviet Union and the Atomic Energy, 1939-1956. Yale University Press, New Haven & London,
1994, pp. 79-82.
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The nuclear physicist Robert Oppenheim was connected to the Manhattan project as a scientific leader and in
this capacity he is often referred to as “the father of the atomic bomb”.2

The Great Race: Who will have nuclear weapons first?

The overarching objective of the British-US policy regarding Nazi Germany became to prevent the enemy
state to get access to uranium. Access to uranium constitutes the key precondition to initiate a nuclear
weapon program. During the Second World War the knowledge regarding the world 's uranium resources was
quite limited. At that time, the main source of uranium was Belgian Congo, and British-US intelligence knew
that Nazi Germany had received a stock of uranium from that origin. In 1944 it became obvious in US and
British intelligence circles, however, that Nazi Germany would hardly be able to produce nuclear weapons
during the ongoing war. The German bomb project had not advanced as far as American and British experts
had expected it to do a couple of years earlier. Besides Germany, also the Soviet Union was considered as a
potential threat in the long run. Although U.S.A and British experts drew the conclusion that it was likely to
assume that some theoretical studies in the nuclear field had already been initiated, they would hardly
succeed to start a nuclear program in good many years. General Groves claimed that it would take at least 20
years for the Russians to develop their own nuclear weapons. In fact, the leading Soviet nuclear physicist Igor
Kurchatov had already in 1939 informed his government and its leader, Joseph Stalin, about the prospects of
exploiting the fission energy for military purposes.® Some laboratory experiments were also conducted in
Soviet launched the following year. The German invasion in 1941 and lack of uranium, however, hampered
the Soviet nuclear research. It was not until the end of the war that the Soviet exploration started seriously. At
that point, the Soviet geologists had found rich uranium resources, mainlyin Central Asia and in Estonia,
which could be used in the nuclear weapons program that was launched after the war. *°

In June 1944, the United States and Great Britain signed an agreement, the Combined Development Trust,
with the goal of winning control over the world’s reserves of uranium. The most important goal was to gain
influence over the world’'s major uranium deposit in the Belgian Congo, and this was achieved in 1944-45
when a secret agreement was entered into force with the Belgian government-in-exile concerning the
commercial exploitation of the country’s uranium reserves. This efficient uranium cooperation thus resulted in
the United States and Great Britain controlling more than 97 percent of the world's uranium production.*

On August 6, 1945, the first nuclear weapon was dropped over Japan. It was a uranium bomb named “Little
Boy” which detonated over Hiroshima and which by year's end had extinguished some 140,000 human lives.
Five years later, the number of deaths caused directly by “Little Boy” had risen to 200,000. The population of
Hiroshima at this time was around 400,000.'? These numbers indicate the explosive force of the world’s first
nuclear device.” Three days later, on August 9, the second bomb was dropped on Japan. Thistime, it was a
plutonium bomb, and the name of the city where it was dropped was Nagasaki. In December 1945, 70,000

8 About Robert Oppenheimer, see Kai Bird and Martin J. Sherwin, American Prometheus: the triumph and tragedy of J. Robert
Oppenheimer, Atlantic Books, London, 2008.

9 Rhodes The making of the Atomic Bomb, p. 500 et passim. On Igor Kurchatov and his activities, see Paul R. Josephson, Red Atom:
Russia’s Nuclear Power Program from Stalin to Today (New York: W.H. Freeman; Basingstoke: Macmillan, 1999), p. 11 et passim.

1 On uranium production in Estonia, see Ello Marem&e, Hain Tankler, Henno Putnik, Ige Maalmann, Historical Survey of Nuclear Non-
Proliferation in Estonia, 1946-1995, Kirguskeskus, December 2003; Thomas Jonter & Lars Van Dassen, “Making Historical Surveys
of States’ Nuclear Ambitions: Experiences from the Baltic Sea Region,” The Nonproliferation Review, March 2005, vol. 12, No. 1.

! Holloway, p. 174.

12 Richard Rhodes, The Making of the Atomic Bomb, p. 733 et passim.

13 On the explosive force, see Rhodes, p. 561, 643.
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people had died in Nagasaki, and after another five years the number had increased to 140,000.* It was
immediately obvious that a weapon with a monstrous explosive force had been produced. Now, the chief
concern was preventing this monstrous weapon from spreading.

The Failure of Anglo-American Nuclear Weapons Monopoly: The Period of
1945-1952

On April 25, 1945, more than three months before the two nuclear bombs were dropped over Japan, the U.S.
secretary of war, Henry Stimson, reported to President Truman that the control of nuclear weapons “will
undoubtedly be a matter of the greatest difficulty and would involve such thoroughgoing rights of inspection
and internal controls as we have never heretofore contemplated.” *®

The three states that signed the Quebec treaty, and which together controlled the production of uranium and
thorium during the war, also took the first step towards finding a global solution to the problem. In November
1945, the United States, United Kingdom and Canada presented a common strategy when they announced
the Three Nation Agreed Declaration on Atomic Energy, which said that the newly formed supranational
United Nations organization should be given responsibility for handling the surveillance and control of the
global use of nuclear energy in order to promote its peaceful use exclusively. Shortly thereafter, at a meeting
in Moscow, the United States and United Kingdom proposed the establishment of a new authority, the United
Nations Atomic Energy Commission (UNAEC), in line with the Three Nation Agreed Declaration on Atomic
Energy. The Soviet Union accepted the proposal but maintained that the work of the UNAEC should be
controlled by the Security Council with its built-in veto mechanism, something which the Americans and
British agreed to. In January 1946 the UNAEC was formed, and in the subsequent years various ideas were
put forward about how to abolish nuclear weapons and control the peaceful use of nuclear energy. These
were often radical proposals, which were soon crushed by the cold war manoeuvrings of the superpowers.®

One example of a proposal that ended up in the dustbin is the so-called Baruch Plan of June 1946. The
objective of this proposal was to create an organization, the International Atomic Development Authority
(IADA), which would either have the right of disposition or exercise control over all nuclear energy activities in
the world that were considered a threat to global security. One of its first tasks would be to gather and
maintain complete and exact information about the world’s reserves of uranium and thorium and to take
control over them. The Baruch Plan was aimed at creating an international organization with real powers
which would handle transactions involving nuclear materials. According to the proposal, the IADA would also
have authority to impose sanctions on nations that did not adhere to the international regulations, and no
nation would have the right to veto its decisions.

The Soviet Union under Stalin’s leadership did not accept this proposal. In Stalin’s view the abrogation of the
veto right was an impossible proposition since this was one of the most important principles of the system
which the four Allied powers of World War Il had agreed upon. According to the Soviet view, these states
alone - France, the Soviet Union, Great Britain, and the United States — should uphold the world order.
Moreover, the Russians had already decided to acquire nuclear weapons of their own. The Baruch Plan would
have rendered a Soviet nuclear weapons program impossible. On the American side many were also sceptical
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about the realism of the Baruch Plan. Six days later, the Soviet foreign minister, Andrei Gromyko, put forward
a counterproposal that contained a reversed action plan. The Soviet proposal tumed the logic of Baruch’s
basic idea of “control first, then disarmament” on its head, and claimed that it would be better to start by
destroying all nuclear weapons (no later than three months after an international convention had come into
force), and then to have the UNAEC tum to IADA which would verify that the treaty was observed.

One year later, the Soviets proposed the creation of an organization similar to the system of reporting and
inspections that was set up 20 years later through the Non-proliferation Treaty of Nuclear Weapons (NPT).
However, there was one important difference compared with the NPT: inthe Russian proposal it was the
nuclear energy activities of the United States and the Soviet Union that would be subject to control. The
United States and its allies found the proposal insufficient and rejected it. On the whole, the discussions in the
UNAEC were unsuccessful. Already at the end of 1949, after 200 sessions, the UNAEC was abolished.?

In September of that year, the Soviet Union performed its first nuclear test. The announcement came as a
shock to US officials since American experts had assumed that it would take the Soviet Union at least 20
years to become the world’s second nuclear power.'8 The Cold War was now a fact, and the efforts directed
at creating a globally accepted nuclear materials control system that would enjoy the support of both
superpowers were from now on and for a long time thereafter regarded as utterly naive.

At the same time as discussions were going on about the setting up of a global control system for nuclear
energy, the United States government took measures, based purely on its perceived national interests, aimed
at limiting other states’ access to nuclear materials and other products which might be used for nuclear
weapons production. The overarching nuclear energy policy of the United States throughout the Cold War can
be summarized as consisting of the following objectives:

1. To increase the military strength of the United States by maximizing, through various forms of
cooperation, US nuclear weapons interests, while simultaneously thwarting other countries’ attempts
to acquire nuclear weapons of mass destruction.

2. To prevent the proliferation of nuclear weapons.

3. To control the sale of nuclear materials and other equipment that might be used for nuclear weapons
production.

4. To make other countries dependent on the United States in the nuclear energy area. By creating this
dependence, the United States would be in a position to control other countries’ development of

nuclear energy.*®

In 1946, the US Congress passed the first law dealing with the use of nuclear energy in the United States, the
so-called McMahon bill. In accordance with this law, the United States Atomic Energy Commission (AEC) was
created, with the objective of verifying that the new law was observed in the United States and of maintaining
oversight of American trade in nuclear materials and technology. The main purpose of the US legislation was
to stop the export of strategically important nuclear materials and products to other states. Some exports
would be allowed, however, if they were perceived to further American scientific and military interests.

7 |bid., p. 19 et passim.

'8 |bid., p. 21.
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In October 1952, United Kingdom became the world’s third nuclear power. There was a substantial fear within
the US administration that more states would soon be able to achieve nuclear weapons capability since both
information about the production technique and nuclear materials were spreading. Furthermore, various
reports described the rapid growth of the Soviet nuclear arsenal. For example, the official U.S. Candor Report
of 1952 states that the Soviet Union may shortly have the capacity to obliterate 100 of the key US.
industries and thus win the third world war.?° Since both the Soviet Union and United Kingdom had succeeded
to achieve nuclear weapons, it was obvious that the United States strategy to create a monopoly of the
world ‘s uranium had now failed.

To summarize the period 1945-52, it ’s fair to say that disarmament dominated the international efforts to
get rid of all nuclear weapons. Disarmament in this context meant endeavours to abolish nuclear weapons
completely. The proposals that were presented and discussed within the UNAEC framework were based on
that notion. It became obvious, though, that the US ambition to create a nuclear monopoly had failed since
both the Soviet Union and Great Britain succeeded in acquiring nuclear weapons during up until the end of
1952.

The Creation of the International Atomic Energy Agency: 1953-1957

Against the background that the monopoly strategy of United States had failed, the new president, Dwight D.
Eisenhower, launched a new policy, the so called “Atoms for Peace” program. In December 1953, Eisenhower
gave a speech in the UN where this new policy was explained with the goal to foster a global cooperation in
the nuclear field. United States should no longer prevent other countries from developing their nuclear energy
capability. The basic idea was that the nuclear powers would cooperate and set up a common nuclear energy
pool of nuclear materials and technology which other states would be able to use to develop civilian nuclear
energy. The first step had now been taken towards creating a globally comprehensive control of nuclear
energy. Eisenhower’s policy was aimed at achieving a broader cooperation with regard to research and
development of nuclear power. From now on, transfer of nuclear material to other countries was allowed -
also in the form of highly enriched uranium and plutonium 239 - provided that the receiving country
committed itself not to use the acquired nuclear material for nuclear weapons production.?

The “Atoms for Peace” program was a part of the cold war between the superpowers. To begin with, the
Soviet Union was sceptical about the American plans. The Soviet foreign minister Molotov held that if
Eisenhower’s idea of establishing a global pool of fissile material were realized, there would be anincreased
risk of fissile material spreading since such a system was considered vulnerable and prone to manipulation. A
new proposal was worked out in which the idea of a common safe-keeping bank that would own and control
nuclear materials was abandoned in favour of a concept where the supranational organization would function
as a clearing house for transactions involving nuclear materials. According to this proposal, then, the
supranational authority would neither own nor manage the fissile material but instead act as a controller. In
1955, eight states began the task of producing a concrete treaty text for the international organization which
three years later would be established as the International Atomic Energy Agency. This group of states
consisted of the United States, Great Britain, France, Canada, Australia, Belgium, and later Portugal. The latter
five states had been included since they were important producers of uranium at this time. Once this Eight
Nation Negotiations Group had agreed upon a common treaty text, other nations would be invited to take

2 Fischer, p. 22 et passim.
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part. In the same year, the Soviet Union initiated negotiations conceming participation in the IAEA
organization?, something which would scarcely have been possible had Stalin still been in power (Stalin died
in 1953).

In August 1955, an important conference was held in Geneva at which the guiding principles for this gigantic
cooperation were established. It was the biggest scientific conference in the world up to then, with more than
1,500 participating delegates and more than 1,000 scientific papers presented. It was also the first time that
large numbers of Soviet researchers had taken part in a scientific conference together with scientists from
the West. The conference led to the abolition of secrecy in a number of areas. France went so far as to reveal
the technology behind the reprocessing of used nuclear fuel to produce plutonium. After this conference, the
only activities in the nuclear energy field that remained secret were the techniques for producing nuclear

weapons and enriching uranium.

In the fall of 1955, the United Nations General Assembly decided that the Eight Nation Group should be
expanded into a group consisting of twelve nations. Third World nations such as Brazil and India were now
also included in the group that would produce a workable treaty text for the IAEA. On February 27, 1956, this
Twelve Nation Group presented a proposal for regulations that remains largely the same today in terms of
both content and form. The text has two main purposes: (1): to promote global dissemination of civilian
nuclear technology and know-how; and (2): to supervise and control this technology and know-how in order to
prevent the proliferation of nuclear weapons (Article Il). These two general purposes can in their tumn be
divided into five basic IAEA objectives which are formulated in the current articles:

e To promote research, development, and application of peaceful nuclear energy (Article IlLA.1);

e To provide materials, service, equipment, and facilities for such research, development, and
application of nuclear energy “with due consideration for the needs of the under-developed areas of
the world” (Article I1LA.2);

e To promote the exchange of scientific and technical information (Article 111.A.3);

e To create and apply safeguards in order to ensure that no nuclear related assistance or assets
associated with the IAEA are used for military purposes (Article IILAS);

e To establish and develop nuclear safety standards (Article IIl.A.6).%

The work and objectives of the IAEA are both political and economic in nature, and it was therefore decided
that the organization be put under the authority of the UN General Assembly. And since some of the IAEA’s
activities can have security policy consequences, it was decided that the Security Council would also receive
reports concerning developments falling within its competence. This arrangement meant that the permanent
members of the Security Council would be able to exercise their veto to block sanctions and other measures.
It was precisely this state of affairs that the Baruch plan sought to avert, but the Soviet Union had refused to
acceptit.®

A so-called Board of Governors, with extensive executive powers, was formed, which meant that the UN
General Assembly could only recommend certain proposals for measures to be taken. For practical purposes,
the Board of Governors makes most of the decisions concerning safeguards: it designs and approves

2 Fischer, p. 30 et passim.
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safeguards systems, appoints inspectors, and approves safeguards agreements. The Board of Governors is
also the authority that determines whether a state is living up to its agreed-upon obligations regarding
safeqguards.® In cases where states do not fulfil their obligations, the Board of Governors reports to the
Security Council and the General Assembly — something which happened in the aftermath of the Persian Gulf
War of 1991, when Iraq was judged to have breached the safeguards agreement that existed between the
Iraqi government and the IAEA.

How is this important authority organized? As with most matters involving international cooperation, it is a
question of politics, with the institutional make-up reflecting power, historical realities, and negotiating skills.
Following a number of discussions in the Twelve Nation Group about the organization of such a body, during
which different principles of participation were the subject of disputes, India put forward a proposal that won
acceptance. In the proposal, which was also put into effect, the world was divided into eight regions: North
America, Latin America, Western Europe, Eastern Europe, Africa and the Middle East, South Asia, Southeast
Asia, the Pacific and the Far East. Independently of this geographic division, the five most advanced states in
the field of nuclear energy technology (which also included the capacity to produce nuclear materials) were to
form a group. Although they were never mentioned by name in the Indian proposal, it was obvious that the
states in question were the United States, the Soviet Union, Great Britain, France, and Canada. Meanwhile, a
second group of advanced nations would be designated according to the same criteria, but these states would
be picked from the regions that were not represented in the first group of top nations. It was implied that
Brazil would represent Latin America, India would represent South Asia, South Africa would represent Africa
and the Middle East, Japan would represent the Far East, and Australia would represent South East Asia and
the Pacific. Belgium, Portugal, Czechoslovakia, and Poland also became members of the organization because
of the high level of uranium production in these countries. One representative seat would have responsibility
for providing technical assistance, and this assignment went to the Nordic countries, with the seat rotating
between Denmark, Finland, Norway, and Sweden. Since then, the membership of the Board of Governors has
increased to 35 states, the top group has expanded from five to ten nations (including China), and the Middle
East has merged with the South Asia region.

The crucial question was how the global safeguards system would be designed and how it would work in
practice. Article Il says that the organization’s objective is to prevent the spread of nuclear weapons. But how
would it be possible agree on a system that would take the divergent interests of the members states into
consideration and at the same time be acceptable to the superpowers? The proposals that were worked out
and became the subject of discussions and negotiations were patterned on the United States’ bilateral
cooperation agreements in the nuclear energy field, which were now being concluded on a wide front within
the framework of the “Atoms for Peace” program.

The IAEA was formally established in the same year, 1957, as another important supranational organization,
namely the EURATOM. The Treaty of Rome, which was to regulate the economic, political, and social affairs of
a unified Europe, was also meant to deal with nuclear energy issues. It was felt that the European Community
needed a common nuclear energy policy, and for this reason the EURATOM was formed. With US
encouragement, the formulation of the inspection regulations in the Treaty of Rome became almost identical
with the language in the IAEA Statutes. This is also true of the nuclear material control system of the OECD,
which was managed by the European Nuclear Energy Agency (the Common European Safeguards System, see
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section I, where Sweden’s role in the EURATOM is described). The rights of inspection that the IAEA has
pursuant to Article XIl in the treaty text can be summarized in five points:

1. Toinspect and approve the design of facilities where nuclear related activities take place (but only to
verify that these are not used for military purposes);

2. To demand that operating records be kept (Article XIl.A.3);

3. To demand and obtain reports (Article XII.A.3);

4. To approve the methods for reprocessing used fuel;

To dispatch inspectors to facilities with which the IAEA has safeguards agreements. The inspectors should in
principle have access at any time to locations, data, and personnel connected with nuclear posts that are
placed under safequard.?

The inspectors are obliged to report any deviations committed by a state to the secretary general, who in tumn
is responsible for reporting to the Board of Governors. The latter body may, in caseitis established that a
state has not followed an existing treaty, demand that it fulfill its obligations. The Board of Governors can
also report this non-observance of treaty obligations to the other member states, and to the Security Council
and General Assembly. The IAEA has certain sanctions measures at its disposal (Article XII.C)), but in the end it
is the Security Council that decides whether more far-reaching sanctions should be imposed, and, if so, how
this should be done. %

After protracted negotiations, the Twelve Nation Group succeeded in producing a treaty text. But it wasn’t until
the 1970s, after the signing of the Non-proliferation Treaty, that the IAEA took over responsibility for
safeguards on a wide front. One of the reasons why the IAEA did not take over responsibility for nuclear
material control was that none of the proposed basic ideas about using the organization either as acommon
pool or control station for fissile material was ever realized. Another reason was that the Soviet Union and
certain Third World countries, led by India, were against the idea of assigning this comprehensive
responsibility to the IAEA.?° A third reason lay in the actions of the United States at this time. According to the
US, the IAEA did not yet have the required stability to manage a global surveillance and control system.

The cooperation treaties that were signed between the United States or the Soviet Union on the one hand, and
various other states on the other hand, were bilateral, and security surveillance was a matter that was
regulated and controlled by the two parties that had signed the agreement. The United States signed its first
treaty, with Turkey, in 1955, and by 1959 Washington had signed cooperation treaties with 42 nations. In
most cases, the treaties had a duration of five to ten years, and in some cases, 20-25 years. The Soviet Union
began to compete with the United States in this regard, especially in the Third World, and by 1968, the
Russians had cooperation treaties with 26 states.

Most of the treaties proposed by the US contained provisions concerning the possibility of replacing the
arrangement for safeguarding the observance of the bilateral agreements with a system managed by the
IAEA. The Soviet Union demanded neither bilateral nuclear material control nor that the IAEA be given
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responsibility for safeguards. Instead, the cooperating state had to promise to use the received aid for
peaceful purposes only, and to return the used nuclear materials to the Soviet Union afterward.®

The successful strategy to prevent other states from acquiring atomicbombs meant in practice that the
nuclear weapons states could both keep their nuclear weapons and increase their numbers drastically. In
1952 there were around 1000 nuclear weapons in the world and five years later the number had increased to
7000. In 1962, the same year as the Cuban missile crisis took place, this enormous arms race had resulted in
a capacity of 30 000 nuclear weapons. Although the logic behind the nuclear arms race had to do with the
strong faith in the deterrence theory, the super powers were nevertheless afraid that this dynamic process
could lead to an uncontrollable situation where a nuclear war was not unthinkable. Consequently, a new
dimension started to emerge between the two superpowers in the efforts to reduce the risks of a nuclear war.
arms control. Even though all these negotiations between US and Soviet diplomats and military experts were
all about arms control, the term that was used was disarmament. The term disarmament started to lose its
original meaning to abolish nuclear weapons completely. Disarmament underwent a change to instead mean
various efforts to create stability by entering into agreements on usage, stockpiling and proliferations of
nuclear weapons. In practice, the nuclear arms race increased and no substantial agreements to prevent
proliferation and stockpiling were signed. In parallel with these ongoing fruitless talks between the
superpowers, grass root movements against the arms race started to grow internationally with the message
that serious steps need to be taken toward real disarmament.

The NPT is put into effect: The Period 1957-1990

The first five years in the history of the IAEA were filled with ideological discussions and lined with practical
problems, even though much was done to develop competences and knowledge in order to live up to the
stipulated objectives. However, during this initial period, the IAEA and its member states did not succeed in
creating a comprehensive, efficient system for preventing the proliferation of nuclear weapons. During the
1950s and 1960s, a number of states were also contemplating acquiring nuclear weapons. Nations such as
China, France. Sweden, Switzerland had extensive plans for producing nuclear weapons of their own. Against
this background, President Kennedy asserted in the early 1960s that there was an obvious risk that by the
mid-1970s there would be 10-20 nuclear states in the world if nothing were done to prevent this

development.*

But, there were or course ideas on how to move forward in the efforts to prevent a spread of nuclear
weapons and some progress was made. Ever since October 1958, Ireland had maintained that the UN General
Assembly ought to agree on a treaty aimed at preventing the “wider dissemination of nuclear weapons.” The
proposal was never put to a vote at that time, but it inspired the subsequent work in the UN and the IAEA in
the non-proliferation field, and thus it can also be regarded as the first, embryonic draft of what was to
become the NPT in 1968. In December 1961, the UN General Assembly adopted a resolution which was based
on an Irish proposal for initiating negotiations about a treaty aimed at preventing the spread of nuclear
weapons. Negotiations got under way and various treaty texts were discussed, and finally a treaty was ready
for nations to start signing. On February 14, 1967, the Latin American nations signed a non-proliferation

* Fischer, p. 29.

*' A good overview of these grass root movements and their effects world wide, see Lawrence S. Wittner, Confronting the Bomb. A Short
History of the World Nuclear Disarmament Movement. Stanford University Press, Stanford 2009.

* News Conference 52, Mach 21, 1963, https://www.jfklibrary.org/archives/other-resources/john-f-kennedy-press-conferences/news-
conference-52

16



ESARDA Course Syllabus

treaty — the Treaty of Tlatelolco, later known as the Treaty for the Prohibition of Nuclear Weapons in Latin
America — which constituted an important step towards the achievement of the comprehensive treaty on non-
proliferation that was signed the year after.*®* The Non-Proliferation Treaty came into force in 1970, and in
2018 has been ratified by 191 states. The NPT can be said to have three purposes:

1. To prevent the dissemination of nuclear weapons
2. To promote nuclear disarmament
3. To promote the peaceful use of nuclear energy

The treaty consists of eleven articles.* Article 1 prohibits nuclear states from transferring nuclear weapons
and equipment that can be used for producing nuclear weapons to other parties. In addition, nuclear-weapons
states are prohibited from helping, encouraging or inducing non-nuclear weapons states to develop nuclear-
weapons capability. The NPT further prohibits, by Article 2, the group of non-nuclear states from receiving or
trying to produce nuclear weapons or nuclear devices of their own. In accordance with Article 3, the latter
group is also under the obligation to sign a safeguards agreement with the IAEA regulating the surveillance
and control of nuclear materials in cases where the state in question handles nuclear materials and
equipment covered by the IAEA’s guidelines. The safeguards agreement gives the IAEA the right to verify that
a state’s possession of nuclear materials corresponds with the amount it has declared. Furthermore, all states
that have signed and ratified a safequards agreement have committed themselves not to transfer nuclear
material or nuclear related technological equipment to states that do not have binding control agreements
with the IAEA. Take Sweden for example. Sweden is a member of the IAEA and has signed and ratified both
the NPT and a safeguards agreement. This means that the Swedish state has committed itself not to produce
nuclear weapons or contribute to other countries’ production of nuclear weapons. The IAEA conducts
inspections to verify that the treaty is followed, and the Swedish government regulatory body, the Swedish
Radiation safety Authority (SSM), is a national organization with responsibility for verifying that the treaties
are observed. The work of the SSM is regulated by Swedish legislation and the regulatory systems that have
been developed in response to the demands of the IAEA and national requirements.

Sweden is also a member of the European Union since 1995, and this means that the EU conducts
surveillance and control of Swedish nuclear technical activities. The body that handles this assignment is the
European Commission, through the offices of EURATOM Safeguards. The European Commission in its turn has
a treaty (INFCIRC/193) and an agreement (New Partnership Approach) with the IAEA, which means that these
two supranational organizations work together, and in some cases their operations are coordinated so as to
avoid duplication of work. The standards and rules that Sweden follows in this regard are regulated by the
Treaty of Europe and the NPT treaty and appurtenant safeguards agreements.

Article IV concerns the right of NPT signatory states to have access to nuclear materials for the purposes of
conducting research or producing nuclear energy for civil use. As stated in item three above, the objective of
the NPT is to promote peaceful development of nuclear energy for NPT signatory states, and it is exactly this
right to peaceful development of nuclear energy that Iran asserts today when other countries accuse Iran of
acquiring nuclear capacity with the aim of developing nuclear weapons. Since civil and military development
of nuclear capacity overlap to a large degree, experts and researchers with knowledge of this issue maintain
that Iran is taking advantage of the NPT treaty in order to buy and in other ways acquire nuclear materials
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and equipment for the purpose of producing nuclear weapons. The NPT treaty is, after all, based on the
principle that the signatory parties will voluntarily live up to their obligations, even though there is also a
measure of control and supervision involved (see chapter 6 for a discussion of how safeqguards work in
practice).

Article VI deals with a controversial obligation, namely, the promise made by the nuclear states that they
would actively promote nuclear weapons limitations and nuclear disarmament. It has been decided that a
conference will be held every five years with the aim of evaluating and improving the NPT system. In addition
to considering proposed measures for reducing global nuclear arsenals and bringing about nuclear
disarmament, these conferences would also serve the purpose of assisting non-nuclear states in developing
civil nuclear energy.

Problems along the Way - India and Israel

In 1974 India conducted its first nuclear weapons test. India, to be sure, had not signed the NPT (and still
hasn’t), but nevertheless this event was considered a major setback for the intentions behind the non-
proliferation treaty. The plutonium in the Indian nuclear device came from a so-called CIRUS reactor which
Canada had supplied. This was the first time that a nuclear weapons test had been carried out with nuclear
materials obtained from a reactor which, according to the Indian-Canadian agreement, was to be used
exclusively for peaceful purposes. Canada protested but to no avail. Several countries now questioned the
effectiveness of the non-proliferation regime. The United States, for instance, pointed to Article I11.2 of the
Non-proliferation Treaty, which deals with broadly defined issues of export control, and claimed that it didn’t
work as intended. The Indian nuclear weapons test also led to the setting up of a new export regime, the
Nuclear Suppliers Group (NSG), in 1977, which was aimed at strengthening export controls (for more on the
NSG, see chapter 4).

Another problem for the NPT regime arose on 7 June 1981, when Israel bombed and destroyed a test reactor
in Iraq, the Tumuz |, which had been supplied by the French. Israel suspected that the reactor was being used
for producing weapons-grade nuclear materials. Iraq had signed and ratified the NPT and the destroyed
facility was placed under IAEA safeguards. The UN Security Council decided on 8 June that Israel must pay
damages to Iraq, and that the state of Israel must accept IAEA safeguards for all its nuclear activities. The
latter demand should be seen in the light of the fact that a growing number of countries and researchers in
the nuclear field had begun assuming that Israel had acquired nuclear weapons. Israel has never admitted to
this, but most experts in the field are in agreement that the country has nuclear weapons capacity. The US-
based Israeli historian Anver Cohen, for example, has claimed that Israel possesses circa 100 so-called
tactical nuclear weapons. Moreover, Israel has not signed the NPT treaty.*

In September 1981 the IAEA General Conference voted to cut off all technical assistance to Israel. It was
further decided that, unless it acquiesced to the Security Council’s decision, Israel would be excluded from the
IAEA. Israel was given one year to conform to this decision. It soon became apparent, however, that Israel
would not agree to these conditions. The United States, as the single largest contributor to the IAEA,
threatened to leave the organization if Israel was expelled. After a good deal of diplomatic manoeuvring, the
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newly installed Swedish IAEA general secretary Hans Blix managed to keep both Israel and the United States
in the IAEA.%®

To sum up the period 1957-1990, arms control and non-proliferation were the dominant approaches in the
international efforts to deal with nuclear weapons. In the beginning of this period, United States and the
Soviet Union discussed at different international meetings how the arms race and proliferation could be
reduced. Initially, nothing of substantial value came out of those talks. The Cuban missile crisis in 1962,
however, changed the attitude of the super powers since the conflict almost lead to a nuclear war. As a result,
both US and Soviet decision makers understood that they must take actions in real terms to avoid that the
arms race and risk of proliferation would lead to an uncontrollable situation. As a result, the Test Ban Treaty
was signed in 1963 which prohibited all nuclear detonations except for those underground. The signing of the
Test Ban Treaty was viewed as a great success in the efforts to create a more robust international system
based on legally binding agreements. The superpowers were now involved in the process and great hopes
were invested in strengthening the international order and to prevent further proliferation of nuclear weapons.
All those discussions, initiatives and negotiations ended in the signing of the NPT in 1968 and the ratification
process in 1970. Several states gave up their plans to acquire nuclear weapons. In this process, the term
disarmament was transformed from its original meaning to abolish nuclear weapons completely to be
equivalent with nuclear non-proliferation and arms control. In this respect, the NPT allowed the nuclear
weapons states who are parties to the agreement to keep the nuclear weapons even though Article VI
stipulates that they should “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”.

After the Cold War: The Period 1991-2021

The collapse of the Soviet Union and the end of the cold war in the beginning of 1990s changed the
prerequisites to establish a more stable international security order. Now it seemed that the UN and the world
community could work the way the new international system was intended to function shortly after the
Second World War. The conflict between East and West was gone and with that all the obstacles that
inhibited the UN and the Security Council to create a safer and more peaceful world. In the NPT context that
meant that the time was ripe for pushing for the realization of the Article VI, the only aspect that hadn 't been
tackled in an otherwise rather successful development since the signing of the NPT in 1968. A number of
states which had theretofore entertained plans for acquiring nuclear-weapons capability — such as Argentina,
Brazil, Sweden, Switzerland, and West Germany — had now signed and ratified the NPT treaty. True, India and
probably Israel too had acquired nuclear weapons, but they were not part of the NPT system. They were
regarded as exceptions to an otherwise well-functioning NPT regime. An overwhelming majority of the world's
states had, after all, signed the treaty. On top of that positive development, Belarus, Kazakhstan and Ukraine
became nuclear weapon free states during the first years in the post-cold-war-world. All those three states
gave up their nuclear weapons status voluntarily after the break down of the Soviet Union. Next step in this
positive development was to deal with the disarmament in its original meaning, namely to strive for general
and complete abolishment of nuclear weapons. This issue became a central question duringthe NPT review
conferences in the 1990s. For example, the 1995 conference focused on the obligation set forth in the NPT

* Fischer, p. 106 et passim.
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treaty to “cease the nuclear arms race,” which also included a ban on nuclear weapons tests and negotiations
on reductions of nuclear arsenals and nuclear disarmament.*”

But not everything seemed to work perfectly in the NPT regime. When it became obvious that Iraq, which had
signed the NPT and also had a safeguards agreement in force, managed to deceive the IAEA, it became
evident that the control system did not fully work. In the aftermath of the Persian Gulf War of 1991, UN
inspectors found that Iraq had built facilities for clandestine nuclear weapons production. The system that had
been in force up until then was largely based on trust between the individual states andthe IAEA in that it
was only the nuclear materials of which the states had declared possession that could be subjected to
inspections. If a state were pursuing secret nuclear weapons production outside of the areas subject to
inspections, then the IAEA would have great difficulty detecting this. The discoveries in Iraq prompted the UN
Security Council to declare that proliferation of nuclear weapons constituted a threat to international peace
and security, and to envisage measures to be taken on the basis of IAEA reports of NPT treaty violations.
General Secretary Hans Blix spoke of creating a new safeguards system with “more teeth.” In February 1992
the work of improving the safeguards system began. The next year, North Korea stopped the IAEA from
carrying out necessary inspections. Investigations had suggested that the declarations which North Korea had
supplied to the IAEA were incorrect. At the same year, South Africa, which had also signed the NPT treaty,
announced that it had had nuclear weapons but that these had been dismantled. Coinciding with this
announcement, South Africa decided to place its fissile material under the IAEA's nuclear materials control.
These events brought to the fore the need to strengthen the whole NPT regime. The reform work followed two
main lines: (1) designing a system that would allow “short-notice” or “no-notice” inspections; and (2) exploring
the possibility of conducting various forms of tests in the areas covered by safeguards (so-called
environmental sampling) in order to verify that the facilities were being used only for declared activities. At
the same time, all member states were asked to hand in “design information” conceming new and modified
facilities to the IAEA, aimed at enabling the organization to prevent the secret diversion of nuclear
materials.® Finally, this work group, consisting of a number of member states, would develop a
complementary model for how this improved safeguards system could be worked out. In May 1997, the board
of the IAEA approved this Model Additional Protocol (under the designation INFCIRC/540), which constitutes an
addition to the model treaty INFCIRC/153. The Additional Protocol involves a number of broadened
responsibilities (for the member states) and rights (for the IAEA inspectors), which taken together allow for
increased access to information and possibilities for surveillance (“complementary access”).

Other setbacks after the cold war, were the nuclear weapon tests carried out by India and Pakistan in 1998
and when North Korea withdrew from the NPT in 2002 and conducted its first nuclear weapon test in 2006.
Another negative trend has to do with Iran ‘s conflict with the IAEA regarding if the state is heading for
nuclear weapons or not. Some critics have asserted, for example, that unless the nuclear powers make good
on the obligations contained in article VI, it is not reasonable to expect states such as North Korea and Iran to
shelve their plans for acquiring nuclear weapons.

Despite those setbacks the disarmament issue was much alive in the international discussion. In 2009, for
example, the US President Barack Obama gave a speech in Prague where he said that the United States " goal
is to eliminate all nuclear weapons in the world. Many believed that now the time has come to push for a real
disarmament process and several initiatives were taken. One of these initiatives is the Humanitarian Initiative

* George Bunn, “The Nuclear Non-proliferation Treaty: History and Current Problems.” Arms Control Today. December 2003.
* Theodore Hirsch, “The IAEA Additional Protocol. What It Is and Why It Matters.” The Nonproliferation Review. Fall-Winter 2004.
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that was raised during the 2015 NPT Review Conference. The purpose of the Humanitarian Initiative is to put
pressure on the nuclear weapons states to show that they are serious about what they promised to do,
namely to fulfil the obligation of Article VI. This process has led to the unique UN convention to ban nuclear
weapons, the Treaty on the Prohibition of Nuclear Weapons that was adopted in July 2017. The nuclear
weapon states were against the ban treaty movement and they didn 't participate in the negotiations. The
nuclear weapon states “ position on the issue is that the way to a nuclear free world is a gradual process and
the goal will be reached when the world is ready for that final step. In the eyes of the United States and
Russia, this step-by-step approach has been successful given that during the height of the cold war there
were around 70 000 nuclear weapons in the world and at present the number is around 15 000.

In the period after 1991, disarmament, meaning general and complete abolishment of nuclear weapons, is
back as a central dimension in the efforts to create a safer world without nuclear weapons. A majority of the
member states in UN voted for an adoption of a treaty banning all nuclear weapons in the UN in 2017
against the will of the nuclear weapon states. Despite all the positive developments that have been taken
place since the end of the cold war, the nuclear weapons states, especially the United States and Russia, are
lately moving in opposite direction. Both President Trump and President Biden as well as President Putin have
announced that they soon will start producing new nuclear weapons. They argue that they need to modemize
their nuclear forces which is an obvious sign of the deteriorating security architecture that was established
shortly after the end of the cold war.

If we should try to summarize the period from 1945 until now, it’s fair to say that the NPT regime has
worked well in terms of reducing horizontal proliferation. That ‘s a real success story given the negative
expectations in the beginning of 1960s that we could have a world of around 25 nuclear weapon states
twenty years later. However, the nuclear weapon states have not demonstrated that they are serious about
the commitment to take steps to enable a real disarmament despite the commitments formulatedin Article
VI of the NPT. Certainly 15 000 nuclear weapons are better than 70 000. On the other hand, 15000 nuclear
weapons are probably enough to eliminate most life on earth.
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Nuclear Material Subject to Safeguards

Greet Janssens-Maenhout

European Commission, Joint Research Centre

1 Terminology of Nuclear Physics

1.1 Compositionof an Atom
An atom is the smallest part of a material that shows all characteristics of that material.

It is composed of a very small nucleus with clear boundary surrounded by a relatively large cloud of electrons.
The size of an atomis in the order of 0.1 nm and the size of the nucleus can be described with a typical
radius R of 10 fin (10714 m). Chemical reactions involve the cloud of electrons, whereas nuclear reactions
affect the nucleus.

The nucleus consists of NV neutrons (n) and Z protons (p). N is the neutron number, Zis the atom or proton
number. Z equals also the number of electrons and determines the chemical properties of the atom. The total
number of nucleons is given by to so-called atomic mass number 4 (commonly abbreviated as mass number),
forwhich is:

A=N+Z

Where Z and 4 determine completely the nuclide X, written ;X as or as X-4 (because the chemical
name X refers unambiguously to Z, e.g. 2°U, 2'Pu, ...). Nuclides can be grouped as:

e |sotopes: These are nuclides with the same atom number Z (with the same number of protons, so
that the chemical properties of the atoms are the same), but with different atomic mass numbers 4
(so different number of neutrons.) (e.g. 23U, 234U, 2°U, 28U, %38U)

e |sobars: These are nuclides with the same atomic mass number A, but with a different atom number
Z and different neutron number A (e.g. *C and 1“N)

e |sotones: These are nuclides with the same neutron number V. (e.g. **Np and #%8U)

1.2 Units in Nuclear Physics

The mass and charge of protons, neutrons and electrons are fundamental constants in nuclear physics, which
are expressed in special "microscopic units" in addition to the conventional S| ones.

e Onemole of a nuclide is given by the quantity that its atomic mass m indicates. The total number of
atoms in one mole of a nuclide is given by the constant of Avogadro N,=0.06022045 10%* atoms per
g atom. One mole 2C weighs 12 g. One mole of a compound material contains also N, atoms.
Example: One mole Z°U weighs 235.044 g and contains 0.6022045 10%* atoms 2>°U.

e Asunitof massis applied u, the atomic mass unit, which is defined by 1/12 of the mass of one atom
of the C-12 nuclide. So, 1 mole C-12 weighs 12 g and 1

1 12

u= == 1.66043 x 107% kg. The atomic mass of an isotope is given by the mass

E X 6,022 X1
of this isotope expressed in u; and the atomic mass of an element is calculated with the average of

the atomic masses of the different natural isotopes weighted with the natural abundance. The
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atomic mass of some relevant isotopes is given in Appendix 1. Note in this table the very small
difference between the atomic mass and the atomic mass number A4.

e Asunit of charge is applied e the electron charge, that is expressed in conventional units by 1.60210
101° C. The mass and charge of a proton, neutron and electron can be found in Table 1.

e As unit of energy the electronvolt (eV) or the mega-electronvolt (MeV) is commonly applied. One eV is
the energy that an electron accumulates while crossing an electric potential of 1 Volt. In S| units
expressed: 1eV = 1.6021 10*°J and Based on Einstein’s principle of equivalence between energy and
mass E=mc’ the atomic mass unit « corresponds to 931.478MeV

Table 1: Mass and electric charge of proton, neutron and electron.

Proton Neutron electron
Mass () 1.00727663 1.00866540 0.00054897
Charge (¢) +1 0 -1

In fission reactions mass is converted into energy. Whereas protons and electrons are stable particles, a
neutron is only stable as a particle bound in a nucleus. A free neutron decays into a proton, an electron and an
antineutrino. The mean life time of a free neutron is about 12 minutes. The decay of free neutron does not
play an important role in nuclear reactors, because the life time of a neutron in a reactor is of the order of a
second.

1.3 Size of Atom and Nucleus

The description of an atom as massive core surrounded by a cloud of electrons illustrates the difference
between two scientific disciplines:

e the chemistry that studies interactions between the electron clouds of different atoms
e the nuclear physics that studies the nucleus and the interaction with a nucleus.

The two study objects differ considerably in distance. The radius of an atom is of the order of 101° m, while
the nucleus itself has a radius of the order 107**m, so a ratio between both of 1 m to 10 km.

Scattering experiments demonstrated that the nucleus of an atom has a clear boundary, contrary to the
vague boundary of the atom itself. In addition, the nucleus can be considered as a sphere. The value for the
radius of the sphere depends on the experimental conditions, mainly on the energy of the particles in the
bundle irradiating the nucleus. The radius of the nucleus seems proportional with 4’ resulting in a direct
proportional relationship between the volume of the nucleus and the atomic mass number 4. This means that
the total number of nucleons per unit of volume is relatively constant. The atomic nucleus shows therefore
approximately a constant nucleon density. These observations are similar to those with liquid droplets, which
also show a constant density independently of their size. Therefore, a droplet model is formulated, that
allowed to explain various phenomena of an atomic nucleus.
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2 Nuclear Forces - Binding Energy - Stability

2.1 Nuclear Forces

It is not that remarkable, that some atomic nuclei show certain instability and are subject to radioactive
decay, but it is remarkable that most nuclei show a stability despite the strong repulsive Coulomb forces
between the protons. The stability of nuclei has to be the result of other forces between protons and neutrons.
The natural abundance of the nucleus H-2 (deuterium) demonstrates the existence of attractive forces
between neutron and proton, whereas the natural element He-3 (helion) suggests analogously the existence
of proton - proton forces. The very small distances within the nucleus, of the order of 104 m yield very
repulsive Coulomb forces and require even stronger nuclear forces.

Scattering experiments with alfa-particles from Rutherford indicated that down to a range of the order of 10714
m only Coulomb forces are present, so that the strong nuclear forces are active on a shorter range. This very
short range of the strong nuclear forces implies that the protons and neutrons only in each other’s direct
neighbourhood experience these attractive nuclear forces.

2.2 Mass Defect - Binding Energy

The mass of anucleus is always somewhat smaller than the sum of the masses of the composing nucleons.
The difference is called mass defect:

A m=Zm,+ Nmy,- m

with my, m,, and m the mass of a proton, a neutron and the nucleus respectively. The mass defect corresponds
according to Einstein’s relation to a certain quantity of energy Amc’, which is called the binding energy (B.E.).
The binding energy is the energy which has to be delivered in order to split up the nucleus in free nucleons. If
the BE. is expressed in MeV and the mass defect Am in u, then we can write:

B.E. (MeV) =931.48 Am (u).

By composing a nucleus with 4 nucleons, this binding energy is freely released.
The binding energy of #*°U equals:

Am =92 .1.007825 + 143 . 1.008665 - 235.0439 = 1.915u

and so is B.E. = 1784MeV and B.E./nucleon = 7.59MeV.

With the experimental values for the mass of the nuclides the binding energy per nucleon can be represented
for all nuclides. Figure 1 represents the binding energy per nucleon in function of the mass number.
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Figure 1: Binding energy (in MeV) per nucleon in function of mass number A.

It can be concluded that:
e the total binding energy increases with increasing number of nucleons

e the binding energy per nucleon is increasing for small mass numbers until a maximum is reached
around Fe (4 = 56) and then it decreases slowly with further increasing 4.

Nuclear reactions in which the nucleons after the reaction are bound more strongly, imply a release of energy,
because the nucleon configuration evolves to a larger stability. In a fission reactiona heavy nucleus (?3°U;
2Py ; ..) is split up in two fragments, of which the nucleons are bounded more strongly and therefore energy
is released. In a fusion reaction, two light nuclei are fusing to one nucleus where nucleons are more strongly
bound and again energy is released. The first reaction is industrially used to generate energy, the second
promises the same for the future.

2.3 Semi-Empirical Interpretation of the Binding Energy - the Bethe-Weiszacker Formula

Figure 1 shows that the binding energy per nucleon, except for light nuclei, remains almost constant. This
confirms that the nuclear forces are of short range. If the nuclear forces would act on long range, than every
nucleon would interact with each other nucleon and the total binding energy for heavy nuclei would be almost
proportional to 4(4-1) or A”. The binding energy per nucleon would be almost proportional with 4, which is
clearly contradicted in Figure 1. The behaviour of the binding energy per nucleon can be explained by
assuming that a nucleon experiences only nuclear forces of its directly neighbouring nucleons, i.e. the short
range behaviour of the nuclear forces. In analogy with the droplet model, the nuclear forces can be compared
with the molecular forces of a liquid droplet. The nucleons in a nucleus are bound by different forces. The
binding energy exists of different terms, i.e.

e Thenuclear forces contribute to the total binding energy with aterm proportional to A, which is
leading the first so-called volume term.

e Thefirst term implies that each nucleon is surrounded equally by other neutrons, which is not the
case at the surface (cfr. analogon of a liquid experiencing a surface tension). This needs a correction
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that is proportional with the number of nucleons that are present at the boundary (surface) of the
nucleus (sphere), i.e. proportional with R? or 47?, which is introduced as the so-called surface term.

e A second cause for reducing the binding energy is the Coulomb repulsion between protons, an
electromagnetic force with long range effect. Assuming that the proton density in a nucleus is
constant, this electromagnetic energy contribution can be calculated as (Ze)*/R under the so-called
Coulomb term.

e In stable nucleia tendency of couple formation between neutron and proton is observed. Most nuclei,
in particular the heavy ones, have more neutrons than protons. This surplus of neutrons is needed to
compensate the repulsive Coulomb forces between protons by the neutron-proton nuclear forces. The
abundant number of neutrons 4-2Z cannot form couples with protons, which reduces the stability of
the nucleus. This is counted for by the asymmetry term, which is proportional to the abundant
number of neutrons 4-2Z weighted with their relative abundance (4-22)/A.

e  Finally, experimental results show that nuclei with impair number of neutrons and protons (impair-
impair type) are less stable and have a lower natural abundance. This is explained with the stabilizing
effect of the pair formation between protons respectively neutrons amongst themselves. In the case
of a nucleus of pair-pair type the pair formation is perfectly possible with positive benefit to the
binding energy, whereas in the case of a nucleus of impair - impair type, one neutron and one proton
cannot form a pair which reduces the binding energy.

The sum of these five terms is known as the empirical mass formula or the Bethe-Weiszacker formula.
Without the Coulomb forces maximal stability would be given for Z=A4/2 = N. The deviation thereof is due to
the Coulomb repulsion between the protons, which requires compensationby a surplus of neutrons. This
deviation (which becomes more important for larger A) can also be noticed in Figure 2 that represents the
nuclide chart with Z in function of M.
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Figure 2: Chart of stable and radioactive nuclides.
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3 Excitation and Decay of Nuclei

3.1 Excitation State of a Nucleus

While section 2 considered nuclei in their ground state, a nucleus can also be in an excited state, similar as an
atom can. Contrary to atoms, it requires for nuclei more energy to bring an excited nucleon to a higher energy
level than to excite a second nucleon. Hence the excitation energy of a nucleus is normally distributed over a
number of excited nucleons. This is not surprising when considering the strong coupling between neighbouring
nucleons amongst themselves. As a consequence, a nucleus can exist in an excited state at an energy level
which is above the binding energy of a single nucleon.

3.2 Radioactive Decay

The time at which an excited nucleus will spontaneously decay, is not predictable. Radioactive decay, a
spontaneous disintegration of excited nuclei, is dominated by a statistical law of occurrence. This
disintegration is a random process in which the excited nuclei lose energy by emitting radiation in the form of
particles or electromagnetic waves. This decay or loss of energy resultsin atransformation of the initial
parent nuclide in a nuclide of different type, called daughter nuclide and is characterised by a decay constant.
The decay constant A is the mean probability rate of nuclides decaying per second s. Experiments with ¥
nuclides demonstrated that A is constant, independently of time and of macroscopic variables such as
pressure, temperature, aggregation state, etc.

The half-life T}, is the time period after which half of the radioactive nuclei N/2 have disappeared. Half of the
nuclei N/2 present at time ¢ have decayed and are no longer present at time ¢ + 7.

The presence of radioactive material is detected by measuring the activity. The activity 4 of radioactive
material is defined as the number of disintegrations per s of this material: 4 = A V.

Originally the activity was expressed in Ci (Curie), which is the activity of 1 g radium. Nowadays the
international unit Bg (Becquerel) is used, defined as 1 disintegration per s. Accurate measurements yielded
the equivalence 1 Ci = 3.7 10%° Bg.

4 Nuclear Fission Phenomena

4.1 Nuclear Reactions and Energy

After the discovery of the neutron in 1932 by J. Chadwick and the induced radioactivity in 1934 by I. Curie
and F. Joliot, physicists tried to produce artificially new radionuclides by bombarding different nuclides with
neutrons. In particular, the bombardment of uranium yielded a very diverse source of radiation. The
explanation remained a relatively long time missing, because of the assumption that radioactivity was caused
by the capture of neutrons into the nucleus, and so of isotopes of uranium. Chemical analyses of the German
radiochemists, 0. Hahn, F. Strassmann and L. Meitner have given proof in 1939 that the radioactivity was
caused by much lighter elements than uranium. This meant that uranium was split under the neutron
bombardment. Soon after the experiment the nuclear physics community realised that the fission of uranium
releases energy and neutrons and that the neutrons released can induce a chain reaction and so a continuous
generation of a new energy source. The first nuclear reactor C.P.1 (Chicago Pile No. 1) became critical in 1942
and the problem of a controlled chain reaction was in principle solved. Only afterwards the first atomic bombs
exploded.

27



ESARDA Course Syllabus

In this section the fission of heavy nuclides is described from phenomenological point of view. A nuclear
reaction between two or more particles occurs if two or more other particles are formed. Nuclear physicists
use the notation: a + b — ¢ + d or a(b,c)d. The nuclear reactions are determined by four fundamental laws of

conservation:

1. Conservation of nucleons: the number of nucleons before and after the reaction is the same.

2. Conservation of charge: the sum of the charges of all particles before and after the reaction is

the same.

3. Conservation of momentum: the total momentum of the particles before and after the reaction

is the same, because there are normally no external forces working on those particles.

4, Conservation of energy: the total quantity of energy before and after the interaction is the same.

In particular the last conservation law is important to generate energy. For a nuclear reaction a(b,c)d this is
(mu’+ KEo+ Exa ) + (mpc” + KEp + Exy) + (me¢” + KE.+ Ex.) + (mac’ + KEq4+ Exa)

with m, , ms» , m. and m, the mass of the particles a, b,c and respectively d; KE,, KEy», KE., KE, the kinetic
energy of the particles a, b, ¢,d and Ex,, Exs, Ex., Ex, the excitation energy of the particles a,b,cand d.

The O-value of a nuclear reaction is defined by Q = (m.+my)c’-(m.+mg)c’
Fora fission reaction: U +1 gn —> 5Mo+ '2Xe +2 jn+4 B

The Q-value is determined by Am = 0.22047u and so Q = 205.4 MeV. This means that by splitting a uranium
nucleus with a neutron a total energy of about 200MeV is released, which is significantly larger than the
energy released in an exothermic chemical reaction.

4.2 The Fission Mechanism

Section 2.2 illustrated that the binding energy per nucleonis decreasing from about 4=50 onwards with
increasing mass number 4 (see Figure 1). As a consequence, the splitting of aheavy nucleus in two lighter
nuclei, yields an end-situation in which the nucleons are more strongly bound. Therefore, fission of a heavy
nucleus is exothermic. Nuclides such as uranium and plutonium can be split but the mechanism has to be
induced. Very heavy nuclei split spontaneously, which explains why nuclides with Z*/4> 50 do not (no longer)
existin nature.

The droplet model helps to understand the fission phenomenon. A schematic representation is given in Figure
3. Starting from a spherical nucleus (Z,4) with radius R (Figure 3a) fission is induced by deformation and two
(spherical) nuclei (Z;, 4;) and (Z, 42) with respectively R; and R; as radius (Figure 3e) are created. Between
Figure 3a and Figure 3e the splitting nucleus undergoes various deformation states (Fig 3b,c,d). Only if the
deformation is large enough the ellipsoid might be tied up and consecutively broken up in two parts, which fly
apart by the repulsive Coulomb forces.
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Figure 3: Deformation states of a nucleus which induce fission.

Three different energy states of the splitting heavy nucleus can be distinguished during deformation, as
shown in Figure 4.

e State | The attracting nuclear forces dominate the repulsive Coulomb forces. As long as the potential
fission fragments are not far enough from each other, additional energy has to be supplied to the
nucleus for more deformation.

e State |l This is the transition state in which the nuclear forces are losing their dominating character
on the Coulomb forces because of their short range effect. This corresponds mainly with the evolving
state (d) in Figure 3, where the deformed nucleus becomes tied up.

e State lll: The energy state in this state is only determined by the classical Coulomb potential between

the charged fission fragments. Nuclear forces do no longer play a role because of their short range
(in the order of 107 m).

v

| 11 I

Figure 4: Energy state of a nucleus in function of the distance between the two fission fragments.
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A positive O-value O=E,-E. means that the fission is exothermic. However, the fission is therefore not
spontaneously initiated. In the case of Figure 4 and conform to the concept of classical potentials, a minimal
excitation energy Eq, Es=E;-E., has to be added to the nucleus. This minimum additional energy Eq is called
the fission threshold. Nuclear fission is induced more easily if the fission threshold is lower. The existence of
the fission threshold Eq impedes spontaneous fission of heavy nuclei. The magnitude of the fission threshold
can be derived by evaluating the deformation energy with the empirical mass formula.

4.3 Fission Induced by Neutrons

From the previous section it can be concluded that a heavy nucleus can split by adding an excitation energy
which is larger than the threshold E.. How can this excitation energy be added to the nucleus? Neutrons are
thereto appropriate, because they are neutral and can penetrate the nucleus without suf fering of Coulomb
repulsion. The binding energy (of this last neutron in the compound nucleus) is then released and brings the
compound nucleus in an excited state. The order of magnitude of this bindingenergy is about 7 MeV. For
uranium the threshold is about 6 MeV, so that the absorption of one additional neutron induces fission with
high probability.

The consecutive steps are thereby: the nucleus (Z,4) absorbs a neutron and forms an excited compound
nucleus of the isotope (Z,4+1)* The compound nucleus (Z,4+1)* splits or loses the excitation energy by

emitting an a-particle, a -particle or a y-photon.

When a neutron approaches a nucleus, without velocity (or with negligibly small velocity), than the potential
energy remains constant, i.e. the ground energy state of the nucleus (Z,4) and the neutron energy (at rest or
almost at rest), until the neutron starts experiencing in direct vicinity of the nucleons the nuclear forces. The
strongly attractive nuclear forces reduce the potential energy to form a compound nucleus (Z,4 + 1) at ground
state. Hence to keep the total energy of the system constant, the nucleus (Z,4 + 1) obtains an excitation
energy Ex, which equals the binding energy E, of this latest neutronin MeV given by:

E,=931.48 (ms+m, —ma.).

The difficulty is the determination of m.4.,. The compound nucleus (ZA4+1)* exists often only a very short time.
The empirical mass formula is used to help determining E,.

For heavy nuclei (4 =230 to 240) the binding energy of the last nucleon E, is around 6 MeV with a variation
of about 0.5 MeV. Therefore the excitation energy, provided by the capture of a neutron differs for different
isotopes by about 1MeV: This is sufficient to distinguish isotopes that are more easily split than others.

e Anuclide for which E,>E,, is thermally fissionable. The absorption of a thermal neutron, i.e. a neutron
with a negligible kinetic energy suffices to induce fission. (Examples of thermally fissionable nuclides:
233U; ZBSU; 239Pu)

o [If E,<E, then the absorption of a thermal neutron does not induce fission. Additional excitation energy
is necessary, which can be delivered by the kinetic energy of the neutron. Absorption of a fast neutron
(with mass m and velocity v) by a nucleus (with mass M, in rest) adds a significant part of the kinetic
energy to the excitation energy of the compound nucleus. If E, > E, then fission occurs, which is called
fast fission. The energy (E;- E,) - (A+ 1)/A is called the kinetic threshold energy of the neutron to induce

* The asteriks indicates that the nucleus is in an excited state.
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fission. Nuclides for which this kinetic threshold energy is larger than zero, are not thermally fissionable
(Example: 2%®U: for which the neutron needs a kinetic energy of about 1.4 MeV in order to induce a
fission).

4.4 Fissile and Fertile Nuclides.

The above mentioned considerations allow a classification of the heavy nuclei as follows:
e Fissile nuclides: These nuclides can be split by absorption of a thermal neutron and so are thermally
fissionable. Thermal neutrons are in thermal equilibrium with their environment and have a kinetic

energy below 0.5eV, which is negligible for the fission phenomenon. Examples of fissile nuclides are
3, 233U, 23%Pu, 24Py, ... of which only 2°U has a natural abundance.

e Non-fissile nuclides: For these nuclides the absorption of a thermal neutron does not induce fission.

Most of the nuclides (also heavy ones) fall under this category.

- Nevertheless, a limited number of very heavy nuclides can be split by absorption of a fast
neutron (with significant kinetic energy), and are fast fissionable. The kinetic energy of the
neutron has to be above the threshold. Examples of fast fissionable nuclides are 232Th, 236U, 238U,
all plutonium isotopes and actinides. (**®U and #?Th have a large natural abundance.)

- Another special case of non-fissile nuclides are fertile nuclides. As mentioned above, the
absorption of a neutron in a heavy nucleus does not necessarily cause fission of the heavy
nucleus (Z, A+1). Nevertheless, it is not a priori excluded that the nucleus of the isotope (Z, A+1)
is thermally fissionable. In other words, it might be that the absorption of a neutronin a nucleus
(Z,A) forms a nucleus (Z, A4+1) which is fissile. Such nuclides are called fertile because
absorption of one (or more) neutron transforms them directly or indirectly into a fissile nuclide.
Examples of fertile nuclides are 238U, 232Th, 2*°%Pu because the capture of one neutron leads to the
formation of the fissile nuclides #°Pu, respectively 23U and respectively 2*'Pu.

The most important reactions are presented in Figure 5.
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Figure 5: Formation of fissile nuclides from fertile nuclides.

5 Experimental Observations of Nuclear Fission

Experiments on fissions induced by neutrons with a low energy, smaller than the binding energy of a neutron
(about 7 MeV), resulted in the following conclusions:
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Once a heavy nucleus reaches the critical deformation, the nucleus is mostly broken up into two
fragments, the fission fragments. Since the fission is characterised by two fragments, it is called a
binary fission. The fission fragments are strongly excited. The excitation energy is removed mainly by
emission of two to three (prompt) neutrons within 10712 s after the fission and the emission of
(prompt) photons within 108 s after the fission. Binary fission can occur in different ways, and has
only to fulfil the criteria that the total number of nucleons in the fission fragments together with the
number of emitted prompt neutrons has to be equal to the total number of nucleons of the split
compound nucleus (conservation of total number of nucleons).

The two fission fragments that are remaining after emission of the prompt neutrons are called the
two primary fission products. Then secondary fission products are formed by radioactive decay of the
primary fission products. The fission products normally are characterised by a too large N/Z-ratio and
evolve via B~-decay to a more stable N/Z-ratio. By f-decay a neutron is exchanged for a proton and
an electron accompanied with an antineutrino.

About 4/5 of the energy emitted at the fission is released as kinetic energy of the fission fragments.
The quantity of energy released by fissioning a *°U nucleus depends onthe way of fissioning. In
example 2 of section 4.1 the Q-value was 205.4 MeV. Although this fission reaction is not at all
unique - many possibilities for fissioning exist - it seems that the energy of a random fission of
uranium yields about 200MeV. This energy is not completely recoverable. Table 5.2 indicates the
distribution of fission energy and its recoverable part.

In summary, the fission of a heavy nucleus yields two fission fragments, two to three fission neutrons, - and

y-radiation, antineutrino’s, and a given quantity of energy.

5.1 The Fission Neutrons

The neutrons promptly emitted are of direct practical importance, because they are needed to maintain a

controlled chain reaction. If only one fission neutron is retained from all the released fission neutrons, then

this one can again induce one other fission in a controlled way and a controlled chain reaction is realised. The
major part of neutrons (> 99 %) is emitted within a time period of 10'2%s. These neutrons are so-called

prompt neutrons. A relatively small part, fraction B (about 0.2% to 0.65 %), is emitted with a certain delay in

time and are called delayed neutrons.

The total number of prompt neutrons emitted depends on the way the nucleus fissions and on the
excitation energy of the fission fragments. This number varies from fission to fission between zero to
six neutrons. Important for a controlled chain reaction is the averaged number of free neutrons v per
fission. The value of v depends on the nuclide that is split and on the energy of the neutron that
induced the fission (For Z°U split by a thermal neutron, v is typically 2.4.). As a consequence of the
large range of possible fission reactions, the kinetic energy of the prompt neutrons shows a
continuous spectrum, the so-called fission spectrum y(E). This spectrum is defined such that y(£)
represents the fraction of fission neutrons with an energy between 10 MeV and 0.01 eV.
Experimentally the fission spectrum depends very little on the fissioned nuclide and on the energy of
the neutron that induced the fission. It shows typically a most probably energy value of around 0.72
MeV and an averaged energy of 2 MeV.

Although the fraction 3 of delayed neutrons is small (about 0.0065=0.65%), they play a crucial role
in the control of the chain reaction. Delayed neutrons are emitted during the radioactive decay of the

excited fission products (mainly via B~-decay coupled with y—de-excitation). The fission products,
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which decay and emit a free neutron, are called mother nuclides for delayed neutrons. The time
delay of the free neutron (the time period between moment of fission and emission of neutron) is

mainly caused by the 3~-decay of the mother nuclide and can last several minutes.

5.2 The Energy Production and Burn-Up

The energy produced by fission that can be recovered is about 200 MeV per fission. This energy is not

immediately released, as indicated in Table 2. By the fission products with long half-life, the decay energy is

appearing very slowly. In a reactor the major part of the decay energy is of no benefit because the half-lives
are often much larger than the life-time of the core in the reactor. The difference between the released and

recuperated energy is influenced by the range of the activity. We consider that:

The travelling distance of the fission fragments is very short (about 10> m).

The travelling distance of the neutrons is relatively long (> 0.1 m) and re-used inside the reactor to
maintain the chain reaction ongoing.

The range of the 3-rays’ penetration is short (in the order of the thickness of an Al foil).

The range of the y-rays’ penetration is long, so that the recovered portion depends on the place
where they are created. The prompt y-rays and the y-rays emitted during the decay of the fission
products in the reactor fuel (central reactor core) can be recovered.

For the neutrinos the material is almost transparent, so that they are mainly leaking out of the
reactor and their energy is lost.

The secondary y-rays are emitted during the neutron absorptions by the different materials in the
reactor. Since in average about 2.5 free neutrons are emitted per fission reaction and since only one
may induce a new fission, the remaining 1.5 neutrons have to be absorbed somewhere in the reactor.
Taking into account the binding energy of 7 - 8 MeV of a neutron, this absorption leads to the
excitation energy of about 11 MeV. The excited nuclides lose mainly their energy via radiation.

Table 2: Generated and recovered energy at the thermal fission of a 235U nucleus.

Energy Released Recovered Range of activity
in reactor
Kinetic energy of fission products | 168 MeV 168 MeV <0.01cm prompt
Energy of neutrons 5 MeV 5 MeV >10cm prompt
Prompt y-radiation 7 MeV 7 MeV 100cm prompt
Fission products’ decay
- B-radiation 8 MeV 8 MeV <0.1cm delayed
- y-radiation 7 MeV 7 MeV <100cm delayed
- neutrinos 12 MeV -- >100cm delayed
Secondary y-radiation 2-4 MeV 0-2 MeV 100cm delayed
Secondary fS-radiation 3-6 MeV 0-3 MeV <0.1cm delayed
Total 212-217 MeV 195-200 MeV
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In summary one thermal fission yields about 200 MeV, which is about 8.9 108 kWh thermalpower. Almost
all nuclear fuels split about 1g fissile material per day to generate 1 MWth. The thermal production of one
MW during one day (1 MWd) therefore needs about 1g#°U in the case of a normal pressurised water reactor
with UO; core.

Theoretically 1 ton heavy nuclides (uranium, plutonium, thorium, ...) can produce about 950.000 MWd thermal
energy. This enormous energy potential justifies the large interest to nuclear energy. To quantify the energy
that is effectively used in the irradiated or spent fuel, the terminology burn-up of the spent fuel is defined.
The burn-up gives an indication on how much (in time and intensity) the fuel has been irradiated. So far, the
fuel elements in a reactor are supplying much less energy than theoretically possible, i.e.

¢ in normal thermal reactors (pressurised water reactors, boiling water reactors, graphite reactors, ...)
the burn-up varies between 5.000 and 35.000 MWd/ton;

¢ in advanced themal reactors and in fast reactors (advanced pressurised water reactor, fast breeder, ...)
the burn-up varies between 50000 a 100.000 MWd/ton.

These relatively low values (compared to the theoretical ones) are a consequence of the enrichment in fissile
nuclides. In the current reactors almost exclusively the thermally fissionable nuclides are split (mainly 23°U).
The enrichment in 2°U is determining the burn-up. Typical values are:

e about 7000 MWd/ton burnup in reactors fueled with natural uranium (with 0.7% 2>U);

e about 35000 MWd/ton in pressurised water reactors (PW .R.) fueled with uranium that is enriched
about 3.5% in #°U;

e about 100.000 MWd/ton in advanced thermal reactors fueled with about 7% enriched U or Pu.

An exception is a fast reactor, which reaches easily 100.000 MWd/ton and which even produces more fissile
nuclides than they use. Their enrichment varies between 15 - 20 %.

5.3 Fission Products

The fission of a heavy nuclide shows typically the following characteristics with regard to the fission
fragments:

e The fission process creates always two fission fragments. The sum of the partial yields is therefore
200%.

e Theyield curve shows clearly two peaks, at 4 = 95 and at 4 = 140. The peak yield is about 7% en
the width of the peak about 15. Between the peaks a significant valley exists, in particular in the case
of thermal fission and the deepest point in the valley indicates symmetric fission. (In every series of
20000 thermal fissions of #°U there is only one symmetric.)

e Forheavier nuclides (eg. #'Pu compared to 2*°U) the yield curve remains double peaked with regard
to the deepest point of symmetric fission. The peak of the light group of fission products shifts
towards a slightly higher mass number.

o If the energy of the neutrons that induce fission increases (approaching fast fission reactions), the

symmetric fission increases importance.
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6 Composing a Critical Reactor

Each reactor contains nuclear fuel, structure materials and a coolant that removes the heat of the reactor

core. Depending on the energy of the neutrons, that are mainly inducing the fissions, two different types of
reactor are distinguished:

a thermal reactor: in this case mainly neutrons with a thermal energy, smaller than 1eV are causing

the fissions. These reactors are characterised with one additional element in the reactor: the
moderator. The fission neutrons, emitted with an energy of about 2 MeV are scattered at the nuclei
of the moderator to lose their energy 6 orders of magnitude until about 1 eV,

a fast reactor: in this case the fission neutrons are not slown down and the fissions are mainly
induced by neutrons with an energy above 1 keV.

The composition of a thermal reactor is heterogeneous:

The fuel is commonly manufactured in the form of fuel pellets, which are introduced in a fuel pin.
Different fuel pins are combined to form a fuel element or fuel assembly (normallyona 17x17 grid
in pressurised water reactors)

Between the fuel pins the moderator is introduced. In the case of a solid moderator (e.g. graphite
reactors) the moderator is penetrated to also provide a coolant through it (gas or water). In the case
of a liquid moderator (water or heavy water), the moderator takes also the role of coolant.

A considerable quantity of structure material (steel, zircalloy,..) is present in the core to strictly
maintain the geometry. The distance between the different parts is needed to be able to cool and
control the geometry.

The composition of a fast reactor is similar to a thermal reactor, except that no moderator is present. The rest

of this chapter focuses on a thermal (light water) reactor.

In order to describe the neutron balance in a reactor, consecutive steps for the neutrons are modelled with

different factors, as illustrated in Figure 6. The product of these factors is defining the effective multiplication

factor K.z Starting from thermal neutron we arrive after one cycle to Ky thermal neutrons. For a reactor K

needs to be closely to 1 to keep a stable reactor operation. The different factors are:

1.

The production factor (17): defined as the number of fast neutrons that are emitted by the fission after

absorption of one thermal neutron in the fuel.

The fast fission factor (¢&): the fuel normally contains also fertile nuclides in abundance. The fertile

nuclides can be split by fast neutrons (with energy above the threshold). To take into account this fast
fission effect, a fast fission factor is defined as the number of fast neutrons that are caused by a fast
neutron, which is generated during the fission by the original thermal neutron.

The resonance escape probability (p): during the slowing down by scattering with the moderator nuclei,

it is possible that the neutrons interact with other materials (e.g. fuel), and that some with certain
neutron energy might be absorbed. The resonance escape probability defines the probability that a fast
neutron can be slowed down till it reaches a thermal energy. In this way, neutrons reach the thermal
energy region and can be absorbed again in the fuel if they remained in the reactor.

The fast non-leakage probability (1;): If the fast neutrons are approaching the geometric boundary of

the reactor core, they might leak away, which is taken into account for fast neutrons with the
geometrical factor.
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5. Thethermal non-leakage probability (I.). Also the thermal neutrons might be residing at the geometric
boundary of the reactor core and leak away, which is in a similar way taken in to account.

6. The thermal utilisation factor (f): The neutrons, which reached the thermal energy region and which did
not leak away, can be absorbed either in the fuel or in other material (structure material, moderator,
coolant). Therefore, the thermal utilisation factor is defined as the probability that the thermal neutrons
are absorbed in the fuel and not elsewhere.

k.« fission reactions with thermal n

17 fast neutrons (produced)

1MeV
k effective n& fast neutrons (accounting also fast fission)
ne (1- 1,) Leakage (geometry)
100eV
ne 1, (1 - p) absorbed with probability for
neutron capture 2g.conance
1eV

ne l,p (1-1,) Leakage (geometry)

koLl
-1 nel;p ly(1-f) absorbed with probability Zp ¢ orstion

nel,plyf thermal neutrons absorbed in U-235

Figure 6: Neutron cycle in a thermal reactor (the £Resonance and £Absorption indicates macroscopic cross
sections, which are the probability for being captured/absorbed).

The total effective multiplication factor k.yis given by k.y = n.e.p.l..fI> and the neutron-kinematics of a

reactor can be characterised with k.5 the reactor has:

e key=1:a stationary behaviour is present, the neutron population remains constant and the reactor is
critical (controlled chain reaction) with stable operation.

e key> 1:the neutron population is increasing and the reactor is overcritical (this is also the case of an
atomic bomb) with exploding behaviour.

e key< 1:theneutron populationis decreasing and the reactor is subcritical (this is also the case when
shutting down a reactor) with an extinguishing behaviour.

The energy production follows the same behaviour as the neutron population.

7 Critical Mass of a Mixture of Nuclear Materials

The critical mass of fissile material is the amount of mass needed for a sustained nuclear chain reaction. It is
determined by the minimum volume of the fissile material that houses the mean free path length of a
neutron. To cause a fission reaction a neutron traveling through the fissile material should hit with high
probability a fissile nucleus and therefore the volume of a critical mass is coupled to the mean free path
length of the neutron. The critical mass of a fissionable material depends on: its nuclear properties (e.g. the
probability for absorbing a neutron and splitting, that is characterised by the nuclear fission cross-section)
and physical properties (in particular the density), its shape and its enrichment. Table 3 gives examples of
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bare masses of fissile material. Often such critical mass is surrounded with material where neutrons can be
reflected inwards again at the boundary. This reduces the amount of fissile material needed for criticality.

Table 3: overview of estimated critical masses for bare spheres.

Nuclear material Critical mass
nuclide
Uranium in metallic spherical form
highly enriched, weapons-grade U > 949% 235U < 50-55kg
highly enriched U > 50% U < 60kg +10kg
low enriched U < 20% U > 800kg + 40kg
(artificially) bred U 33U < 10-15Kkg
Plutonium in metallic spherical form
Alpha-phase ivory-grade Pu > 97% 2Pu < 4kg
Alpha-phase weapons-grade Pu > 9309 2Py < 8-10kg
Delta-phase weapons-grade Pu > 9309% 2Py < 10-15kg
Reactor-grade Pu > 7% %Py > 40-50kg
Elder reactor-grade Pu > 7% %Py > 100-120kg
Reprocessed spent fuel
Elder Pu powder with americium 24Am, 24Am > 50-150kg
Purified americium > 97% Am?2* < 10-20kg
Elder Pu powder with curium 246Cm > 60-80kg
Purified curium > 97% 2Cm < 10-15kg
(artificially) bred curium 24Cm <7-12kg
Exotic nuclides produced by selective irradiation
Neptunium Z'Np < 15-20kg
Californium St < 10-15kg

The shape for a critical mass of fissile material is a sphere, because a sphere has the smallest surface to
volume ratio. The critical mass of this sphere can be further reduced (about 15%) by surrounding the sphere
with a tamper or a neutron reflector of tungsten or steel. In the case of a bare sphere the critical mass is in
the order of 50kg for °U and 8 kg for 2*°Pu. Bare-sphere critical masses estimated by means of Monte Carlo
simulations for some isotopes whose half-lives exceed 100 years are listed in the Table 3.

The critical mass for lower-grade uranium depends strongly on the grade: with 20 % #°U it is over 400 kag;
with 159 23U, it is well over 600 kg. The critical mass is inversely proportional to the square of the density:
if the density is 1% more and the mass 2% less, then the volume is 3% less and the diameter 1% less. The
probability for a neutron per cm travelled to hit a nucleus is proportional to the density. Saving 1% in
diameter means that the distance travelled before leaving the system is 1% less. This is something that is
taken into consideration when attempting more precise estimates of critical masses of plutonium isotopes
than the rough values given above, because plutonium metal has several different crystal phases which vary
significantly in density.

The calculations give accurate input on the number of prompt neutrons that are emitted by thermal fission,
fast fission or spontaneous fission. For 24Pu a relative high movability of spontaneous fission exists
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(spontaneous fission rate reaches about 1.6 106 fissions/(g.h))®. This explains why weapons-grade Pu is

defined in function of the 2*°Pu content, i.e. 2°Pu < 7% of the Pu-total mass. A too high percentage of 24°Pu
impedes an easy accurate control of the initiation of a chain reaction and can cause the weapon to detonate
prematurely under the form of afizzle.

A nuclear fission device houses a system which transmutes a subcritical mass into a supercritical mass in a
very short time. Two classic methods for assembly (fusion of the subcritical parts) have been used: gun-type
and implosion-type. In the simpler gun-type device, two subcritical masses are brought together by using a
mechanism similar to an artillery gun to shoot one mass (the projectile) into the other mass (the target). The
Hiroshima weapon “Little Boy” was gun-assembled and used %°U as a fuel. Gun-assembled weapons using
highly enriched uranium are considered the easiest of all nuclear devices to construct and control.

The other method makes use of the implosion technique, which is more difficult to manage electronically but

needs substantially less nuclear material than the gun-type method. A large number of background neutrons
are found in plutonium because of the decay by spontaneous fission of the isotope 2*°Pu. This explains the
short time interval between spontaneous neutron emissions in plutonium and the choice by the Manhattan
Project scientists to apply the implosion method. This method of imploding the nuclear material to from a
critical —even supercritical- mass requires a much smaller amount of Pu. In the implosion method high
explosives are arranged to form an imploding shock wave which compresses the fissile material to super-
criticality. The "Fat Man" atomic bomb that destroyed Nagasaki in 1945 used 6.2kg Pu and produced an
explosive yield of 21-23 kton. Until January 1994, the US Department of Energy (DOE) estimated that 8 kg
would typically be needed to make a small nuclear weapon. Subsequently, with the further development of
technology and in particular of electronics, the DOE reduced this value to an estimate of 2-4 kg Pu needed for
a nuclear device.

In a summary the most common nuclear materials for a nuclear device are high enriched uranium on the one
hand and plutonium on the other. In anticipation of the development of both types of nuclear devices,
safeguards measures have been developed with quantitative goals, which are worked out in the following
section.

8 Significant Quantities in Safeqguards

8.1 Significant Quantity for the Nuclear Material of Uranium

For the civil application of most nuclear power plants, it is sufficient to enrich natural uranium (about* 0.7%
5U) to a low percentage, 3-5%, in 2*°U. Light water reactors (pressurised water reactors, boiling water
reactors) cannot operate with natural uranium. Heavy water reactors can operate with natural uranium but
need to enrich the moderator to heavy water. Graphite reactors operate - depending on the choice of the
coolant — with natural or with slightly enriched uranium (typically gas cooled graphite reactors use natural
uranium whereas water cooled use slightly enriched uranium).

Different enrichment technologies exist which are built on e.g. diffusors, centrifuges, aerodynamic swirls,
calutrons, chemical exchangers, lasers, cyclotron but the most common are centrifuges. The enriching

“ Chamberlain et al.(1953)

“ The weight percentage of 235U in the U-ore varies slightly depending on the mine, but natural U is defined with a weight percentage of
235U smaller than 0.72%.
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technological element (or most commonly the centrifuge) is typically used in aserial multiplication or so-
called cascade, because of the peculiar separation of the 2°U component from the 28U component in UFs
gases based on mass difference between 2°U and 2*8U. If one keeps ongoing with enriching the original gas, it
is possible to reach a precious gas, rather small in quantity but with very high percentage in 2°U (over 93%),
which is of use to military applications. A country equipped with centrifuge technology gains by multiple re-
entry of the product in the feed or by changing the cascade configuration (increasing the number of serial
stages by connecting some parallel centrifuges in series) the ability to produce weapons-grade uranium.

The quantity of uranium needed to construct a critical mass, depends strongly on its enrichment grade.

Therefore, the goal quantity that has to be controlled needs to be specified in function of this enrichment
grade. For practical inspection the IAEA defined three categories of uranium that are under safeguards:

e Low Enriched Uranium (LEU) in which 2°U mass < 20% of the U mass;
e High Enriched Uranium (HEU) in which 2°U mass > 20% of the U mass;

e Ivory grade uranium which is in particular also weapons-grade and in which °U mass > 93% of the
U mass.

Table 4: The three IAEA safeguards goals for nuclear material in the front-end of the fuel cycle.

Material 25U in LEU 25U in HEU NaturalU Depleted U Th
Significant 75kg 25kg 10000kg 20000kg 20000kg
quantity

Timeliness 1 year 4 weeks 1 year 1 year 1 year
Probability For false alarm < 59%; for non-detection < 5%

The IAEA safeguards goals for uranium nuclear material are defined in Table 4 that shows the restraining
measures for higher enrichment of U. The significant quantity reflects the order of magnitude calculated to
obtain a critical mass of Uranium at its specified enrichment grade interval. These goals aim to impede
proliferation of undesirable uranium devices by timely and efficient detection of a possible diversion of a
significant quantity of uranium material.

8.2 Significant Quantity for the Nuclear Material of Plutonium
To avoid proliferation of the implosion-type nuclear devices with Pu, the - by DOE estimated - critical mass
quantity of 8kg for plutonium was taken as goal (cfr. Pellaud, 2001). The different characteristics of Pu (in

particular the spontaneous fission of 2°Pu) have led to 4 categories* of Pu, defined in function of the relative
weight percentage of 2*°Pu in the Pu element:

e Reactorgrade (RG) Puis defined by ?4°Pu >18% of the Pu mass;
e Fuelgrade (FG) Puis defined by 7% < 2%Pu <18%;
e Weaponsgrade (WG) Puis defined by 3% < 2Pu <7%;

e Ivory grade or supergrade is defined by 2°Pu <3%.

“2 pellaud (2002)
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The introduction of mixed oxide fuel for thermal reactors led to a special case of mixture of adding to the U
oxide also Pu oxide with Pu<20% of the mixture weight. Under the current scientific-political approach of
safeguards goals, the entire isotopic vector of Pu (giving the composition in all isotopes) is not considered the
most practical way for discriminating the Pu in more or less safeguards relevant material. Instead the
presence of the nuclide #Pu is focused on. If 28Pu > 80% of Pu mass, the Pu is excluded from safeguards, as
this is a fast decaying nuclide that has mainly applications as battery in spatial research or biomedical
products (e.g. pace maker).

The IAEA safeguards goals for artificially produced nuclear material, plutonium and uranium-233 are defined
in Table 5. Again the significant quantity reflects the order of magnitude calculated to obtain a critical mass
of Pu or 3U. These goals aim to impede proliferation of nuclear (implosion-type) devices by timely and
efficient detection of a possible diversion of a significant quantity of this material.

Table 5: The 3 IAEA safeguards goals for nuclear materials, that are produced while breeding and are present
(mainly) in the back-end of the fuel cycle.

Material 33y FG/RG Pu WGPu Pu mixtures Puinirr. FA.
Significant 8kg 8kg 4kg 3 kg 1FA.
quantity

Timeliness 4 weeks 4 weeks 1 week 1 year 3 months
Probability For false alarm < 5%; for non-detection < 5%
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The Historical Context of the EURATOM Treaty’s Safeguards
System
Matteo Gerlini

University of Siena

Abstract

This chapter presents the history of the making of EURATOM safeguards system. It describes the treaty’s

features, which created the safeguards. To approach it it offers a narrative of the European integration debate
during the first decade of the Cold War, and of the coming into force of NPT. It deals with both military and
civilian aspects to introduce the historical relevance of the EURATOM safeguards system.

The Themes of the European Integration

In 1948, the hard political struggle between the Soviet Union and the United States crossed Europe. The result
was the division of the continent into two areas of influence, and political, economic and social systems. This
was an ideological conflict that fought for the hearts and minds of the people: known as the Cold War, the
conflict pivoted on nuclear weapon stockpiles and the strategic concept of nuclear deterrence. The epicentre
of the European Cold War was in Germany, a nation divided since 1949 into two entities based on the former
post-war occupation zones. In the previous year, on 17 March, 1948, France and Great Britain signed a treaty
with the three Benelux countries. The treaty is known as the Pact of Brussels and according to the signers, it
was created to stop the possible resurgence of a German threat. The communist threat stood as a historical
twofold danger in Western Europe governments’ perception by taking the shape of both internal subversions
elicited by communist parties and the risk of a Soviet invasion.

The issue of German rearmament became a framework cornerstone of the alliances that divided the West
from the East on the continent. The line separated countries ruled by communist parties and countries where
they were excluded from government or banned. The Western group promoted a series of political initiatives
to integrate Europe and to achieve a peaceful and prosperous future. European integration was the condition
to receive the United States’ commitment for defence, security, and recovery, which was supposed to contain
the Soviet threat. At the same time, European integration was a tool to contain the possible rebirth of German
power. A significant portion of American leadership supported the European integration project, engaging in an
internal debate that would eventually see it victorious against the longstanding US isolationists. Similarly, UK
Statesman Winston Churchill and other British influential personalities supported the need for European
cohesion to stand against the Russians. The need for integration was also echoed by other European
statesmen such as the Italian Alcide De Gasperi, the German Konrad Adenauer, and the French Robert
Schuman. Each had their own perspectives and different goals but endorsed the endeavour of the making of
a common Europe. The defence and security debates were intertwined with the discussion on economic
development and political cohesion because economic development was supposed to dispel social instability
and erode the political risk of communists uprising.

The United States government followed their engagement started with the European Recovery Program (the
so-called Marshall plan) creating a defence system with the North Atlantic Treaty which was signed in
Washington on 4 April, 1949. This treaty addressed Western European governments’ concerns toward the
Soviet threat and committed the United States to defending Europe. In August of that year, the US atomic
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monopoly ended as the Soviet Union had become a nuclear power, immediately giving Europeans more
reasons to endorse the North Atlantic Treaty. The newly formed Atlantic alliance established an
unprecedented organizational structure that allowed for the creation of permanently deployed armed forces
during peace time. Furthermore, the Atlantic organization’s creation forced the consideration of integrating
West Germany into the Western defence system, which would have meant the German rearmament.
Nevertheless, the other track of economic and political integration was the consideration of European
cohesion and expected unification; such a kind of integration was supposed to solve the quarrelsome question
of German’s role in the European defence system. [1]

The ECSC and the EDC

Regarding economic and political integration, the European leaders opted for a sectorial approach that
focused on key economic fields. The first was the coal and steel industry. On 9 May, 1950, Schuman proposed
establishing a high authority for coal and steel that would have reconciled the needs of France and the West
Germany while also paving the way for European consensus with Italy and the Benelux countries regarding
production and market of both goods. The main cause of friction between France and Germany was the
control of the Saar and Ruhr mining areas. The plan proposed by Schuman eliminated subordination in Saar
and Ruhr coal and steel districts and allowed German participation in new coal and steel production. The coal
and steel high authority led the European Coal and Steel Community, a supranational organization which had
powers over the member states. The authority was charged with managing significant aspects of the coal and
steel industries above the member states. Konrad Adenauer responded positively to the proposal, which was
extended to other European countries

The Korean War on 25 June of that year, the first outbreak in the peninsula after WWII, increased the
demand of steel and pressured Americans to ask negotiation participants for the rearmament of West
Germany as an ally in the conflict. The president of the French ministers’ council, René Pleven, responded to
such growing harshen of Cold War with a plan for the creation of a European defense community, which
would have followed the coal and steel community model while the Western governments reached an
agreement and created the ECSC. The treaty was approved on 18 April, 1951, and the supranational body
came into force on 25 July, 1952, with Belgium, France, Germany, Italy, Luxembourg, and the Netherlands
(called “the Six”, as member states). Jean Monnet, a French international officer and staunch supporter of
Europeism, was appointed President of the Community High Authority.

In fact, the community created a common market for the steel industry, which regulated the respective shares
of production of various countries as a framework for the development and modernization of the whole
European industry. The ECSC High Authority was composed of nine members with a maximum of two for each
member state. To balance it, the Council of Ministers was also established. It was made by the ministers of
the member states’ governments because Commission members were not subject to national governments.
The Council liaised the High Authority with national governments. A court of justice was also created to
resolve disputes that arose under the treaty between the High Authority, the member states, and the
stakeholders. [2]

The relevant point for us is the first statement of verification principle established by the ECSC treaty. Indeed,
the treaty contained the ability for the High Authority to control the actual production of carbon and steel
industries in the member states through inspections. By doing so, the High Authority assured members
against other member’s possible misconduct. Because the High Authority was independent, every government
trusted the quality of its inspections. This verification model set the precedent for the atomic energy
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community’s safeguards. The member states were assured that their neighbors would not turn the
ploughshares into swords.

The Six tried to apply the same supranational model to the creation of a European defense community (EDC)
because it was demanded by the Americans to allow them to politically and strategically commit to the
defense of Western Europe from the risk of a Soviet invasion. However, the French Parliament rejected the
EDCin August 1954, [3] so the British took the initiative and pushed the Brussels Pact toward creating the
Western European Union (WEU), which was an organization with West German participation without any
supranational features. [4]

A Nuclear Driver for the European Union

The ECSC had demonstrated Europe’s willingness to integrate a strategic sector according to the
supranational principle. Conversely, the EDC had showed the limits of this kind of integration when it involved
a branch as sensitive as defense. Because the EDC was supposed to be the main step forward to European
unification, after its fumble, the whole process broke down. The European governments looked for a driving
force to resume the process of European integration and found it in the nuclear energy and its promising
power production. After the death of Soviet dictator Josip Stalin on May 1953, the international tensions
seemed to release, as in December of same year, US president Dwight D. Eisenhower delivered the “Atoms for
Peace” speech to the United Nations general assembly, which committed his government to international
cooperation relating to the peaceful uses of atomic energy. The following Atomic Energy Act of 1954 included
any future bilateral cooperation agreement with the United States. The basic mission of the act was the
peaceful transfer of technology. As a part of the act’s peaceful goal, transferring any information related to
weapon design or fabrication was forbidden. To verify the compliance of the partner States, the United States
government can subject all transfer recipients facility inspections and enclose this caveat in the agreement
offered to the Europeans. [5]

The term “horizontal proliferation” was not yet the expression used to define the acquisition of nuclear
weapons by other states than the three nuclear powers of those days. Nevertheless, it was the top priority in
the US atomic policy, as the American government called it “the fourth country problem” [6]. Among the Six
European States, France was the fourth country on the list. The US promoted peaceful uses of nuclear energy
as an indirect way to slow down the nuclear weapons project by other states. As the non-nuclear states
needed technology and materials to achieve nuclear weapons, they looked for international cooperation to fill
the gap. If the US, the more advanced nuclear state, limited transfers for peaceful uses only, the recipient
state was restricted to peaceful utilisation, making the weapon projects more difficult.

Louis Armand, a prominent figure in French nuclear sector, was conducting a study on behalf of the OECD that
examined the future production of nuclear energy on the continent. The study referenced the advantages an
authority for an integrated management of nuclear development in Europe would bring. In 1955, Jean Monnet
resigned from the post of High Commissioner of the ECSC, and he began to promote the creation of a
European Community for Atomic Energy.

The governments of the Six convened at a conference from 1 to 3 June, 1955 in Messing, Sicily, to resume
the European integration projects. They discussed the topics of a nuclear community and of a common
market. After long debating, French Foreign Minister Antoine Pinay agreed with the other delegates to create
technical and politically mixed group that would run the negotiations toward both the communities.

Thus, the Six established an Intergovernmental Committee, better known as the Spaak Committee, as it was
chaired by the Belgian statesman Paul Henry Spaak It worked throughout the summer of 1955 to bring
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together the negotiating positions of the Six; a British delegation participated as an observer in the early
stages of the Spaak committee, but it left because the British government disagreed with the strong
supranational features of the planned integration.

The Spaak committee produced a report which carefully presented the atomic energy community, acronym
EURATOM. The first issue was the thorniest: addressing the risk of military diversion of fissile fuels distributed
by the community for peaceful purposes. The second issue was related to the preferable way to create a
common supply system of fissile fuel, a request that had long been advocated and supported by the French
delegation.

During the rounds of negotiations following the report presentation, the US government clearly and openly
endorsed the project of a European atomic community. The reasons for the US support of EURATOM were
clear: making West Germany an organic element of the Western coalition, helping the Franco-German
relations, fostering the spreading of nuclear technology in a peaceful direction, and quickly developing a solid
nuclear power industry in Europe as client of the US nuclear complex. [7]

The Suez Crisis and the Committee of the Three Wise Men

In October 1956, after the nationalization of the Suez Canal by Egyptian government, France, Great Britain
and Israel responded with a military expedition to restore the former ownership of the Canal. Both US and
USSR exposed the action, forcing the three to withdraw. The War caused a blockade of homonymous Canal,
with an immediate destabilizing effect on the fuel market and on the power production costs. The
reconstruction of the continent after the World War Il had beenbased onthe extensive import of Middle
Eastern crude oil, which seemed free of any risk of interruption. The war strongly pushed the French
government toward achieving an autonomous nuclear armament to restore the international role of the
French republic after the Suez political defeat.

The Suez crisis was a disturbing point in the transatlantic relations between the United States and the
European powers: after it, from both sides of the ocean, it appeared necessary to strengthen - or reconstruct
the bond of Atlantic solidarity. Within the US leadership, concernments arose on the risk of European
withdrawing from the atomic community project, which was caused by the United States’ position during the
Suez war. The Six appeared much more likely to give birth to forms of increasingly bland nuclear cooperation
rather than to commit to fostering a supranational integration. This possibility meant that western European
states would ask the US for bilateral agreements for fissile materials; therefore, not endorsing the US position
on the creation of a single continental supply agency in the framework of a European atomic energy
community which would be committed to peaceful uses of the technology.

Just before the war, on 20 September 1956, the representatives of the Six agreed for the creation of a
"Committee of Wise Persons" that was mandated to establish a viable program to produce Atomic energy.
Europe would reduce dependency on foreign energy sources by obtaining the support from British US
technology. The Committee included Louis Armand—Director General of Railways and member of the CEA,
Franz Etzel—German Member of Parliament and vice president of the High Authority of the ECSC, and
Francesco Giordani—a chemist and Chairman of the Italian National Research Council. Monnet was convinced
that once the treaty was signed, US support of EURATOM would have an effect comparable to that of the
Marshall Plan.

On 21 December, the US government issued a press release officially inviting the three European experts to
the US to have conversations with government officials and CEOs of major industrial corporations. On 4
February 1957, the Three Wise Men arrived in Washington to collect unclassified information technologies
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based on American civil programs, their costs, and to discuss several research programs that interested both
sides.

On 8 February 1957 a joint statement was released, emphasizing that the exchange of experience and
technical progress would strengthen the two sides of the Atlantic. A joint group of experts was also set up.
They were appointed by the Three Wise Men and by the American Atomic Energy Commission (AEC) and were
instructed to continue the study of the technical problems caused by implementing the program.

The visit of the Three Wise Men in the United States marked a turning point in the American attitude toward
the nuclear military ambitions of the Europeans. The State Department and the AEC eventually accepted the
caveat of national nuclear militaries to be ran outside of the community cooperation and removed their
position requiring a renounce of nuclear weapons by the Europeans as a prerequisite for the participation in
the community. Previously in 1954, the Federal German Chancellor Konrad Adenauer had committed the
German government to renounce to nuclear, chemical, and biological weapons, while the Italian government
never endorsed a national nuclear military program that was technically feasibility. The French government
was the only one that had both the technical capability and the political willingness to enter the nuclear club,
despite the technical gap the French nuclear complex had to fill to achieve nuclear weapons. [8]

The Treaty

On 25 March 1957, the two Treaties of Rome, established the European Economic Community and the
European Atomic Energy Community, called EURATOM. The EURATOM treaty was composed by a preamble
and 225 articles in six titles, plus annexes and protocols, and it came into force from 1 January 1958. As
stated in its preamble, the Six recognized “that nuclear energy represents an essential resource for the
development and invigoration of industry and will permit the advancement of the cause of peace”. The treaty
in article 1 of EURATOM was stated “to contribute to the raising of the standard of living in the Member
States and to the development of relations with the other countries by creating the conditions necessary for
the speedy establishment and growth of nuclear industries”. The EURATOM Commission had the same
supranational features of the ECSC High Authority.

The development of a nuclear industry involved multiple aspects: it assumed the creation of a common
continent-wide market of nuclear technologies, which would put no restrictions on the circulation of
knowledge, human resources, and capital. EURATOM should conduct research, provide access to the necessary
fissile fuels and technological components, encourage and facilitate investments, and promote the sharing of
technological information.

As for nuclear development, the Community research effort was built around two main ideas: the coordination
of national research programs of the Six—which remained autonomous and independent within the
Community framework—and the creation of a joint research program that had to be “complementary” to the
technological progress made by the scientific community. The EURATOM Commission, responsible for the so-
called “principle of coordination”, oversaw these activities; in other words, the Community avoided or limited
unnecessary duplication of research through a strong connection with the national players of nuclear
research. In member countries, EURATOM loans money to projects related to nuclear power generation and
the nuclear fuel cycle.

The EURATOM Commission developed the Community nuclear research activities with the Joint Nuclear
Research Centre (JNRC) and with the allocation of research contracts. The JNRC was comprised of four
research centres: Ispra (ltaly), Petten (the Netherlands), Geel (Belgium) and Karlsruhe (Germany). The JNRC
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was the primary tool to run the Community research. The allocation of research contracts, conversely, allowed
EURATOM to contribute external research projects that were of common benefit to the Six.

EURATOM ensured the sharing of nuclear information among all actors, state and none, who were active in
the sector, as feature of the common nuclear market for the community established from 1 January 1959.
The Six had a common external tariff and the freedom to exchange technology and manpower. Thanks to the
exchange or technology and manpower, industries could negotiate purchases and sales of minerals, fuels and
technologies with greater freedom and a significant reduction in price. [9]

A safeguard system intertwined all these tasks, ensuring the peacefulness of the community actions.

The Safeguards

Title two, Chapter seven of the treaty entailed the core of EURATOM safeguards system. According to Howlett,
it follows the framework of safeguards stated in the United States model of nuclear cooperation agreement,
and the American concepts of international control of nuclear energy. [Howlett, 90-1] The obvious dif ference
is that the subject enacting the safeguards was EURATOM Commission, a supranational authority and not the
recipient state or the provider.

Article 77
Under this Chapter, the Commission shall satisfy itself that, in the territories of Member States:

a) ores, source materials and special fissile materials are not diverted from their intended uses as
declared by the users;

b) the provisions relating to supply and any particular safeguarding obligations assumed by the
Community under an agreement concluded with a third State or an international organisation are
complied with.

Article 78

Anyone setting up or operating an installation for the production, separation or other use of source
materials or special fissile materials or for the processing of irradiated nuclear fuels shall declare
to the Commission the basic technical characteristics of the installations, to the extent that
knowledge of these characteristics is necessary for the attainment of the objectives set out in
Article 77.

The Commission must approve the technigues to be used for the chemical processing of irradiated
materials, to the extent necessary to attain the objectives set out in Article 77.

Article 79

The Commission shall require that operating records be kept and produced in order to permit
accounting for ores, source materials and special fissile materials used or produced. The same
requirement shall apply in the case of the transport of source materials and special fissile
materials.

Those subject to such requirements shall notify the authorities of the Member State concerned of
any communications they make to the Commission pursuant to Article 78 and to the first
paragraph of this Article.

The nature and the extent of the requirements referred to in the first paragraph of this Article shall
be defined in a regulation made by the Commission and approved by the Council.
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Article 80

The Commission may require that any excess special fissile materials recovered or obtained as by
products and not actually being used or ready for use shall be deposited with the Agency or in other
stores which are or can be supervised by the Commission.

Special fissile materials deposited in this way must be returned forthwith to those concerned at
their request.

Article 81 defined inspections, which follows the model of inspections as stated in the ECSC treaty, but with a
broader meaning. Indeed, the ECSC treaty in the chapter 4, article 65, defined inspections as a tool of the
Commission for the control of the production. For EURATOM, the same framework was applied with the aim of
checking any diversion from the peaceful means declared by the member states.

Article 81

The Commission may send inspectors into the territories of Member States. Before sending an
inspector on his first assignment in the territory of a Member State, the Commission shall consult
the State concerned; such consultation shall suffice to cover all future assignments of this
inspector.

On presentation of a document establishing their authority, inspectors shall at all times have
access to all places and data and to all persons who, by reason of their occupation, deal with
materials, equipment or installations subject to the safeguards provided for in this Chapter, to the
extent necessaryin order to apply such safeguards to ores, source materials and special fissile
materials and to ensure compliance with the provisions of Article 77. Should the State concerned so
request, inspectors appointed by the Commission shall be accompanied by representatives of the
authorities of that State; however, the inspectors shall not thereby be delayed or otherwise
impeded in the performance of their duties.

If the carrying out of an inspection is opposed, the Commission shall apply to the President of the
Court of Justice of the European Union for an order to ensure that the inspection be carried out
compulsorily. The President of the Court of Justice of the European Union shall give a decision
within three days.

If there is danger in delay, the Commission may itself issue a written order, in the form of a
decision, to proceed with the inspection. This order shall be submitted without delay to the
President of the Court of Justice of the European Union for subsequent approval

After the order or decision has been issued, the authorities of the State concerned shall ensure that
the inspectors have access to the places specified in the order or decision.

The Commission, which relies on the Court of Justice for the disputes with member states, controls the
recruitment of inspectors and the imposing of sanctions. The EURATOM Commission had no precedent in the
nuclear regulation realm.

Article 82
Inspectors shall be recruited by the Commission.

They shall be responsible for obtaining and verifying the records referred to in Article 79. They shall
report any infringement to the Commission.

48



ESARDA Course Syllabus

The Commission may issue a directive calling upon the Member State concerned to take, by a time limit set by
the Commission, all measures necessary to bring such infringement to an end; it shall inform the Council
thereof.

If the Member State does not comply with the Commission directive by the time limit set, the Commission or
any Member State concerned may, in derogation from Articles 258 and 259 of the Treaty on the Functioning
of the European Union, refer the matter to the Court of Justice of the European Union direct.

Article 83

1. In the event of an infringement on the part of persons or undertakings of the obligations
imposed on them by this Chapter, the Commission may impose sanctions on such persons or
undertakings.

These sanctions shall be in order of severity:
a) a waming;
b) the withdrawal of special benefits such as financial or technical assistance;

c) the placing of the undertaking for a period not exceeding four months under the administration
of a person or board appointed by common accord of the Commission and the State having
jurisdiction over the undertaking;

d) total or partial withdrawal of source materials or special fissile materials.

Of course, the power must align with the rules regarding nuclear military programs agreed by the
Six. The article 84 reinforced the exemption from safeguards of the military programs. It is a
“defence clause” which excluded the safeguards of nuclear materials tied to defence tasks, as well
as those outside military areas. Renouncing nuclear weapons’ achievements or goals was not
required to join EURATOM. The EURATOM treaty requires members to promote peaceful uses of
nuclear energy and to not divert the resources of the community to military applications. This
required states to communicate what materials were employed for defence. Those material are
exempted from safeguards and removed from the EURATOM development system.

Article 84

In the application of the safeguards, no discrimination shall be made on grounds of the use for
which ores, source materials and special fissile materials are intended.

The scope of and procedure for the safeguards and the powers of the bodies responsible for their
application shall be confined to the attainment of the objectives set out in this Chapter.

The safeguards may not extend to materials intended to meet defence requirements which are in
the course of being specially processed for this purpose or which, after being so processed, are, in
accordance with an operational plan, placed or stored in a military establishment.

As we can see, the EURATOM treaty distinguished between special fissionable materials and other
nuclear materials and ores. EURATOM exerted the right of exclusive ownership on fissionable
materials 2°U, Z°Pu and #*3U. All others are nuclear materials, which the Community has the right
to cover.

Thus, Title two, Chapter six dealt with the supply of nuclear materials, special or other ones. Chapter
eight dealt with the Community’s property and rights regarding the special fissile materials in the
territories of the member states and enforcing and verify the compliance by authority. In this way,
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the EURATOM safeguards system was the only one covering the entire nuclear fuel cycle, from
mining to final reprocessing. The general provisions of Title five gave EURATOM the legal capacity
to run the inspections in the territories of the member states.

The US-EURATOM Agreement

In 1958, the United States government prepared the agreement with EURATOM. This was a cornerstone for
the effectiveness of the Community’s action and for the nuclear policy of the United States. In the message
delivered by Eisenhower to the Congress, pending the approval of the agreement, he outlined a goal for the
next five years in Europe: about one million of kilowatt of installed nuclear capacity, from reactors developed
in the United States. But this goal would be tied to an effective control of the technology transfer, and the
right receiving spent fuel from Europe, as well as a request of compatibility between the EURATOM
safeguards system and the IAEA’s one.

The Congress of the United States eventually approved the agreement on 27 August 1958. The United States
provided the Community with technology and a supply of °U. EURATOM committed to refrain from using the
technology and the nuclear materials provided by the United States for military purposes, directly orasa by-
product. The same items were not transferred by the Community to third parties without the authorization of
the United States.

The requirements were strictly binding to avoid any current or future diversion of the technology and of the
nuclear materials from research or power production. But it acknowledged the right of self-inspections for the
Community: this fostered the recovery of transatlantic trust after the Suez crisis. Thus marking an exception
in the framework of the United States nuclear cooperation agreements despite the disappointment of the US
general director of the IAEA, Sterling Cole.

Cole saw the right of self-inspection as limiting the authority of IAEA [Krigel. Actually, the agreement
requested the integration with the IAEA safeguards. The issue of integrating the two safeguards’ systems was
raised with the debate on the Non-Proliferation Treaty. On May 1962, the agreement was amended, and the
United States accepted the reprocessing of the US provided spent elements in the European Community. [10]

The Regulations for Implementing the Safeguards and the Beginning of the
Inspections

The implementation of the treaty needed legislative activity to allow the safeguards (and the inspections). In
1959-1960, the EURATOM commission enacted a slot of regulations (No. 2, 7, 8 and 9) to define the
safeguard system. They were relevant to the basic technical characteristics of each plant and how it should
be communicated to the Commission, and to the nuclear materials accountability, which had to be periodically
declared by the various enterprises that have stock or movement of ores, source materials, and special fissile
materials

This consistent corpus of rules allowed EURATOM to perform its first inspection, which took place on the April
1960 at Mol, in Belgium. It was focused on material accountancy and control instead of on-site inspection. In
February of same year, France had performed its first successful nuclear weapon test. With the growing
nuclear industry in EURATOM countries came a growing number of inspections. The amendment to the US-
EURATOM agreement of 1962 put the Community in charge of safeguarding the reprocessing of spent fuel.
This shifted the inspections and introduced new procedures that enabled them to control the reprocessing
plants.
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This expansion and improvement of the safeguards caused an increased recruitment of the inspectors. While
the first inspectors had a diplomatic or international legal background, the following inspectors came more
from technical and scientific careers in the nuclear sciences and technologies.

From the first inspection to 1967, we had 411 inspections divided among the following: research reactors
(177), fuel fabrication plants (101), power reactors (53), research centres (50), irradiated fuel treatment
facilities (20), and fuel stores (10).[11]

On 8 April 1965 was signed in Brussels the Merger Treaty, also known as the Treaty of Brussels, which unified
the executive institutions of the ECSC, EURATOM and the European Economic Community (EEC). It came into
force on 1 July 1967, setting out that the Commission of the European Communities should replace the High
Authority of the ECSC, the Commission of the EEC and the Commission of EURATOM, and that the Council of
the European Communities should replace the Special Council of Ministers of the ECSC, the Council of the EEC
and the Council of EURATOM. Although each Community remained legally independent, they shared common
institutions (prior to this treaty, they already shared the Parliamentary Assembly and Court of Justice) and
were together known as the European Communities.

The Non-Proliferation Treaty and the Enlargement of the Community

The nuclear international situation was continuing to evolve, with the People’s Republic of China testing its
nuclear weapon in 1964. This elicited the United Kingdom, the United States and the Soviet Union to promote
a treaty aimed to limit the horizontal proliferation.

The Non-Proliferation Treaty was open to signatures in 1968. The adoption of NPT marked a very relevant
milestone in the history of safeguards, extending them to all the nuclear facilities of the non-nuclear weapons
state adherents. But

it renewed the conflict between an international organization, like the IAEA, with an international safeguard
system and a supranational organization, like EURATOM, with a regional safequard system. In 1957, the
EURATOM authority overwhelmed the IAEA authority, but the NPT gave the IAEA anew rolein the incoming
non-proliferation regime, so the EURATOM member states found themselves in the middle of two overlapping
safeguard systems. [12]

The US, UK, and USSR, as proponents of NPT, called all nations of the world to adhere but not all nations
signed the treaty. Among the Six, the French Republic did not sign the treaty, while the Federal Republic of
Germany and the ltalian Republic signed in 1969 but waited until 1975 to ratify the treaty. So, when the non-
proliferation regime came into power, the only nuclear weapon state of EURATOM (France) did not adhere,
and other two EURATOM states delayed its ratification (West Germany and Italy). In this framework, the IAEA
opened a negotiation with the EURATOM to ensure the enforcement of the safeguard system. The first round
of negotiations occurred during the writing of the treaty. The NPT recognized indirectly EURATOM in its article
8:

Nothing in this [Non-proliferation] 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 3 of the NPT stated the requirements for the safeguard’s acceptance by the NNWS. Comma 4 of this
article states:
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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.

Eventually the Agency and the Community reached an agreement. The INFCIRC/153, enacted by the IAEA
board of governors in June 1971, described the agreement between the agency and the adherent states.
Articles 78-82 mention the concept of a third safeguarding agent whichis functionally independent from
member states nuclear material accounting system.

It seemed that the agreement proposed a proxy role for EURATOM, passing the data of EURATOM inspections
to the IAEA, but this met by French opposition because the Republic of France was not part of the NPT but
was the most inspected EURATOM state. The final negotiation took the form of IAEA INFCIRC/193 in
September 1973. It provides guarantees to solve the problem. It recognizes the EURATOM safeguard system
and avoids overlapping with it where possible.

EURATOM committed to enact subsidiary arrangements with the IAEA and to implement INFCIRC/193. With
Regulation 3227/76 of October 1976, EURATOM outlined the technical aspects to implement safeguards in
the new non-proliferation regime. The Commission was charged with gathering the required information
necessary to reach subsidiary arrangements between EURATOM and the IAEA. The Regulation provided the
legal basis for Particular Safeguards Provisions, which are to a large extend obligations defined by EURATOM
and placed on individual operators. These provisions were needed before the agreement on Subsidiary
Arrangements between IAEA and EURATOM. The Particular Safeguards Provisions defined by Regulation
322776 obliged the operators to provide to EURATOM what then EURATOM needs to supply to the IAEA as
obligation agreed in the Facility Attachments (which are part of the Subsidiary Arrangements between |IAEA
and EURATOM).[13]

The Regulation 3227/76 came after a major turning point in the European history, the first enlargement of
the European Communities with the United Kingdom entering in EURATOM. When the deal was drawn up with

the IAEA, the United Kingdom was already a member of the European community, as it formally joined it from
1 January 1973.

The British nuclear complex was co-processing the nuclear materials designated for defence and civilian use.
They did not have a physical distinction between the two tracks in some nuclear facilities.

The UK-EURATOM-IAEA verification Agreement of August 1978 was a “voluntary offer” of the UK Government
to put safeguards on some nuclear facilities because they host nuclear materials transferred to the United
Kingdom based on bilateral agreements subjected to safeguards.

Conclusions

The historical relevance of EURATOM in the safeguard realm is twofold. First, the EURATOM safeguards
system substituted the American cooperation agreement: as we saw, the EURATOM safeguards were the only
European assurances in the US-EURATOM agreement for transferring nuclear technology and materials
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framework that the Americans received. The EURATOM safeguards disrupted the usual model of verification
by being the first time a receiver is not monitored by the provider, rather the receiver monitors itself.

Second, the neighbour-check-neighbour principle implemented by the EURATOM safeguards was not
overpowered by the IAEA safeguards and EURATOM kept its right of self-inspection. In the IAEA safeguard
system, the inspectors came from a multitude of countries. Members of the same agency often had conflict
among them. In the EURATOM safeguard system, the inspectors only came from members of a regional
Community with stronger ties than the IAEA. The EURATOM commission shall only satisfy itself, not other
authority above it. Because ultimately it shared the same priorities of the IAEA on avoiding military diversion
from civilian uses, it was possible to reach a deal.
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The Basic Principles of Nuclear Material Management

Brian Burrows

BNC Limited (Burrows Nuclear Consultancy)

Abstract

This lecture will introduce the students to material management principles and in particular what is different
about nuclear material management. The focus will be on nuclear material control and accountancy and the
impact on process operations and engineering and construction design. It will describe the components of a
Nuclear Materials Accountancy (NMA) and control system and the underlying aspects of mass balance
accountancy and independent verification by safeguards agencies. The lecture will include practical
implementation issues and operational issues across the nuclear fuel cycle.

Introduction

This paper presents my own personal views on nuclear material management and nuclear safeguards within
the area where | am most experienced - large scale plants handling nuclear materialsin a wide variety of
bulk forms (liquid, powder, metal, gas, etc).

My background is (over 30 years) in nuclear material management working for British Nuclear Fuels,
historically a major provider of fuel cycle services based in the UK.

During my time at BNFL | was a System Designer for nuclear material accountancy and control systems, a
Master Production Scheduler for plant operations and the demand/supply chain, the Senior Nuclear Material
Accountant for the large uranium conversion and fuel fabrication facility at Springfields, the Senior Nuclear
Material Accountant in the large plutonium, MOX and waste facilities at Sellafield, and finally | was the BNFL
Head of International Safeguards with responsibility for policy and standards for nuclear material
accountancy and for interfacing with the safeguards authorities. Since leaving BNFL in April 2007 | have
worked as an independent consultant on NMA and safeguards.

The Origins of Material Management

The oldest known writing (some 3200 BC) took the form of a material account. A set of tokens found in an
Egyptian tomb recorded an account of linen and oil, documenting quantities and origin. Egyptian bookkeepers
kept meticulous records, checked by elaborate audit.

The need to record materials grew as it became important for measuring wealth, for trade and for logistics
during the wars that have ensued over the centuries.

The real surge in managing materials came with the appearance of money and arithmetic. Ownership,
personal wealth, commerce, investments, taxes and credit all flourished as a consequence and set the key
conditions for the development of double entry bookkeeping in Fourteenth Century Italy by Luca Pacioli. Luca
set out guidelines for inventory taking, for timeliness of accounts to view customer assets and liabilities and
for the running book concept. Accountancy formed the basis on which modern business would grow, flourish
and respond to owners, suppliers and customers. It formed the basis on which nations would organise the
logistics of wars and exploration and it formed the evidential base for meeting the growing burden of
regulations and laws which emerged.
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The Business Model for Materials Management

Modern manufacturing and processing businesses have a common business model, which incorporates:

- thefinancial state of the business, its assets, its unit costs, its storage costs and its profitability;

- the commercial state of the business contracts with customers, delivery and order requirements;

- the purchasing and receipt of goods, components and raw materials with the logistics of managing the
warehouse arrangements;

- the manufacturing process, bill of materials, work schedules, product design, process efficiencies,
assembly, disassembly, item tracking, build and quality assurance.

The core elements of procurement, production, storage and supply distribution has led to the creation of a
software package solution. At first these packages were often known as Materials Requirements Planning
(MRP) packages which later became Materials Resource Planning (MRP2) as they incorporated other resource
elements such as manpower. The inclusion of broader financial human resource elements has formed
complete Enterprise Solutions. The most common of these is the SAP software package. SAP is adopted by
many companies, including nuclear companies.

The Lure of a Commercial Package

For large companies, an enterprise wide business solution is an all-encompassing approach to business which
aims to remove duplication in a broader sense. Senior managers are particularly attracted to such package
solutions because they: -

- have known costs;

- areimmediately available and usable;
- have known and proven functionality;
- arereliable and supported;

- have wide user coverage.

The perennial question asked by senior managers, unfamiliar with nuclear material management, is therefore
“why can’t we control, manage and account for our nuclear materials using a commercial business software
package?”

Anyone who looks at this issue will see synergies but could and should nuclear material management be done
by such a business package? Ask any consultant, and you will be told that the commercial business package
can do anything given resources to write bespoke code, ingenuity in using the package and users prepared to
accept a less tailored solution.

Nuclear material management is not a proven feature of these packages and much glue is required to piece
together those parts of the package, which would collectively form the management of nuclear materials.
Companies such as EDF and Urenco have taken the SAP enterprise solution and have incorporated bespoke
add on elements for their relatively simple nuclear accountancy and safeguards reporting needs.

There are real differentiators for nuclear material management

Nuclear activities have very significant differences from the standard manufacturing business model.
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The nuclear fuel cycle exists in the political world of non-proliferation norms aimed at preventing the spread
of nuclear weapons. Safeguards verification, physical protection and trade controls all aim to control access to
nuclear materials and sensitive technology.

The nuclear fuel cycle also exists in the shadow of the health and safety risks of ionising radiation and the
considerable radio-toxicity risk from ingesting nuclear materials such as plutonium. Safety considerations
require the facility to err on caution, to monitor nuclear safety using failsafe systems, independent of all other
systems.

No other materials management has to meet the demands of criticality control with its inherent complexity
dependent on material form, geometry, isotopic composition, and element mass values. This is further
complicated by the changing nature of nuclear materials due to nuclear decay and transformation and
requires unique nuclear data on reactor burn up, cooling times, radiation activity etc.

The potential risks of nuclear materials and the associated complexities of fuel cycle facilities has led to a
prescriptive regulatory and licensing environment accompanied by close stakeholder scrutiny and subject to
significant public debate. The fuel cycle is subject to direct and independent verification by inspections with
wide ranging powers of access and high traceability requirements which demand high transparency of
operations and records.

All these factors are significant in bulk handling facilities and are acute and intrusive in bulk handling facilities
which handle sensitive nuclear materials such as separated plutonium and highly enriched uranium.

The web of stakeholders with an interest in the nuclear industry is wide ranging both nationally and
internationally and the industry is watched by the media and the anti and pro-nuclear lobbies. The nuclear
license to operate relies on strong assurances that the nuclear fuel cycle is safe, secure and safeguarded. This
requires technical assessment of a wide range of nuclear data and demands a very high level of data and
systems integrity, especially for plutonium. My own assessment is that the enterprise solution type of
package has still not arrived yet for large bulk processing plant needs.

Safeguards, Security and Safety

Safeguards security and safety are underpinned by the control of nuclear materials and operations. Because
of this commonality | often find that even people experienced in the nuclear fuel cycle and its technology
have problems differentiating between these functions.

The difference is most obvious when we consider the motives and goals of each of these functions.

Safeguards is intrinsically concerned with Treaty compliance, a confirmation that a state is not pursuing or
helping other states pursue nuclear weapons. Security on the other hand is to protect sensitive property,
information and nuclear materials and to be able to recover nuclear materials in the event of a security
breach. Safety is concerned in the wellbeing of people and environment and to protect them from radiological

harm and to prevent accidents or injuries.

The confusion arises at the shop floor level where the measures applied have strong synergies, overlap and
common techniques. All are concerned with containment to control access, all are concerned that material
does not get diverted into areas of plant where it should not be, all use monitoring and surveillance
techniques especially gamma and neutron monitoring, all employ some level of verification and assessment
and all have qualitative criteria. What is acknowledged by all is that an incident in one sphere is quite often an
incident in the others. A loss of nuclear material for example is quite clearly of a safeguards, security and
safety concern. A loss in material control is a likewise common concern. The fundamental difference is that
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security and safety are protective and preventative measures and so are pro-active. Safeguards however is a
historical verification in order to detect anomalies and therefore is alaggingand re-active measure. This
distinction is also highlighted in the fact that safeguards is an international competence whilst safety and
security are national competencies.

Safety and Security Influences on Nuclear Material Management and
Safeguards

Nuclear plants have always had massive construction for seismic protection and for radiation protection but
as plant radiological protection has increased and dose limits have tightened, then access to nuclear material
has become increasingly difficult. Complete access to nuclear material for independent verification is
therefore at odds with the dose reduction led move to automation and remote operation and risk led move to
minimise handling. This is particularly so in the most hazardous operations which accompany
decommissioning or servicing old facilities. Nuclear safety is paramount and the safety culture tends to create
a conservative and pessimistic approach, which increasingly impacts on safeguards.

Likewise, the events of 9/11 and the ongoing terrorist threat have heightened security arrangements with
consequent impact on access to plants, materials and information. Reports and data in all its forms
(documents, pictures, drawings etc) are subject to security classifications and disclosure difficulties again a
feature at odds with the need for openness, transparency and full information required by safeguards and
more recently by the safeguards additional protocol reporting. For example security is at its most vulnerable
during transport and therefore any advance information on what, where and when transports willtake place
must be protected.

Information security management however has some relevance to safeguards reporting which calls for
records to be trustworthy and provide assurance of record authenticity and availability.

Safeguards, Security and Safety Underpinning by Material Control

In order to manage materials effectively it is necessary to have proper material control. This requires that a
facility can locate all its nuclear materials and properly record and track what is happening with those
materials so that it can be fully accountable for all its nuclear items, work in progress, wastes and effluents.
To do this it must be able to do two things. Firstly, to have objective data inthe form of nuclear material
masses based on good measurement. Secondly to ensure that what it thinks it knows isin agreement with
reality. Like a supermarket it is not sufficient to control its inventory by assuming what it thinks is on the
shelves is in fact on the shelves. This requires that there is capability and access to conduct a physical
verification, a stock check, a Physical Inventory Taking (PIT).

Material Control Sub Processes

Attached in Appendix one is a table containing a variety of the sub processes which make up the overall
process of material control. If we take some examples from that table; container control, seal control, and
segregation of materials we can see that these are fundamental to the physical verification process and
efficient and effective operations. If there is inefficient and ineffective control, then this will certainly
manifest itself in poor nuclear material accountability.
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Material Control Areas

The basis of good material control is to be able to exercise control in a manageable and meaningful way. Itis
obvious for large bulk handling facilities like those at Sellafield and La Hague that is only manageable if the
sites’ facilities are broken down into more specific plant level control areas.

The physical boundaries of each control area should be unambiguous and the point of transfer and hand-over
arrangements for custody for nuclear materials leaving or entering the areashould be well defined. This
ensures that there are no split accountabilities and there can be a clear focus on who is responsible for
control.

The choice of material control area boundaries should be such as to maximise control of material flows. This
requires good measurements on the flows and an ability to carry out inventory taking of the materials held in
the control area.

These control areas should also be drawn up in such a way as to underpin the safeguards concept of Material
Balance Areas (MBAs). Running balances of nuclear material should be available for each control area. Why
not just utilise only the safeguards MBA structure? These can be very large for example a fuel fabrication
plant may be one MBA whereas from a management point of view that scope is too big for focusing
responsibilities and accountabilities.

Assign Material Custodians

At all nuclear facilities there are a range of people who impact on the nuclear material management process;
from people on the plant, through to designers, IT specialists, commercial functions and material accountants.

Two key groups of people within this population are the operators who actually have custody of the nuclear
material (the material custodians) and the nuclear material accountants who keep the records of the nuclear
material.

Each material control area should have a single material custodian appointed and that person should have
direct control over material within their own plant area and be responsible for:

- procedures, instructions and records;

- conduct of reqular stock checks;

- measurement quality;

- materials segregation and labelling;

- monitoring and notifying plant modifications which affect control;
- investigating control discrepancies;

- training and educational needs of personnel within their area;

- continuous improvement;

- representative and repeatable sampling.

Measurement Quality Control

All measurement, sampling and analytical techniques need to be subject to measurement quality control. This
ensures that measurement performance is technically defensible and in line with the prevailing national and
international standards. A programme for controlling measurements includes the procedures and activities
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used to ensure that a measurement process generates measurements of sufficient quality for their intended
purpose.

Measurement quality requires precision and accuracy data for mass and isotopic measurements, sampling
and analytical methods. Using these data, it is then possible via statistical analysis to determine whether the
mass balance performance is within what can be expected from measurement uncertainties.

Measurement errors are unavoidable in large bulk handling facilities. The measurement challenge is
considerable for example on large tanks containing many tonnes of highly active, hot, circulating dissolver
liquors with alow concentration of plutonium in acid. It is also normal to have random error variation between
one measurement and another and in some cases it may be that the measurement is subject to some
underlying bias which gives rise to systematic errors.

It is easy to say that systematic errors and biases must be identified and removed but there may be
prohibitive radiological, technical and financial reasons why this is not possible. In such circumstances it is
considered permissible to adjust the measurements for the systematic error where there is a defensible,

documented and accepted assessment of the error.

The Hold-Up Challenge

Protagonists of the nuclear industry suggest that bulk handling plants are awash with nuclear material such
that they cannot be adequately safeguarded and that material 'stuck in the plant’ could conceal clandestine
diversion of nuclear material.

For this reason, it is necessary that the plant must be capable of minimising the amount of material in
difficult to measure parts of the process at stock takes. This is done either by complete clean out, or if that is
impracticable, by an empty down to a level where the uncertainty is acceptable or to use in process hold up
estimates derived and validated during commissioning or estimates derived from validated computer
modelling.

The most difficult hold-up is the hidden inventory which deposits/collects on surfaces (of glove boxes, pipes,
equipment etc) and is generally “lost” to the fabric of the plant until there are considerable dismantling and
cleaning operations. Decommissioning is such an exercise and it is common during decommissioning to “find”
nuclear material deposits in the fabric of the plant. These deposits generally appeared as apparent “losses” of
nuclear material in the plant during its operational lifetime, especially during start up.

Operators have gone to considerable efforts to deploy effective systems and modes of operation to avoid
hold-up. This includes systems which keep the material in the locations it is meant to be in. It is common for
equipment to be interlock connected and to form the primary containment layer. That containment layer is
usually then supported by breach detection and response systems that either collect the nuclear material or
keep it in place.

The hold-up aspect of nuclear material control has the potential to completely stop plant operations. In the
case of the MOX fuel fabrication plant at Tokai Mura, a difficulty with hold up in the 90’s resulted in the
shutdown of the facility for over 2 years and over $100m was spent to recover the material from glove box
surfaces.

60



ESARDA Course Syllabus

Nuclear Material Accountancy (NMA)

The basic aim of NMA s to know how much nuclear material you hold, in what form, where it is located and
how is it contained.

Notwithstanding the needs of international safeguards, the plant operators have an obligation under
governance and due diligence to control, protect and account for all nuclear material in their care. This stems
from customer, regulatory and public acceptability requirements.

From a practical perspective, it is also necessary for a business to account for its nuclear materials in order to
manage its resources effectively, ensure product quality and integrity and for the logistics of planning plant
operations.

It should be noted however that NMA, whilst being of key significance, is one of a number of integrated
measures employed by the operator to carry out material management.

The Underlying Pillars of NMA

The fundamentals of NMA are that all events and transactions are recorded and that the system of material
identifiers and recording allows a full batch tracking capability so that stocks can be derived. All these data
have to be resolved into their elemental mass units and all the inventory items must be checked regularly
against the physical reality. With these data accounted for, it is then possible to maintain a running mass
balance for a given account and to show a permanent state of reconciliation between accounts by using a
double entry bookkeeping system.

There will however be reasons why an account balance may differ from the physical inventory found during a
stock take. Inventory difference is commonly referred to as Material Unaccounted For (MUF). Other difference
may also explain balance anomalies, for example when what a shipper sent wasn’t what came out of the
process. Shipper Receiver Differences (SRD) are common and represents the difference between the shipper’s
and receiver’'s measurement capability. In the case of reprocessing this represents the inherent uncertainty of
plutonium content of spent fuel as derived from reactor calculations.

What do material accounts look like?

A material account in many respects is like a money account. In financial accounts all transactions are
resolved into money terms, similarly in NMA all transactions are resolved in nuclear masses (uranium,
plutonium, thorium etc.). Most people have a bank account and would expect that for their account they will
receive statements which show their opening balance, their transactions in and out, any interest or charges
and finally their closing balance. They would expect the closing balance of one statement to match the
opening balance of the next and would expect that where they transfer between several accounts that they
could see the issue from one account exactly mirrored as a receipt in another. If like me, you use internet
banking then you have come to expect that you can look at your current balance quickly and anytime on
demand. You might also expect that you can call up your transactions and look more closely at the details.
Yes, it's that simple just substitute masses for money and MUF for charges/interest and the analogy is
complete. The important difference of course is that money does not have a measurement uncertainty and a
balance error is fundamentally a mistake.

An account need not be just for a customer statement of nuclear material it can be constructed for whatever
a operator needs. In safeqguards, the inventory change report is essentially an account at the MBA level.
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Custodians would expect an account at the plant control level. Planners might expect accounts of given
material forms. A double entry material account system would then simply look as follows:

Account X
Opening Stock (100

Receipt fromY. |50 |IssuestoZ 75
Issue to MUF 10

Book Balance 65

Totals 150 150

AccountY
Opening Stock (500

ReceiptfromB |60 |Issuesto X. 50
Issue to A 20

Book Balance 490

Totals 560 560

The modern norm is for nuclear material accounts to maintain a running book with a mass balance available
at any time. For item areas, in addition to the mass balance, the inventory can be listed by batch and by
locations. Data capture is automated in that data are transferred from process distributed control systems
rather than via forms. The traceability features will allow full visibility of the history of a batch including any
corrections made.

Generally Accepted Accounting Principles (GAPP)

NMA has no international standards but in general follows many of the principles used in financial
accountancy (GAAP). The appropriate principles for NMA are given in Appendix Two together with an NMA
interpretation and illustration of the principles.

For safeqguards detection of diversion perhaps there are more specifically stated principles consistency,
completeness and timeliness of data capture and accountancy recording. These are all required for inspectors
to have transparency of operations, certainty of authenticity and something to compare their own
measurements against. With these then inspectors can draw safeguards conclusions and give the safeguards
assurance of non-diversion.

Checking the Physical Reality

The quantity of nuclear materials held in a control area at a given point in time is known as the control area’s
physical inventory. The Physical Inventory Taking (PIT) involves checkingthe reality of what is physically
present.

If the control area is a production process, then a number of special arrangements are involved. These include
activities to orchestrate the inventory to achieve its most accurate state for checking against the accountancy
books. This usually entails emptying and cleaning the plant vessels and glove boxes but may also be achieved
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by converting the in-process nuclear materials into a measurable form or transferring them into vessels
where they can be accurately measured.

In order to synchronise the inventory taking it is necessary to hold the inventory constant until all parts of the
control area have been recorded. This often makes it necessary to suspend all nuclear material movements.
The inventory result is not immediately known as it often has to undergo calculations to convert liquid
volumes into uranium and plutonium masses and to await analytical results taken at the time of inventory. Al
instruments used for nuclear materials measurements at the PIT must be in calibration and have calibration
and measurement uncertainties data available.

It is important to stress that this is a real physical activity and the inventory should not be determined simply
by calculating the difference of receipts and issues in a particular vessel or from taking down positions from
tag boards in plant offices. Where health and safety considerations prevent the taking of a 100% inventory
then the PIT resorts to the use of an approved sampling plan. In order to avoid confusion, it is necessary to
know where containers and locations are empty and/or contain other than nuclear materials. This requires a
degree of marshalling and segregation.

PIT is an expensive exercise and normally takes out at least a week from the control areas operational
schedule. Many control areas are interconnected and an inventory anomaly in one control area may appear in
another. Therefore, where control areas are part of the same flow sheet (reprocessing, fuel fabrication,
uranium conversion etc) then these must be done collectively for the same point in time.

Some operators stop all areas and conduct a single large annual inventory whilst others utilise natural plant
outages to conduct PITS.

Inventory Difference

Quite simply, this is the difference between the physical reality and the accountancy books. In order to bring
the books into line with the physical reality it is necessary to record book losses or gains known as Material
Unaccounted For (MUF). In an ideal world with no mistakes and normal operation then the MUF value should
fall within the range justified by measurement errors on the flow throughout the year and on the PIT itself.

In order to judge from accountancy whether the plant is being effectively controlled it is necessary to assess
the significance of the MUF. A process of error propagation and statistical testing can identify whether the
MUF is significant, which measurement points are the biggest contributors and where improvements should
be directed.

MUF Susceptibility

The quality of the material balance is determined by the completeness and correctness of the control area’s
flow and inventory information. The accuracy of such information is most susceptible to:

(a) The uncertainty on:
- thenuclear material held as work in progress in the process;
- thehidden inventory which is lost to the fabric of the process;

- residues for recovery, especially those which are heterogeneous.

(b) The adequacy of the:

- measuring equipment at boundary or key measurement points;
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- representative and repeatable sampling;

- constants or estimates used for nuclear material quantification.

(c) The effectiveness of internal controls:
- to detect and correct biases, detecting mistakes, abnormal conditions and trends;
- to determine the completeness and correctness of both the flow and inventory information;
- maintain data authenticity, especially during any manipulation, processing or manual intervention;

- synchronise important events in order to present a physical/ book reality for a fixed point in time.

The other checks and balances fundamental to accountancy performance are those that relate to the bulk
weight balance, the item balance, and to a lesser degree, the isotopic weight balances. Each of these will
have susceptibilities.

MUF is published in the UK, the US and Japan and needs to be seen in the context of the historic and
cumulative MUF positions, the significance against throughput (and therefore measurement uncertainty) and
the assurances from the safeguards, security and safety arena. However, the figures are presented, the media
headlines will always be theatrical for any apparent MUF loss of plutonium.

NMA Versus Material Control

NMA is a lagging indicator of accountancy performance in that it is always retrospective by nature of record
historical information. It can tell the operator that MUF investigations are required but only once a year. In
that sense NMA is reactive. On the other hand, nuclear material control is a leading indicator of what will be
the accountancy performance and its preventative nature means that material control is pro-active.

There is however a half-way house between control and accountancy - a system known as Near Real Time
Accountancy (NRTA). For MUF to be a proactive control tool it must be timelier and more frequent. A sequence
of MUF data would then be available for a control area rather than only at PIT time. This can be achieved by
frequent intermediary inventory estimates during plant operation. Such inventories suffer from higher
uncertainties but allow statistical analysis to detect an abrupt or protect MUF event.

Safeguards Obligations and Objectives

An ancient Greek quote sums up the modus operandi of the safeguards verification regime to date, “there is
only one safeguard known generally to the wise — suspicion”.

From my dealings with the detailed implementation of safeguards, a suspicions approach coupled with highly
automated facilities has led to significant complexity in safeguards approaches. A comprehensive and all-
embracing safeguards approach is increasingly costly and in sensitive bulk handling plants requires significant
capital investment by the operator on NMA and by the inspectorate on installing in line independent
monitoring equipment. The costs don't stop there, since frequent inspections carry a large manpower cost and
an ongoing impact on operations.

The objectives of safeguards are simple. The aim is to be able to detect a loss of a significant amount of
nuclear material in a reasonably short detection time. Verification seeks out inconsistencies in the
accountancy, the measurements or the plant layout.
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The Safeguards System is a Function of:

The efficient and effective functioning of safeguards at an installation and hence, the quality of the
safeguards system is a function of the following:

- the quality of the safeguards reporting (the degree to which the installation processes satisfy the specific
requirements);

- theinherent level of NMA and safeguards provision in a new plant or major modification;

- the degree of ease that the Commission can independently verify the nuclear material and the
bookkeeping;

- the degree of confidence provided by the presence of safeguards in depth features which avoid over-
reliance on NMAC for drawing safeguards conclusions; and

- thenoise on the material balance (the level of mistakes and timeliness).

Safeguards Verification and Audit

Non-proliferation safeguards has been based on the principles of independent verification and universality.
The European Commission has complemented verification with a broader system of audit. Procedural audits
and inspection verifications can both check effective compliance; both can check the NMA completeness and
correctness.

Audit used in the form of continuous improvement is about improving the future, whereas inspection
objectives are fundamentally about checking the present in order to confirm history. The detection capability
is very different in an auditing perspective. The system must now give assurance that no substantial loss can
occur undetected by the operator. That implies a system where operators and inspectors must be
complementary and therefore a certain level of trust must therefore be awarded to the operator.

Whether audit or inspection, the question remains “are safeguards measures a burden and are they too
intrusive?” For large bulk handling facilities processing plutonium the burden is significant:

- bottom up - top down
Approach - verify based - trust based
- about past - about future
AR Ay
- documents - management
- material - procedures
- incidents - competence
ARy T
- records check controls
- moves/stock & quality
- performance & capability
LR
-Zones
MBA - Themes
- Systems
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(a)

(b)

(c)

(d)

(e)

The level of independent safeguards equipment installed in the process:
1. Cameras
2. seals to prevent tampering or access
a. cameras and detectors
b. panels and cubicles
C. junctionboxes
d. ventilation ducts
e. doors
f. Maintenance access points
3. motion detectors
4. neutron and gamma monitors
a. spent fuel

=

reprocessing hulls
PuO2 cans

C
d. MOX pellet trays
e. MOX pins, active length
f.  MOX fuel collars

5. bar-code readers.

There are numerous points where the safeguards authorities utilise the operators own equipment using
signal branching.

There is a level of sample taking sufficient to support a fully equipped on-site safeguards authorities
owned laboratory.

There is frequent inspection (at least monthly) and with large sites a virtual continuous presence often
requiring the inspectors to have their own dedicated accommodation on site.

Safeguards inspectors have their own IT network, data transmission, and remote monitoring
arrangements.

There are frequent and substantive requests for detailed plant operation and forward programmes.
1. Forsurveillance

a. Plant/glovebox layout
b. Mechanical equipment
Access points and building penetrations

a n

Normal plant flows

There is an ongoing process of verification/re-verification of the plant design:
Sampling lines/treatment

Plant modifications

Declared vessel capacities

Calibration/fhomogenisation systems

Pipeline and cable runs

Process models

Recycle and waste routes

Penetrations

W o N O WU A WNH

Key measurement points.
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Most large scale bulk handling plant operators would say the answer on the questions of safeguards

intrusiveness is that this is the price to pay for operational acceptance. The inspectors however have a duty to

avoid impacting on production throughput and on product quality.

C/S in a Plutonium Store

Protagonists of the nuclear industry suggest that the current level of separated plutonium in stores present a

significant non-proliferation risk Modern plutonium stores have significant investments which include:

Massive walls to form the containment and survive seismic events and direct impacts from aeroplanes
Bank vault style doors with special interlock systems

Monitors and detectors on the flow routes in and out

Complex multiple containment package which forms the plutonium can

Camera surveillance at all times with uninterruptable power supplies

Double and often triple levels of containment and surveillance with redundancy

Remote operation and man access only for breakdown and infrequent maintenance

Identity readers, NDA monitoring and weighing for the cans

Secured channels holding the cans

In situ verification of cans using probes

Security access constraints which include the “two-man rule” and secure grills on penetrations.

In this case it is hard to see how the risk from one can of plutonium, one hundred cans or 1,000 cans differs.

The measures are the same, irrespective of the content.

Bulk Facilities

It is important to summarise and conclude on some key points concerning bulk handling facilities:

A high standard of measurements is only necessary in bulk handling installations, where high
measurement accuracy contributes to achieving acceptable MUF and SRD;

The operator’'s accountancy systems cannot be expected to detect the removal of a small quantity of
material from large processes or provide a fast enough response to be useful in helping prevent theft or
diversion;

Bulk facilities have lots of feed, intermediate and product materials where the container acts as an item.
The loss of anitem is always significant and a serious material control, security and safety issue;

For large scale reprocessing plants of around 1,000 tonnes of heavy metal the uncertainty of
measurements exceeds the detection goal quantity of 8kg plutonium. A measurement uncertainty of
0.1% is extremely hard to achieve but even at this level some 30Kgs plutonium MUF is possible within
the measurement uncertainty.

The IAEA forum, LASCAR (Large Scale Reprocessing) concluded that to gain high-level assurance in such
plants a wide range of techniques are necessary. Such a network of independent measures is referred to
as “safeguards in depth” and includes qualitative factors based around comprehensive knowledge and
observation of the plant.
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Safeguards Provision in New Build

Europe is now making provision for new reactor build. The public debate that surrounds new build is
concerned with the fuel cycle aspects and what to do with the spent fuel and particularly the nuclear waste.
There is no doubt the role that nuclear fuel cycle non-proliferation assurance plays has a direct bearing on
new build. A stable NMA and safeguards performance across nuclear fuel cycle facilities is an enabler to new
build acceptance.

My experience is that operators see the need for non-proliferation assurance and support the aims and
objectives of the safeguards authorities. New build and the impact on nuclear fuel cycle services need to
include safeguards considerations at the outset. Involving the safeguards authorities early in the design
process ensures adequate provisions for safeguards and proper NMA underpinning.

Safeguards and NMA for Nuclear Liabilities

Europe is also shutting down reactors and decommissioning old facilities. These scenarios often involve
contractors unfamiliar with NMA and safeguards and operators must continue to ensure adequate recording
of plutonium and uranium continues into the waste management and recycle environment including final
disposal or return of wastes to owners.

Conclusions

Nuclear material management has unique features which make it different from normal material
management systems. The difference is that nuclear material management is more demanding and more
constrained.

It is important to recognise that whilst safeguards, security and safety are different they do have material
control in common. Material control also enables NMA, (recognised in the IAEA model safeguards agreement
as of “fundamental importance”).

Safeguards and NMA are at their most technically complex in bulk handling facilities. In those plant which
handle sensitive nuclear materials safeguards are intrusive on operations and at their most costly to both
facility operators and the safeguards inspectorates.

In the final analysis, the nuclear industry, like safeguards, is driven by politics. We need to harness the full
range of systems to enable strong assurances to be drawn that the industry is safe, secure and safeguarded.
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Appendix One — Material Control Sub Processes

Material Control sub processes

e Location management e Process Efficiency (bulk) Monitoring
e Containment and container control e  Statistical process control

e Access/use control e Enrichment control/monitoring

e Identification/labelling e Release of analytical results for application
e Verification/confirmation of receipts e Quality Control

e Traceability and tracking e Investigate differences (MUF/SRD)

e |tem control e Seal control

e Transfer controls e Control of material hold-up/cleaning
e Change controls e Segregation of materials

e Check inventory record accuracy e (Control of wastes/residue arising

e (Control Data timeliness, quality, authenticity e  Controllingmanual overrides

NMA concerns itself with items and amounts of nuclear material, whereas operators control nuclear material
for at least five distinct reasons:

e Operational - to meet operational objectives;

e Physical Security - to prevent theft/misuse;

e Radiation Safety - to protect staff/public;

e (riticality - to prevent unplanned radiation excursions;

e Accountancy - to satisfy international, national and local regulations.

Safeguards is not directly concerned with the first four of these.
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Appendix Two — Generally Accepted Accounting Principles (GAAP)

All NMA systems must be based around fundamental aspects of accountability often founded on principles
from the financial arena:

Double entry bookkeeping - Double entry accounting keeps the records in equilibrium thus reflective of
reality.

Accounting entity - Define the boundaries of the accounting activity/system.

Accounting period and matching - The accounting & reporting period must be considered when developing

and/or operating an NMA system. Matching deals primarily with making the accounting entry in the period in
which shipment/receipt occurred so that the comparison of receipts and shipments can be facilitated.

Materiality- The need for an accounting entry must be judged against all entries for the period to determine
the relative proportion of the single entry with respect to the whole. This principle applies when determining
whether to take certain measurements that may be costly, yet will detect only a small amount of nuclear
material which may be immaterial when the amount is considered in context to the total MBA. While a single
event may be immaterial in itself, if the event is common the total effect of the events may not be

immaterial.

Conservatism - Because accounting measurements of nuclear materials often take place in a context of

uncertainty, estimates or poor measurements are sometimes necessary. This principle requires that in those
circumstances these should tend toward a value that is least likely to overstate reality.

Consistency - This principle allows for compatibility among successive acts such as accounting entries or
measurements as well as comparability of periods and MBAs or installations. All past, present and future acts
must be comparable; all should do what they do in the same way. If a change in procedure is necessary, apply
the concept of full disclosure.

Full disclosure - This principle requires that all transactions and events be recorded in the accounting
records and that all data contained in the records receive adequate disclosure. Any changes in the way
measurements or entries are made should be disclosed so that it is known that comparability is not possible
without further calculations on the data. Full disclosure is required for all accounting adjustments. This is
especially important when inventory differences occur due to re-measurement. Full disclosure requires that
NMA knows original values, and new values and what justifies the value change and what assurance is there

that the item in question was not subject to a real loss or gain of material.

Objectivity - This is necessary so that those who use NMA reports can have confidence that what they are
reading is reality uninfluenced by assumptions, or personal prejudice. Accounting entries and reports must be
based on factual data, observable phenomena, and presented factually. For example, never assume what
was said to have been shipped (based on verbal assurance) has moved; never deduce correctness by the
appropriateness of the container it was shipped in. One should objectively verify what was shipped or

received before making an accounting entry.

Continuity - The assumption of uninterrupted succession/ continued existence is necessary to keep records

comparable and complete. Any entry or lack of entry into the system will have present and future effects.
Failure to apply this principle causes an assumption that an entry or lack thereof will not have an impact.
Always assume that operations and accounts are carried forward and will continue.
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Measuring unit - The measuring unit must be consistent among individual entries, records, and between
control areas, MBAs and installations. Otherwise there can be no comparability, and the probability of
confusion and defective decisions is greatly increased.

Substance over form - Not all things are as they appear to be. The receipt of a container marked "Enriched
Uranium” should not lead the NMA system to record the receipt of enriched uranium until it is verified that the
container does in fact contain the substance. An empty container means that you have uranium in form only,
in substance all you have is a container. Another example is when a container is measured and the installation
determines that the new value is more precise and thus makes an entry in the NMA system, the difference
takes on the form of an MUF. Further evaluation then shows that this item was received from offsite and
thus itis not an MUF but rather an SRD. What in form was an MUF is in substance an SRD. Only substance
should be entered into the records

Recognising vs realising - This requires differentiation between whether an event occurs and whether the
eventis recorded. When an event occurs it is said to be realised, but unless the event is recorded it cannot be
said to be recognised. It may be that an organisation realises an event took place, but if that event is not
recorded/recognised in the records - management, auditors, etc, will legitimately opine that the organisation
does not realise the event took place - which is indicative of a lack of adequate control over nuclear materials.
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1 Introduction

This chapter, structured in three subchapters elaborates on the international nuclear safeguards
implementation focusing on the historical State-Level Concept, the State-Level Approaches and the State-
Level Safeguards. The first subchapter is dedicated to the history of the implementation of safeguards since
the 1960s and its continuous evolution towards a State level focus since the 1970s, the second subchapter
describes in detail the rationale behind the international safeguards implementation at the State level and the
last subchapter shortly discusses the current status of the State-level Safeguards implementation world-wide

2 History of Safeguards Implementation at the State Level

The safeguards system of the International Atomic Energy Agency (IAEA) was first implemented in the 1960s
to provide exporters of specified nuclear material, technology and facilities assurances that these were used
for peaceful purposes only. The system was based on the item-specific safeguards agreements between
States and the IAEA (Information Circular INFCIRC/26 type and INFCIRC/66 type agreements). With the Treaty
on the Non-Proliferation of Nuclear Weapons (NPT), entering into force in 1970, the overall objective of IAEA
safequards significantly changed as non-nuclear weapon State (NNWS) parties undertook to accept
safeguards on all source or special fissionable material in all peaceful nuclear activities within their respective
territory, jurisdiction or control, for the purpose of verifying that such material is not diverted to nuclear
weapons or other nuclear explosive devices. The scope and context of the NPT is therefore State-as-a-whole,
but it would take some time for this to be fully reflected in the IAEA safeguards system. Building on the
framework of the Comprehensive Safeguards Agreement (CSA - INFCIRC/153(Corr.) type agreements), the
IAEA safeguards system has evolved continuously towards a State level focus since the 1970s, with the
accumulation of experience, the introduction of new technologies and methods, and the strengthening of
implementation through both existing and additional legal protocols. Today the scope of IAEA State-Level
Safeguards includes all States, manifested in generic safeguards objectives that depend only upon the type of
safeguards agreements in force between the State and the IAEA.

It was realized from the beginning that the IAEA safeguards system must have as high a degree of credibility
as possible, and must, therefore, have a clear, attainable objective and a sound technical basis*. Accordingly,
certain standardized procedures, standards or criteria are required which guide the development of the
conceptual basis (safeguards approaches* and corresponding measures), and the type, frequency and

“ James A. Larrimore, “IAEA Safeqguards Criteria”, Journal of Nuclear Materials Management Vol. 21, Issue 3 - 5/01/1993.
“ For definition of terms, please refer to the “IAEA Safeguards Glossary”, or Annex | of “Supplementary Document to the Report on the
Conceptualization and Development of Safeguards Implementation at the State Level (GOV/2013/38)", GOV/2014/41.
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intensity of the different activities performed (safeguards implementation), against which the results obtained
can be assessed (safeguards evaluation) and conclusions drawn.

Elements of such criteria were already established and used in the 1970s as ‘evaluation criteria’ 4, but it was
in the late 1980s that the IAEA placed increasing emphasis on formalizing criteria for use in the evaluation of
safeguards implementation for its annual Safeguards Implementation Report (SIR - see subchapter 4 for
more information on the SIR and on the data reported in it). In 1988, the IAEA initiated a project to develop
and document unified criteria to govern all safeqguards implementation and evaluation activities. In January
1991 these criteria went into effect as the Safeguards Criteria 1991-1995.

When the Safeguards Criteria were developed, the IAEA as a way to enhance consistency, had already started
to develop and use the so-called acquisition path analysis methodology. At that time, the amount of
information available to the IAEA about the State as a whole was much more limited than today; therefore,
the acquisition path analysis conducted during the development of the Safeguards Criteria was based on the
assumption that all necessary facilities for clandestine processing of diverted nuclear material are already in
place in the State and tested before diversion takes place. This was a conservative approach: no
differentiation could be made between different States in their ability to further process diverted nuclear
material. This conservatism was useful, however, in deriving a graded set of requirements introduced into the
criteria, which considers the effort (conversion time) with which the nuclear material could be further
processed to weapons-usable form.

The criteria distinguished nuclear material in three ways: by category, type, and stratum. Based on the a-priori
determined conversion times for significant quantities (SQ) of nuclear material types, categories of nuclear
material were established as unirradiated direct-use, irradiated direct-use and indirect-use material, which
were used primarily in specifying detection probabilities and detection times (timeliness goals). For each
facility type and specific inspection activity, the criteria specified, for each nuclear material category and
stratum, the required verification effort.

2.1. The Integrated Safeguards

Although under CSAs the IAEA has both the right and the obligation to verify both the correctness and
completeness of States’ declarations, thereby providing credible assurance of the non-diversion of nuclear
material from declared activities and of the absence of undeclared nuclear material and activities, for many
years its safeguards activities were focused primarily on nuclear material and facilities declared by the
States. The shortcomings of this limited focus became evident in the early 1990s with the IAEA’s inability to
detect Iraqg’s clandestine nuclear weapons programme, and the IAEA together with the Member States
therefore recognised the need to expand its focus to the State as a whole. These developments triggered
efforts to strengthen the IAEA’s ability to exercise its right and obligation to ensure that safeguards are
applied on all nuclear material in all peaceful nuclear activities within the territory, jurisdiction, or control of
States with a CSA in force.

These efforts resulted in the enhancement of the safeguards system by adding measures giving the IAEA
improved capabilities to detect clandestine nuclear activities. These efforts were manifested in an extensive
multi-year programme by the IAEA (termed “Programme 93+2”, divided into Part | and I1), with the strong
support of Member States, to improve the effectiveness and efficiency of the safeguards system“. The

V.Fortakov, etal, “Development of Criteria and Computerized Procedures for Safeguards Performance Evaluations’, IAEA-SM -293/169, in
Nuclear Safeguards Technology, Vol.1.(1986).
% Richard Hooper, “The Changing Nature of Safeguards’, IAEA Bulletin, Vol, 45-1. June 2003.
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objective of Part Il was to strengthen the technical and legal basis through which safeguards, while continuing
to provide assurance regarding the correctness of States’ nuclear material declarations, could better address
the completeness of those declarations. These efforts culminated in May 1997 with the Board of Governors’
(BoGs) approval of the Model Protocol Additional to the Safeguards Agreements (termed “the Additional
Protocol” (AP) and published by the IAEA as INFCIRG/540 (Corr.)).

If under both a CSA and AP, the IAEA, based on the findings of increased efforts required to better understand
a State’s nuclear fuel cycle (NFC), could provide better assurance of the absence of undeclared activities, the
result challenged the conservative assumption of the Safeguards Criteria as explained above. This introduced
the potential to improve the effectiveness and efficiency of safequards implementation for those States for
which the broader conclusion (i.e., both the correctness of declarations andthe absence of indications of
undeclared activities) had been drawn. Through an optimized combination of safeguards measures provided
forunder both a State’s CSA and its AP, and by taking into account State-specific features and characteristics
based on the evaluation of all safeguards-relevant information, the IAEA sought to enhance the efficiency of
safeguards implementation for such States, without compromising effectiveness. The implementation of
safeguards in this manner was called ‘Integrated Safeguards’.

In 2001, in the context of Integrated Safeguards, the IAEA began developing individual, customized
safeguards approaches for States (‘State-Level Safeguards Approaches’ or SLAs) for which the broader
conclusion had been drawn. In an Integrated Safeguards SLA, all plausible acquisition paths by which a State
might seek to acquire nuclear material for a nuclear explosive device were covered by safeguards measures.
The Integrated Safeguards approach for a State was therefore designed to provide coverage of acquisition
paths involving diversion of declared nuclear material from different stages of the NFC, and to address all
clandestine routes to the acquisition of weapon-usable nuclear material involving undeclared facilities and/or
activities. The design of such an approach included:

a.the consideration of State-specific features and characteristics;

b.the adaptation of model integrated-safeguards approaches for application at
specific facilities; and

c.a plan for the implementation of Complementary Access at sites and other
locations.

The implementation of Integrated Safeguards began in 2003, and by the end of 2013 Integrated Safeguards
were implemented in 53 States.

In its SIR for 2004, the IAEA used the term ‘State-Level Concept (SLC) in reference to safeguards
implementation that is based upon State-Level Safeguards Approaches developed using safeguards
objectives common to all States with CSAs, and taking State-specific factors into account. The SLC refers to
the general notion of implementing safeguards in a manner that considers a State’s nuclear and nuclear-
related activities and capabilities as a whole, within the scope of the State’s safeguards agreement.

Integrated Safeguards was then the first significant step in the implementation of the SLC, by definition it
could only be applied to States with a broader conclusion. However, even for these States the IAEA’s
verification activities continued to be largely based on a facility-based approach. Differentiation among these
States was manifested only in the implementation details of the specific measures to be applied; however,
parameters such as the timeliness goals for general categories of material and types of facilities remained
independent of the States’ technical capabilities, similar to the approach taken by the Safeguards Criteria. As
a result, the IAEA’s resources remained allocated by a prescriptive approach to activities that could potentially
benefit from further State-specific optimization.
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2.2 The State Level Concept as a Universal Concept and the State-Level Safeguards

Since the SLC was meant to be a universal concept, in the sense of applicability to all States with safeguards
agreements in force, the IAEA continued to evolve its safeguards system based on the experience of the
implementation of the Integrated Safeguards SLAs. As a consequence, State-Level Safeguards became the
underlying basis for safeguards implementation by the IAEA today. It is applied to all States, deriving generic
safeguards objectives from their respective safeguards agreements, and taking the rights and obligations of
the parties to those safeguards agreements into account. The summary of the scope of application of
safeguards agreements and the associated generic safeguards objectives is givenin Table 1.

Table 1: Summary of the scope of application of safeqguards agreements and the associated generic

objectives’.
Type of agreement et Generic Safeguards Objectives
Safeguards Agreements
e To detect any diversion of declared nuclear material
at declared facilities or Locations Outside Facilities
(LOFs)
CSA All nuclear material in all
peaceful nuclear activities | ®  To detect any undeclared production or processing
(NNWS) in the State of nuclear material at declared facilities or LOFs
e To detect any undeclared nuclear material or
activities in the State as a whole
e To detect any diversion of nuclear material subject
Item-specific Specified items subject to to safeguards
(Non-NPT) safeguards inthe State | o  To detect any misuse of facilities and other items
subject to safeguards
Voluntary Offer . .
Agreement (VOA) | Nuclear —material in| o 1o detect any undeclared withdrawal of nuclear
selected facilities or parts material in selected facilities or parts thereof
(Nuclear Weapon | thereof in the State
States - NWS)

In implementing safeguards in a holistic manner, today the IAEA applies standardized processes associated
with the planning, conduct, and evaluation of safeguards activities. To ensure consistency and non-
discrimination in the implementation of safeguards, the IAEA has enhanced its internal work practices, most
importantly the key processes supporting safeguards implementation and the departmental oversight
mechanisms relevant to the implementation of these processes. As a result, the implementation of State-
Level Safeguards today is a systematized, quality-controlled prioritization and optimization process that is
represented by the high-level process illustrated on Figure 1.

“ Source: GOV/2014/41, “Supplementary Document to the Report on The Conceptualization and Development of Safeguards
Implementation at the State Level (GOV/2013/38)", Table 2.
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Figure 1: Processes supporting implementation of State-Level Safeguards.

2.3 The State-Level Approach Development Processes

For simplicity, discussion here is focused only on the current status of the SLA development processes,
highlighting the key differences as compared with previous safeguards approaches.

In developing and implementing an SLA for a State, and in planning, conducting and evaluating its safeguards
activities for that State, the IAEA considers six State-specific factors (SSFs)“. SSFs are based on factual
information about a State, and are objectively assessed by the IAEA in the context of the implementation of
safeguards for a State. It can be said that the IAEA, under the current implementation of State-level
Safeguards, when developing, implementing or updating the SLAs, makes more systematic use of SSFs than
in the Integrated Safeguards SLAs“°. The influence of the six SSFs on the development steps of an SLA and on
the planning, conduct and evaluation of safeguards activities is summarized in Table 2.

“8 For the comprehensive list of SSFs, see Table 6, page 38 of the “Supplementary Document to the Report on The Conceptualization and
Development of Safeguards Implementation at the State Level (GOV/2013/38)”, GOV/2014/41.

“ See, for example, the report by the Director General: “Implementation of State-level Safequards Approaches for States under
Integrated Safeguards - Experience Gained and Lessons Learmned”. GOV/2018/20.
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Table 2: The influence of State-specific factors on the steps in the development of an SLA and in the
planning, conduct and evaluation of safeguards activities=°.
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To address the generic safeguards objectives for a State, the IAEA establishes State-specific technical
objectives (TOs) to guide the planning, conduct and evaluation of safeguards activities for that State. The set
of TOs, which remain within the scope of the State’s safeguards agreement, form the basis for identifying
safeguards measures and conducting safeguards activities for a State. They may differ from State to State,
depending upon the respective SSFs; for example, the NFC and related technological capabilities of the State
(SSF-2).

The TOs are established through the conduct of either an acquisition path analysis (APA - for States with
CSAs) or a diversion path analysis (DPA - for States with item-specific safeguards agreements or Voluntary
Offer Agreements (VOA)). The implementation of an SLA for a State will focus on attaining the set of TOs
established for the State, instead of mechanistically carrying out the facility specific activities listed in the
Safeguards Criteria or in the Integrated Safeguards approaches.

The APA is carried out within the IAEA by a State evaluation group (SEG), with the support of necessary
expertise from the IAEA Department of Safeguards, which makes informed technical assessments about the
capability of a State to accomplish an acquisition path. It is therefore essential that the analysis is performed

* Source: GOV/2014/41, “Supplementary Document to the Report on The Conceptualization and Development of Safeguards
Implementation at the State Level (GOV/2013/38)", Table 6.

77



ESARDA Course Syllabus

in a rigorous, collaborative and consistent manner. Accordingly, the IAEA Department of Safeguards has
developed methodologies that guide each SEG in determining:

- theclassification of the State’s industrial capabilities in relation to NFC stages;

- the technical assessment of the undeclared production and processing of nuclear material at
declared facilities/LOFs (hereafter referred to as ‘misuse’);

- thetime assessment of undeclared acquisition path steps and

- the estimation of the total path length

It is clear from the above that the output of the APA process strongly depends upon the State’s NFC and
related industrial capabilities (SSF-2), it also depends upon the type of safeguards agreement in force for the
State and the nature of the safeguards conclusion drawn by the IAEA (SSF-1). Once the APA process is
complete, the customized SLA for a State is developed following a standardized methodology as described
below.

First, a set of TOs that links the generic safeguards objectives with the results of the APA is established, it
serves as a mechanism to enable the planning, conduct and evaluation of safeguards activities for the State.
The set ensures that all identified acquisition paths in a State are covered.

To allow for the distribution of verification efforts to areas of greater safeguards significance, the TOs are
prioritized. The TO priorities depend on the length of the shortest path to which they belong. Shorter paths
involving more sensitive materials and NFC stages result in higher priority TOs.

The determination of the level of verification effort required to address each TO is based upon the TO’s
priority, using standardized verification requirements known as TO performance targets. The use of
performance targets is not a new phenomenon as shown in Table 3. The performance targets under criteria-
based and Integrated Safeguards implementation were prescribed implicitly for facility-level safeguards
activities based on nuclear material categories and facility types, while under the SLC they are explicitly
established at the State level for each TO.

Table 3: The use and the basis of performance targets under the Criteria-based, Integrated Safeguards and

State-level approach implementation.

Performance targets
Safeguards Usability for C
: over:
Implementation | g¢o50 Description Basis activity Use of SSF level S
eve
planning
Implicitin INFCIRC/66
Criteria All States Safeguards | NM categories | Prescriptive or153 High
Criteria (SSF-1)
Implicitin IS
CSA/broader Pactt , broader
Integrated ) model NM categories L .
conclusion - N Prescriptive conclusion | Lower*
Safeguards facility & facility types
States only (SSF-1)
approaches
Explicitin Pathwa
All CSA Xpactt! way Bounded
SLC State Level analysis & TO . 6 SSFs Lower**
States o flexibility
Approaches | prioritization
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*Relaxed due to the broader conclusion as compared to the Safeguards Criteria”*
**May remain the same level as given in the Safeguards Criteria (high) or lowered depending on SSF-1 & SSF-2

It was already realized even before the introduction of the Safeguards Criteria, that four terms would require
quantification for planning implementation and for evaluating safeguards performance: significant quantities,
timely detection, risk of early detection and the probability of raising a false alarm®2 The associated
numerical parameters, (i.e. significant quantity (5Q), detection time, detection probability and false alarm
probability) would constitute a quantifiable performance target if used together explicitly.

Under the SLC, the TO performance targets for detection of diversion of declared nuclear material at the
State level are expressed as detection probabilities for the detection of the diversion of 1 SQ of nuclear
material or more within the detection time that is now derived for the corresponding TO from the APA results.

The performance targets for the misuse of declared facilities/LOFs are expressed in terms of selection
probabilities (SP) within the signature time. SP is defined as the probability of applying a safeguards measure
capable of detecting misuse of a facility for the processing of at least 1 SQ of nuclear material, while
evidence (i.e. a detectable signature) of misuse is present (ie. within the signature time). The latter is the
maximum time interval available for the detection of the misuse. It is determined during the APA as part of
the misuse acquisition step assessment process that considers also whether the signatures are persistent (ie.
detectable after the processing was finished).

Due to the nature of the TOs addressing undeclared nuclear material and activities in the State as a whole
(hereafter referred to as ‘undeclared’), performance targets cannot be easily quantitatively specified or
calculated; rather, ongoing analysis activities at IAEA Headquarters are designed and tailored to the specifics
of each State. In addition to these ongoing activities, additional activities relevant to these TOs
(Complementary Access, environmental sampling, targeted analysis, trade analysis, etc.) are determined
based on the corresponding TOs priorities.

As a next step, safeguards measures and activities, that could be applied to meet each TO, are identified,
based on the detectable indicators identified during the relevant acquisition step assessment, and taking the
related SSFs into account. To ensure a harmonized approach, the SEGs are provided with standardized lists of
TOs, safeguards measures and activities applicable under specific agreements.

In the final phase of the SLA development, the frequency and intensity of each safeguards activity is
established to ensure that the corresponding TO performance target is met. Frequency refers to the number
of times an activity will be performed in a given year or time period (timeliness goal), and it is based upon the
detection time. Intensity refers to the extent or degree to which the activity is to be conducted. In contrast to
the previous facility-based approaches, ‘bounded flexibility’ is given in the SLA in terms of meeting TO
performance targets at the facility-level implementation. Bounded flexibility means (i) the ability to select the
optimum set of safequards measures and activities at the facility level, taking all SSFs into account, and (ii)
setting their intensity and frequency to meet the corresponding TO performance targets (i.e. as the minimum),
subject to the terms of the safeguards Agreement or subsidiary arrangements regarding their frequency (i.e.
as the maximum).

! For the details of options considered and their comparison, see the report by the Director General: “The Development of Integrated
Safeguards”, GOV/INF/2000/26.

2 “|AEA Safeguards: Aims, Limitations, Achievements’, IAEA, 1983 (IAEA/SG/INF/4). See also “Report on Safeguards-Related Questions”,

Memorandum by the Director General, GOV/2107, 19 January 1983.
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The IAEA Department of Safeguards established intradepartmental committees to review and evaluate all
SLAs and components thereof prior to approval by the Deputy Director General for Safeguards (DDG-5SG). The
review and approval process for the SLAs is typically iterative, with a duration that depends upon the
complexity of the State’s NFC and activities.

To date, the IAEA, in addition to updating the SLAs for all States with a CSA and AP plus broader conclusion,
has developed SLAs for many other States with a CSA and AP but for which the broader conclusion has yet to
be drawn, as well as for a number of States with a CSA but no AP in force, and for one State witha VOA and
an AP. The methodologies and the departmental verification requirements referenced above are derived from
the experience that the IAEA gained from updating or developing these SLAs. The IAEA continues to develop
new SLAs and ensures that a consistent and non-discriminatory implementation of State-Level Safeguards is
achieved in all States with the same type of safeguards agreement.

3 Rational Behind the Safeguards Implementation at the State Level

This subchapter discusses more in detail the drivers behind efforts over the last two decades to strengthen
the effectiveness and optimize the efficiency of IAEA safeguards at the State level, the rationale (or stated
justification) for these efforts to further enhance the international safeguards system, and the legal, policy,
and technical guidelines in which these changes are being implemented.

3.1. Extending State-Level Approaches to Comprehensive Safeguards Agreement States
not under Integrated Safeguards

In 2003, as part of a budget package that included a major increase in safeguards funding, the Board called
for a review of safeguards working methods. As part of this review, the Director General’s (DG) Standing
Advisory Group on Safeguards Implementation (SAGSI) found that many of the principles underlying SLAs
under Integrated Safeguards could and should be applied to states without the broader conclusion. SAGSI’s
review, which was published in 2004, found that a “State Level Approach should be utilized by the IAEA for all
States - not only in the State evaluation process but also in the determination of the nature, scope and
intensity of the safeguards measures to be undertaken in a State in a given year.”> SAGSI’s then-chairman
John Carlson commented that “Recent experience shows that in making adjustments for State-specific factors
the safeguards system must be capable of increasing, as well as reducing, safeguards intensity.”>*

In the 2004 SIR, the Secretariat first reported that the SLC would be extended to include “all the other states
with comprehensive safeguards agreements” and that it planned to develop SLAs for all CSA States. In the
2009 SIR, the Agency again reported to Member States that the SLC was applicable to all States with
safeguards agreements in force.>> The DG’s 2013 report to the Board stated that the SLC would be applied
to all States with a CSA in force, and the 2014 Supplementary Document clarified that the SLC would be
applied to all States with safeguards agreements with the IAEA%>. Since 2014, resolutions of the IAEA

%5 Director General's Report to the Board of Governors. “Reviews of the Safeguards Programme and Criteria.” GOV/2004/86, 2 November
2004.

% John Carlson: “The safeguards revolution - where to from here?” IAEA Safeguards Symposium, Vienna, 16-20 October 2006,
https://www.df at.gov.au/about-us/publications/Pages/the-saf eguards-revolution-where-to-from-here.

> SIR for 2009, paragraph 122.

* The Conceptualization and Development of Safeguards Implementation at the State Level, Report by the Director General, 12 August
2013 (GOV/2013/38) citation to the 2013 SLC Report; Supplementary Document to the Report on The Conceptualization and
Development of Safeguards Implementation at the State Level (GOV/2013/38), Report by the Director General, 13 August 2014
(GOV/2014/41).
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General Conference have stated that “The SLC is applicable to all States, but strictly within the scope of each
individual State’s safeguards agreement(s).”

As already discussed in the previous sub-chapter, by 2010, the Safeguards Department had significant
experience in developing SLAs for States under Integrated Safeguards, but continued to rely primarily on a
prescriptive facility-level approach for in-field verification activities, based on implementation of the
Safeguards Criteria for CSA States without the broader conclusion,and modified criteria-based SLAs (a
collection of model Integrated Safeguards approaches for different facility types) for States under Integrated
Safeguards.

3.2. The Main Drivers for the State-Level Concept

In the 2011-2014 period, IAEA officials began making public speeches about the need to further develop
safeguards at the State-Level to include all States with safeguards agreements. In advocating the
requirement for a new framework to more fully implement safeguards at the State level, three main drivers
were identified. Namely, it was recognized that it was needed to continue to improve in several areas: 1)
detecting undeclared nuclear activities in CSA states without an AP in force; 2) using scarce resources more
efficiently to achieve safeguards objectives without compromising effectiveness; and 3) taking full advantage

of all relevant safeguards information in its analysis and decision-making processes.

3.2.1. Noncompliance Cases and Need to Detect Undeclared Nuclear Material and
Activities

The first driver of the SLC was the recognition that the IAEA needed to strengthen effectiveness of
safeguards implementation in detecting undeclared activities, especially in States without a broader
conclusion. While revelations of Irag’s clandestine nuclear program in 1991 served as a catalyst for Program
93+2 (described in subchapter 1), subsequent cases of noncompliance cases in Libya, Iran, and Syria involved
undeclared nuclear activities that were not initially detected in a timely manner through the Agency’s routine
safeguards activities.® In response to each of these reports from the DG(s), the BoGs found Libya, Iran, and
Syria in non-compliance with their respective bilateral safequards agreements and reported these three cases
to the UN Security Council in 2004, 2006 and 2011, respectively.

In 2011 a senior IAEA official acknowledged the challenges posed by these non-compliance cases “In a
number of cases, we have not spotted activities that raised proliferation concerns.” In stressing the need for
the Agency to strengthen its effectiveness in detecting undeclared nuclear activities for all States regardless
of whether or not they have an AP in force, then-DDG-SG Herman Nackaerts said:

“For the growing number of States under integrated safeguards, the State-level approach
has already been developed and applied. However, while the theory is in place, in practice
the concept has not yet been fully implemented. This now needs to change. We need to
fully embrace the State-level concept in practice and drive the process forward.”

During the May 14, 2012 Institute of Nuclear Materials Management (INMM) workshop on “Evolving the |AEA
State-Level Concept,” held in Charlottesville, Virginia, then-Director of Safeguards Concepts and Planning
(SGCP) Jill Cooley, stated:

% The DG’s 2013 report on the concept led to some concems expressed by some Member States, which were addressed in the
Supplementary Document that was submitted to the Board. See additional details in: Laura Rockwood: The IAEA’s State-Level Concept
and the Law of Unintended Consequences, JOURNAL ARTICLE - Arms Control Today, September, 2014.

%8 None of these states had an AP in force.

81



ESARDA Course Syllabus

“Recent cases of undeclared activities have not been detected by routine inspection
activities. Our current safeguards implementation is largely based on an assessment of
risk focused on quantities of nuclear material and facility types. It is critical that we
develop a new risk assessment framework to identify proliferation concerns and
determine the level of safequards effort required to address them.”

In a 24 September 2012 keynote speech for an American Nuclear Society - INMM conference, then-Director of
Safeguards Operations C Nobuhiro Muroya made the distinction between implementing safeguards at
declared facilities and detecting undeclared nuclear activities in the State as a whole.

"The key challenge currently confronting the Agency is that safeguards implementation
has not been as effective as it should be, nor as efficient as it could be. Despite the
adoption of measures to strengthen the safeguards system, there have been a number
of recent cases where its deficiencies have been exposed. In most of these cases,
safeqguards were implemented successfully at declared facilities, while undeclared
nuclear activities took place unnoticed by the Agency. If we are to move forward
successfully; to maintain our capability to provide soundly-based safeguards conclusions,
these deficiencies need to be thoroughly and decisively addressed.”

In a 28 May 2013 key note address for an ESARDA workshop in Bruges, Belgium, then-Director of Operations

B Neville Whiting stressed that the IAEA needs to improve its ability to detect and deter undeclared nuclear
activities in States without an AP in force:

“The Agency needs to strengthen its deterrent capability by increasing the chances of
non-compliance being detected. If this is where the real proliferation problem lies, then
surely this is where the Agency is duty bound to focus its attention rather than expending
its limited resources over-verifying States just because they have the Additional Protocol
in force, have made extensive declarations and provided detailed information to the
Agency about their nuclear programme.”

3.2.2 Growth in IAEA’s Responsibilities Outpacing Financial Resources

The second SLC driver involved the mounting strain on safeguards resources and the need to enhance
efficiency and productivity. The combination of an increasing safeguards workload without a commensurate
increase of budget required the IAEA to focus its efforts on the areas of greatest need. The growing burden
included more safeguards agreements and APs coming into force, more material and more facilities under
IAEA safeguards, the development of advanced facility types, such as geological repositories, pyro-processing
facilities and high temperature reactors (e.g. pebble bed reactors) and other GEN-IV reactors, and specific
country issues, without a corresponding increase in resources.

In his prepared remarks for the ESARDA workshop in a May 2013 workshop, Whiting noted the question of
how to allocate resources:

“Everything we do has an opportunity cost: we cannot afford to waste money on
unnecessary activity. [W]e need to better focus safeguards implementationon areas of
greatest safeguards significance, apply our resources more thoughtfully, focus more on
areas of higher safequards significance, deploy more flexible work practices and explo it
new technological solutions.”

In his July 22, 2014 INMM keynote speech, then-DDG-SG Tero Varjoranta asserted that the Agency’s
safeguards responsibilities were growing without a commensurate increase in financial resources:

“We all want safeguards to be credible and of high quality. In today’s challenging
economic climate, the demands on Agency safeguards are growing and becoming more
complex. Therefore, to cope with the changing nuclear world, the Agency needs to
increase its productivity. In other words — the further optimization of IAEA safeguards is
essential... As long as the nuclear world continues to change, we have to adapt and
change with it. For me it is clear that without further improvements and optimization, we
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will find it increasingly difficult to guarantee an effective, reliable and credible
safeguards system.”
To support his case, Varjoranta cited the dramatic growth in facilities and material under safeguards, and
resources needed for monitoring Iran’s compliance with the 2013 Joint Plan of Action (JPOA), and possibly for
increased future requirements in Syria and the DPRK. This resource challenge persists as reflected by then-
DDG Yukiya Amana’s April 2019 speech at the Center for Strategic and International Studies (CSIS) in which
he lamented:

“An ever-increasing burden is being placed on our nuclear safeguards inspectors and

analytical staff. We have responded by doing our best to work as efficiently as possible

and find more cost-effective ways of doing things...We will continue to seek efficiency

measures, but we are approaching the limits of what is possible given the need to

maintain a sufficient number of inspectors in the field.”
The development of SLAs more specifically tailored to each State, taking better advantage of SSFs, enables
the IAEA to make better use of its resources by helping the Agency to “avoid conducting more activities than
are needed for effective safeguards.”>® As a counterpoint to this focus on efficiency, a 2020 study by U.S. and
Russian experts argued that “Safeguards effectiveness must remain paramount. Efforts to reduce costs

should not compromise effectiveness.”®

3.2.3 Increases in Safeguards Relevant Information

The third driver was the expanding availability of safeguards-relevant information. In the last two decades,
several factors have resulted in the IAEA having access to more safeguards-relevant information than ever
before including: new technologies; advanced information collection and analysis of open sources (e.g. the
internet and the worldwide web, access to commercial satellite imagery, analysis of trade information), new
techniques (e.g. environmental sampling and remote data transmission); and new legal authorities (e.g. AP
declarations and modified Small Quantities Protocols). Taking advantage of access to ever-increasing
amounts of information has provided the IAEA with opportunities to strengthen the international safequards
system; but collecting, validating, evaluating the consistency of, disseminating, protecting and archivingall of
this data has also proved to be a daunting challenge.

According to former SGCP Director Jill Cooley, the SLC was in part, “Driven by the desire to take full advantage
of the increasing amount of safeguards relevant information available and the growing verification workload
resulting from the increasing number of nuclear facilities and quantities of nuclear material under safeqguards
combined with budgetary constraints...”5!

In order to address this challenge, the IAEA recognized that it needed to create a framework that would allow
it to systematically and objectively make good use of all safeguards-relevant information. This effort is now
starting to come fruition with the development of customized SLAs with prioritized TOs and performance
targets (see subchapter 1 for more details).

% See for example, Massimo Aparo and Therese Renis. “Enhancing Consistency in the Development of State-level Safeguards
Approaches.” INMM Annual Conference, Baltimore, July 2020.

€ The Future of IAEA Safeguards: Rebuilding the Vienna Spirit through Russian-U.S. Expert Dialogue, November 2020
(https://media.nti.org/documents/The Future of IAEA Safequards finalpdf), p. 13.

& Jill N. Cooley. “The Evolution of Safeguards.” Consolidated Nuclear Security, Y-12 National Security Complex, Oak Ridge, TN © Springer
Nature Switzerland AG 2020 I. Niemeyer et al. (eds.), Nuclear Non-proliferation and Arms Control Verification. https://doi.org/10.1007/978-
3-030-29537-0_3
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3.3 SLC Looks at State as Whole and Tailors Safeguards for Individual States

As stated above, the SLC is the latest phase in efforts to strengthen and modernize IAEA safeguards. It builds
on Programme 93+2, the Model AP and Integrated Safeguards.

In his July 2011 keynote speech at the annual conference of the INMM, then-DDG Nackaerts stressed that the
SLC

“lils a natural continuation of a process that began in the early 1990s when strengthening
measures were agreed through the Programme 93+2 and the subsequent introduction of the
Additional Protocol. For the growing number of States under integrated safeguards, the State-
level approach has already been developed and applied. We are not changing the fundamental
principles underlying the safeguards system.”

The SLC maintains many elements from the 2002 Conceptual Framework for Integrated Safeguards,
including: 1) flexibility in implementing safeguards to allow the IAEA to concentrate its resources where they
are most needed (e.g, by reducing the frequency of inspections for some less sensitive item facilities, such as
spent fuel storage, and redirecting safeguards resources toward high priority path steps within the state); 2)
coverage of all plausible acquisition paths; 3) the use of state specific features and
characteristics®?; 3) the continuing evaluation of all relevant information and activities; and 4) the
recognition that safeguards processes need to be consistently applied and non-discriminatory.

As already mentioned, in many respects the SLC is intended to continue these existing practices, but also to
improve their utilisation, i.e. by more systematically applying APA and SSFs — particularly with respect to
assessing a State’s technical capabilities as well as its nuclear activities -- and putting more emphasis on
collaborative analysis, analytical rigor, critical thinking and uniform processes and well-defined procedures.

Importantly, as the IAEA General Conference safeguards resolutions have asserted since 2014, “The SLC is
applicable to all States, but strictly within the scope of each individual State’s safeguards agreement(s).” As
new information about a State’s nuclear program arises, it will be reflected in SLAs and used to adjust the
focus of safeguards activities accordingly. Such customized SLAs, that align safeguards measures to
prioritized, TOs specific to each state, have fundamental implications for how the IAEA plans, conducts, and
evaluates safeguards activities, and ultimately how the Agency draws and reports conclusions about a State’s
compliance with its obligations under its safeguards agreement. Once a methodology for establishing the
required level of verification efforts is in place for all SLAs, the Agency will be in a better position to evaluate
the effectiveness of safeguards activities based on the attainment of safeguards objectives, rather than
based on simply carrying out the planned activities as in traditional safeguards approaches under the
Safeguards Criteria and 1S.3

Thus, based on the historical background and rationale described above, one can credibly argue that the SLC
(as described in the 2013 and 2014 SLC reports) provides a framework that is better suited for detecting
undeclared activities — or at least better suited for allocating safeguards resources — than a rigid prescriptive,
facility-level approach. This framework: (a) looks at the state as a whole, taking all safeguards relevant
information into account to improve state evaluations, (b) links safeguards activities directly to the

%2 Now referred to as the State Specific Factors.

& |n the Secretariat's SLA Improvement Project, which began in 2019 and is stated to be completed in 2022, the IAEA is now fine tuning a new
APA/SLA methodology (that includes performance targets) with different SEGs to standardize the methods to ensure that SLAs for states
with the same types of safeguards agreements (and similar nuclear fuel cycles) are implemented consistently to avoid the appearance
of bias and discrimination.
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achievement of safeguards objectives, (c) integrates headquarters analysis with in-field verification efforts
more systematically, and (d) provides the IAEA with the basis and flexibility to concentrate limited resources
more strategically within a state.®*

The SLC is intended to create an architecture focused on the attainment of TOs based on a State’s safeguards
agreement to cover plausible acquisition paths for States with CSAs, rather than mechanistically carrying out
a predetermined list of activities without consideration of the extent to which underlying verification goals
had been achieved. In other words, there have been concerns that under traditional safequards, inspectors

focused more on completing the list of activities in the Annual Implementation Plan (AIP) than on the
objectives the activities were intended to achieve.

The SLC could help the IAEA prioritize and allocate its safeguards resources more effectively and efficiently,
and justify “differentiation without discrimination” in a way that rationally allocates verification effort across
the generic safeguards objectives for a specific State. In addition, the SLC could enhance deterrence, by
making the timing and nature of inspections and other verification activities less predictable than under the
Safeguards Criteria. Furthermore, by targeting priority TOs within a State, the SLA is better suited for
directing information collection and analysis at headquarters.

In sum, the goal of the SLCis to use structured analytical processes to make the implementation of more

effective international safeguards that is implemented in the most efficient way, and to do so in a politically
and technically defensible manner,

3.4 Qualitative Benefits to Help Safeguards Department Work More Effectively

In addition to the advantages described above, the implementation of the SLC could include some
aspirational, qualitative benefits that cannot be measured, but have the potential to improve the international
safeguards system. The SLC could:

e (Contribute to an institutional culture where critical thinking is encouraged.

e Promote collaboration among and within the SEGs that are responsible for developing SLAs to
make greater use of all safeguards relevant information available to the IAEA.

e Help country officers and SEG members to more fully understand the objectives of their
safeguards activities.

e Help the IAEA to clarify terminology and to document key assessments.

e Strengthen the basis for documenting tradeoffs among safeguards measures witha system for
tracking changes in analysis and its implications for the Agency’s activities.

4 Implementation of Safeguards Worldwide

This final subchapter shortly discusses the current status of the State-Level Safeqguards implementation
world-wide. As already mentioned in this chapter, every year the IAEA prepares for its BoGs the SIR. The
report, which is “restricted distribution for official use only”, presents a full overview of all the safeguards
activities carried out by the Agency in the previous year. After discussion at the IAEA BoGs a decision is
usually taken to de-restrict and authorize the release of the first part of the SIR document, containing its part
A: titled “Safeguards Statement’ for the year, which presents a compact overview of the findings, and the part
B: “Background to the Safeguards Statement and Summary” presenting supporting data of the safeguards
conclusions. Other sections of the SIR, presenting i.a. safeguards implementation data, remain restricted. On

64 The SLC promotes SLAs and AlPs that are adaptable and responsive to new safeguards relevant information. Through the assessment
of SSFs and underlying key assumptions, new information and analysis can lead to reprioritization of TOs, adjustment of performance
targets and redistribution of effort.
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the basis of the openly available Safeguards Statements and Summaries, it is possible to follow the evolution
of the safeguards activities. In this section some of this information is presented to show data related to the
State-Level Safeguards and to derive from them a number of general considerations.

4.1 IAEA Safeguards Implementation Statements

In their Safeguards implementation Statements and Summaries , the IAEA reports annually on the status of
implementation of nuclear safeguards in the States Parties to the NPT and in NPT non-Parties with other
safeguards agreements in place. Based on this information, Table 4 provides an overview of the number of
States in each combination of safeguards regimes in 2019%, and Figure 2 highlights the evolution in the
period from 2016 (first IAEA Safeguards implementation statement citing the number of SLAs that have been
developed) to 2019.

Table 4: Number of NPT and non NPT StatesS’ in the various Nuclear Safeguards regimes as of 2019 (data

source58).
Year 2019 Notes
Number of States with Safeguards 18369 States with a safeguards agreement (CSA + AP; CSA,;
applied INFCIRC/66; VOA), i.e. 131 + 44 + 3 + 5 Member States

underlined below.

of which, with SLA developed 131 This number is onlyincidentally the same as that in the
line below. There can be, e.g. SLAs for States with no AP,
or NWS with a SLA.

Number of States with CSA + AP in place 13170 This number has steadily increased over the last years
(see Figure 2).

of which, with broader conclusion already | 6971 This is a subset of the above, for which the IAEA from the

drawn ratification of AP, could conduct evaluations and draw the
broader conclusion.

of which, with integrated SG 6772 This is a subset of the above.

Number of States, party to the NPT, with | 44 This number decreases over time, as more and more APs

CSA only (no AP in force). are implemented (see Figure 2).

Number of States, party to the NPT, with | 10 No safeguards applied in: Cabo Verde, Equatorial Guinea,

no CSA in place. Eritrea, Guinea, Guinea-Bissau, Federated States of

Micronesia, Sao Tome and Principe, Somalia, State of
Palestine, Timor-Leste.

Number of States under INFCIRC/66 | 3 Pakistan, India, Israel.

Safeguards (non-NPT members)

of which, with AP 1 India.

Number of States with revised SQP into | 62 This number is increasing over time (see Figure 2).
force

Number of States with original SQP into | 32 This number is decreasing over time (see Figure 2).
force

Number of NWS with voluntary | 5 USA, Russia, China, UK, France.

agreements and AP in place

& https://www.iaea.org/publications/reports
% International Atomic Energy Agency, "Safeguards Statement for2019," IAEA, Vienna, 2020.
 As reported by the IAEA in the Safeguards Implementation Reports, “The designation employed does not imply the expression of any
opinion whatsoever conceming the legal status of any country or territory or of its authorities, or conceming the delimitation of its
frontiers”.
® |nternational Atomic Energy Agency, "Safeguards Statement for2019," IAEA, Vienna, 2020.
8 And Taiwan, China.
70 And Taiwan, China
7! And Taiwan, China
72 And Taiwan, China
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Number of States which are not Parties to | 4 India, Israel, Pakistan (INFCIRC/66)
the NPT South Sudan.
No safeguards applied in: South Sudan

Number of States which announced | 1 No safeguards applied in: DPRK
withdrawal from NPT

The trends in Figure 2 show a sharp increase of the number of States for which SLAs have been developed
between 2017 (64 SLAs developed) and 2018 (126 SLAs developed) with then a little increase in 2019
(131). The graph also highlights the increase of States passing from having only a CSA in place to having
a CSA and an AP. With more States adopting the AP, the trends also show an increase of the
number of States with a broader conclusion of absence of undeclared material and activities drawn and
consequently an increase of the number of States with Integrated Safeguards in force. The number of States
having the original text of the Small Quantities Protocol in place constantly decreased in the reference period.

Table 5 reports selected IAEA safeguards facts and figures in 2019, and Figure 3 shows their evolution in the
period 2016-2019. The trends show a substantially stable picture, with no game-changing variations.
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Figure 2: Evolution of the Number of NPT and non-NPT States in the various Nuclear Safeguards regimes in
the period 2016-2019 (data sources73,74,75,76).

7 International Atomic Energy Agency, "Safeguards Statement for2019," IAEA, Vienna, 2020.
" International Atomic Energy Agency, "Safeguards Statement for2018," IAEA, Vienna, 2019.
> International Atomic Energy Agency, "Safeguards Statement for2017," IAEA, Vienna, 2018.
78 International Atomic Energy Agency, "Safeguards Statement for2016," IAEA, Vienna, 2017.
7 International Atomic Energy Agency, "Safeguards Statement for2019," IAEA, Vienna, 2020.

87




ESARDA Course Syllabus

Table 5: Selected IAEA Safeguards Facts and Figures in 2019 (Data source?’).

Year 2019
Facilities under Safeguards 717
Material Balance Areas (MBA) containing LOFs under Safeguards 607

SQ of Nuclear Material under Safeguards 216448
t Heavy Water under Safeguards 430.2
Inspections 2179
Design Information Verifications (DIVs) 625
Complementary Accesses 149
Calendar days in the field 131395

IAEA Safeguards-related Figures
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Figure 3: Evolution of Selected IAEA Safeguards Facts and Figures in the period 2016-2019 (Data
source78,79,80,81).
Figure 4 reports the evolution of the IAEA budget in the period 2016-2019, in terms of adjusted regular
budget, expenditures and expenditures from extra-budgetary contributions. The adjusted regular budget saw an
increase of about 10M€ over four years (about 7.5%). The variability of the expenditures from extra budgetary
costs are likely linked to activities related to UN Security Council Resolutions®.

8 International Atomic Energy Agency, "Safeguards Statement for2019," IAEA, Vienna, 2020.

79 International Atomic Energy Agency, "Safeguards Statement for2018," IAEA, Vienna, 2019.

8 |nternational Atomic Energy Agency, "Safeguards Statement for2017," IAEA, Vienna, 2018.

8 |nternational Atomic Energy Agency, "Safeguards Statement for2016," IAEA, Vienna, 2017.

8 See e.g. Intemational Atomic Energy Agency, 'Verification and monitoring in the Islamic Republic of Iran in light of United Nations
Security Council resolution 2231 (2015) - Report by the Director General," IAEA , Vienna, 2021.
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IAEA Safeguards Budget (2016-2019)
160

140

Adjusted regular budget (M€) Expenditures (M€) Expenditures from Extrabudgetary Contributions (M€)

1.

]
=1

1

3

o
=1

@
=1

~
S

)
o

m 2016 m2017 m2018 w2019

Figure 4: Evolution of IAEA budget in the period 2016-2019.

4.2 Types of Safeguards Conclusions According to the Different Agreements in Force83

Currently, NNWS Parties to the NPT can be broadly categorized in four groups:
1. States with a CSA and the AP in force, for which the Agency already drew a broader conclusion;
2. States with a CSA and the AP in force, for which the Agency has not already drawn a broader
conclusion;
3. States with a CSA but no AP;
4. States without a CSA.

Figure 5 shows the fraction of Nuclear Material SQs and number of nuclear facilities under the various
Safeguards Regimes.

2019: Significant Quantities of Nuclear Material under 2019: Number of Facilities under IAEA
IAEA Safeguards

Safeguards

[ R

= Broader Conclusion + Integrated Safeguards = Broader Conclusion, ne Integrated Safeguards ® Broader Conclusion + Integrated Safeguards  ® Broader Conclusion, no Integrated Safeguards

= C5A+AP, no Broader Condusion = CSA, no Broader Conclusion = CSA+AP, no Broader Condusion = CSA, no Broader Conclusion

= INFCIRC/66 = Nuclear Weapon States = INFCIRC/66 = Nuclear Weapon States

Figure 5: Amount of Nuclear Material SQs and number of nuclear facilities under the various Safeguards
Regimes (data source84).

For group 1, the Agency can conclude that “all nuclear material remained in peaceful activities”. For groups 2
and 3 the Agency can conclude that, “declared nuclear material remained in peaceful activities”. For group 4

8 The text of this subsection was originally published in "Open Source Analysis in support to the identification of possible undeclared
nuclear activities in a State," (F. V. Pabian, G. Renda and G. G. Cojazzi, ESARDA Bulletin, vol. 57, pp. 22-39, 2018); the material here
reproduced has been adapted and modified according to the needs of the subchapter.

8 |nternational Atomic Energy Agency, "Safeguards Statement for2019," IAEA, Vienna, 2020.
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the Agency “could not draw any safeguards conclusion’. As it can be seen, the IAEA pronounces itself on the
status of all the nuclear material in a given State only for group 1, limiting itself to a statement over the
declared nuclear material for groups 2 and 3.

The pivotal difference between the States in group 1 and those in group 2 is the broader conclusion of
absence of undeclared material and activities. As already mentioned, to reach a broader conclusion, the IAEA
“must draw the conclusions of both the non-diversion of the nuclear material placed under safeguards (as
described above) and the absence of undeclared nuclear material and activities for the State as a whole”®
and the broader conclusion allows the entry into force of the Integrated Safeguards regime and the possibility
to take full benefit from State-Level Safeguards approaches®.

The evaluation and verification of declared nuclear material and activities is conceptually straightforward
(even though it might be extremely resource-intensive), and is mainly based on onsite verification activities
and measurements. Also, the confirmation of the termination of past nuclear activities and the dismantlement
of the related facilities (e.g. a decommissioned civilian NFC programme or part of it) is usually performed
through information gathering and Complementary Accesses, foreseen under the AP, and does not represent
unsurmountable conceptual challenges as it is known that there was a programme and the conditions of its
termination have been stated and could in principle be verified. However, the Agency concludes that there is
no undeclared nuclear material or activity in a State when “the activities performed under an additional
protocol have been completed, when relevant questions and inconsistencies have been addressed, and when
no indications have been found by the IAEA that, in its judgement, would constitute a safeguards concern”¥.
The sentence there is “no indication of undeclared nuclear material or activities” can be read as “given the
verification activities planned and performed on the basis of our past and present knowledge of the State, we
found no indication of undeclared nuclear material or activities” and therefore it is possible to conclude that
“all nuclear material remained in peaceful activities”. The last therefore relies on the inductive inference: “The
verification activities performed did not find evidence of an undeclared activity, and they are considered to be
sufficient to state that any additional verification activities would not find evidence of undeclared activities”.
Hence we can conclude that there is no undeclared activity. Since “[tlhe very nature of an inductive argument
is to make a conclusion probable, but not certain, given the truth of the premises’®, it becomes extremely
important to understand how the strength of this conclusion can be characterized and made explicit, i.e.
characterize its dependability.

While “Truth with a capital T is an attribute of statements that correspond to facts in all possible contexts”,
dependability is an attribute of statements that correspond to facts ina “specified (but often not clearly
identified) context”®. A statement is considered to be more or less dependable subject to the degree to which
it has been tested. The time and effort that the safeguards inspectorate needs to invest in order to issue a
broader conclusion of absence of undeclared material and activities (i.e. let a Member State moving from
group 2 to group 1) dependably is conspicuous, and is partially reflected in the amount of Complementary
Accesses that the inspectorate performs in the period between the entry into force of the AP and the issue of
the broader conclusion and the decrease of Complementary Accesses after its issue.

8 International Atomic Energy Agency (IAEA), "IAEA Safeguards Glossary - 2001 Edition," IAEA, Vienna, 2001.

& Despite the fact that State-Level Safeguards see their maximum effectiveness and efficiency in a CSA + AP and broader conclusion
scenario, the IAEA adopts them also in case of CSA-only safeguards agreements. See GOV/2013/38 and GOV/2014/41 and first and
second subchapter.

8 International Atomic Energy Agency (IAEA), "IAEA Safeguards Glossary - 2001 Edition," IAEA, Vienna, 2001.

8 H. D. Hales, "Thinking Tools: You can prove a negative," Think, vol. 4, pp. 109-112, 2005.

8D, 1. Blockley, "The Importance of Being Process," Civil Engineering and Environmental Systems, vol. 27, no. 3, pp. 189-199, 2010.
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In order to illustrate this, Table 6 reports the IAEA efforts in terms of Complementary Accesses in EURATOM
Member States. For EURATOM Countries (both NNWS and NWS), the AP entered in force on April 30, 2004
(Other countries joining the EU later had later dates for AP entry into force). From 2005 to 2010 the Agency
performed a sustained amount of Complementary Accesses, both on sites and in other locations, with a
substantial decrease after 2010.

Table 6: Number of Complementary cceses performed by the IAEA in EURATOM Countries in the period
2005/2013 (data source*°).

Year 2 hr CAs 24 h CAs CAs in sites CAs in other locations | Total nr of CAs in EU
2013 4 5 9 0 9

2012 0 7 5 2 7

2011 0 28 28 0 28

2010 4 40 33 11 44

2009 2 34 32 4 36

2008 2 23 16 9 25

2007 1 27 24 4 28

2006 7 18 23 2 25

2005 19 25 41 3 44

List of Acronyms

AIP Annual Implementation Plan

AP Additional Protocol

APA Acquisition Path Analysis

BoG Board of Governors

CSA Comprehensive Safeguards Agreement
NNWS Non-Nuclear Weapons States

INMM  Institute of Nuclear Materials Management
INFCIRC Information Circular

IAEA International Atomic Energy Agency

IS Integrated Safeguards

LOF Location Outside Facility

NFC Nuclear Fuel Cycle

NM Nuclear Material

NPT Treaty on the Nonproliferation of Nuclear Weapons
NWS  Nuclear Weapon States

NNWS Non-Nuclear Weapons States

% European Commission, "Report on the Implementation of EURATOM Safeguards in 2013," European Commission, Luxembourg, 2014.
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SEG
SSFs
SIR
SLA
SLC
SQP
SQ
T0

VOE

State Evaluation Group

State Specific Factors

Safeguards Implementation Report
State-Level Approach

State-Level Concept

Small Quantities Protocol
Significant Quantity

Technical Objectives

Voluntary Offer Agreements
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and Kamel Abbas®

! European Commission, Directorate-General Joint Research Centre, J.1, Ispra, Italy
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& European Commission, Directorate-General Joint Research Centre, G.I1.7, Ispra, Italy

1 Introduction to Non-Destructive Assay

Both for accountancy and control purposes, presence of nuclear material and properties such as its mass and
composition are mainly determined by measurements performed by destructive and non-destructive methods
(namely Destructive Assay, or DA, and Non-Destructive Assay, or NDA methods). Common NDA techniques are
based on detection and analysis of radiation emitted by an essayed sample. The non-destructive term of NDA
techniques refers to the fact that these techniques do often not require preparation of samples to be assayed
therefore their physical and chemical states are not altered. Consequently, these samples can be returned into
the batched where they were taken from. On the contrary, DA techniques require substantial sample
preparations thus assayed samples cannot be returned to their original batches after assay. With respect to
NDA, a sample assay with a DA technique is usually time consuming, requires sophisticated and costly
instrumentation and equipment for either sample preparations or analysis however provides accurate, precise
and sensitive analysis. The main DA techniques are Isotope Dilution Mass, Spectrometry, Secondary lon Mass
Spectrometry, and Inductively Coupled Plasma Mass Spectrometry. While this chapter focused on NDA
techniques, all regarding DA techniques are detailed in the DA Chapter of the present book.

There are two types of NDA techniques, passive and active, named so to reflect the fact that the radiation
they measure comes either from spontaneous decays, or radiation induced by an external interrogation
source on the assayed sample. NDA techniques can also be categorised based on the type of radiation thatis
measured from an object. The main NDA techniques are classified as gamma-ray assay, neutron assay and
calorimetry.

While measurements using NDA techniques may in some cases be time consuming and involve movements or
transport of the nuclear material to a dedicated measurement station or instrument, they do not require
sample preparations as mentioned or a dedicated laboratory suchas DA methods often do. Hence, NDA
techniques are often less intrusive, much faster and cheaper than chemical assay and thus reduces the need
for sampling. Upon the use of automatic and/or remote handling, they also reduce operator dose exposure. In
some cases, such as verification of spent nuclear fuel, NDA is the only viable option.

The development of NDA instruments and analysis techniques reflect a trend towards automation and
workforce reduction that is occurring throughout our society. NDA measurements are applied in all fuel-cycle
facilities for material accounting, process control, and perimeter monitoring. However, a large fraction of the
nuclear material under safeguards is in the form of spent nuclear fuel assemblies, and thus many NDA
instruments are designed to assay such object. All uncertainties in this report are specified for a 1-sigma
confidence interval unless otherwise noted.
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This chapter is structured in several subchapters, based on type of emitted radiation and application. The first
subchapter regards calorimetric heat measurements of small samples. The second and third subsections
describe respectively gamma-ray spectrometry and neutron-based measurement techniques applied in
safeguards. Finally, a fourth subchapter is dedicated to measurements of spent nuclear fuel assemblies
because they constitute a large fraction of nuclear material under safeguards. The text describes both
available instrumentation for such measurements as well as novel instruments relatively recently developed

such as for partial defect verification of spent fuel based using gamma-ray emission tomography.

2 Calorimetric Measurement of Small Samples

Calorimetry is a technique for measuring the thermal power of heat producing samples. It may be used to
measure the thermal power of plutonium samples and, in combination with knowledge of the plutonium
isotopic mass ratios, calorimetry provides a convenient, accurate and non-destructive measure of the total
plutonium mass of the sample [1], [2].

The main advantages of calorimetry are:

v' The assay is independent of sample geometry, nuclear material distribution in the sample, and matrix
material composition.

v' Heat standards are directly traceable to National Standards and Plutonium standards are not
required.

v" The assay is comparable to chemical assay in precision and accuracy if the isotopic composition is
well known.

v" The assay is applicable to a wide range of material forms. Plutonium can be measured in the
presence of uranium.

2.1 Objective of the Technique

adioactive decay of any radioactive material produces heat. Calorimetry may be used to measure the thermal
power of plutonium samples, and hence to quantify the Pu mass in the sample. The quantitative
determination of plutonium by calorimetry is based on the measurement of the heat produced by the
radioactive decay of the Pu isotopes, in combination with the knowledge of the plutonium isotopic mass
ratios. Calorimetry provides for safeguards activities a convenient, accurate and non-destructive analysis of
the total plutonium mass in samples of unknown composition beside the isotopic composition of plutonium,

which is determined with gamma-ray or mass spectrometry.

2.2 Scope of Applications

Calorimetry has many advantages with respect to other NDA techniques and it is potentially the most
accurate non-destructive method for measuring plutonium mass: calorimetry does not suffer from neutron
multiplication effects that hinder other measurement methods and corrections are not required for sample in-
homogeneity or chemical form. Unlike destructive analysis, where it is only possible to assay selected samples
taken from the item, calorimetry, as other NDA techniques, allows the measurement of the whole item. Due to
long time needed for reaching the thermal equilibrium, calorimetry is not yet a routine technique for
safeguards in Europe. Nevertheless, in the US calorimetry is used for routine measurements for nuclear
materials accountability and shipper-receiver confirmatory measurements for plutonium.
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2.3 Principle of Measurement

Plutonium isotopes decay emitting a, B and y particles, of which the o and B (B"and B°) particles are
responsible for the heat generated in the surrounding sample matrix. The calorimetric plutonium assay needs
information on the content of americium (***Am) in the measured item, which also contributes to the
measured thermal power as an a-emitter and which, as a decay product of ?*'Pu, is present in practically all
plutonium samples. In Table 1 the specific thermal power values of the plutonium isotopes (and of 2*!Am and
3H) are recorded.

Table 1: Specific thermal power values [1], [2].

Isotope Main Decay Mode Specific Power (mW/g)
#3fpy a 567.57

23%y o 1.9288

240p ) o 7.0824

2415 B~ 3.412

242py a 0.1159

2lam a 114.2

°H B~ 324

2.4 Measurement Technique

The thermal power W (Watts) measured from a plutonium sample in a calorimeter is converted into the
plutonium mass (grams) as following:

mp, =—.
7 (Eq.1)
The specific thermal power Perr (W/g) of the plutonium sample is calculated from the expression:
Py=YR-P
' (Eq.2)
where:

Ri = abundance of the i-th isotope (i = 282921024.2%2p; and 24Am) expressed as a weight fraction

(gisotope/g Pu) and

Pi = a physical constant, the specific thermal power of the i-th isotope in W/g.

One of the most common types of calorimeters in use across the world today for nuclear measurements is
the isothermal (servo-controlled) calorimeter. The calorimeter works by maintaining an isothermal enclosure
whereby the temperature profile of the calorimeter is kept constant by electrical heaters. Following insertion
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of the (Pu) heat bearing source, the reduction in the applied electrical power required to preserve static
temperatures is a measure of the decay heat rate.

The measurement chamber of the calorimeter is contained in the thermal element (Figure 1). The thermal
element consists of a concentric arrangement of three aluminium alloy cylinders, separated by silicon based
thermal semi-conductors. Appropriate nickel resistance thermometer sensors and heater windings, placed
inside machined grooves on each of the cylinder surfaces, undertake temperature measurement and control.

The measurement principle involves determining the difference in electrical power supplied to the inner
cylinder, to maintain a constant cylinder temperature, after a heat bearing sample is placed into the chamber.
As the associated thermal energy is gradually transferred to the inner cylinder by heat conduction and as the
inner cylinder must remain at a fixed temperature, the servo controller automatically reduces the applied
electrical power. After a period of time, a new thermal equilibrium is achieved (Figure 2). The difference
between the old (baseline) and new inner cylinder applied electrical powers being equal to the sample power.

o

L~ o
— — 25°C
3
15
Q
12
p T 10C
Heat flow
—

Figure 1: Schematic view of an isothermal air-flow calorimeter.
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Figure 2: Servo-controlled electrical power applied to calorimeter.

Due to the long time required to reach the thermal equilibrium, the technique is sensitive to the possible
change of environmental conditions during the assay. A nearly constant external room temperature is
essential for a good performance. This is another reason that makes calorimetry preferably a laboratory
technique not suitable for industrial environment. In this frame it is possible to improve the measurement
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performance by placing the instrument in a controlled environment, such as a climatic chamber. Figure 3
shows a picture of a plutonium air-flow calorimeter used in PERLA laboratory in EC JRCIspra.

Figure 3: Plutonium air-flow calorimeter used in JRC Ispra made by ANTECH Inc [4].

2.5 Performance Values

The performance of a calorimetric plutonium assay depends on the thermal power in W as determined by the
calorimeter and on the quantity Pt as derived from an external isotope abundance measurement.

Table 2 gives typical performance data [3] for the thermal power measurement obtained with large sample
calorimeters and with the new generation of small sample calorimeters using thermopile sensors or
combinations of thermopiles and Ni thermocouples (Hybrid calorimeters). The dominant contributions to the
random (r) and systematic (s) uncertainties for the small sample calorimeters are due to heat distribution
errors and baseline fluctuations.

Table 2: Performance of thermal power measurement [3].

Thermal power

Calorimeter r (%) s (%)
Level (W)
0.1 0.4-0.7 0.1-0.2
Large sample 1 0.1-0.3 0.05-0.2
calorimeter
(Ni thermocouple) 10 0.05-0.07 0.05-0.2
100 0.05-0.07 0.05-0.2
Small sample 0.001 0.8-1.0 0.2-0.5
calorimeter 0.01 0.1-0.3 0.1-0.2
(thermopile) 0.1 <0.1 0.1
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The above reported performance values refer only to the direct measurement of the thermal power. The total
random and systematic uncertainty of a calorimetric plutonium assay is obtained from a combination of the
respective uncertainty components for the thermal power and Per determination. This second component is
mainly affected by the uncertainty in the isotopic composition and in particular of the isotopic fractions of
8Py and *'Am that are the two main contributors. Therefore, it will depend on the technique used for
isotopic assay (typically gamma-ray spectrometry).

3 Gamma-Ray Spectrometry

Most radioactive decays are associated with the emission of gamma rays. In general, a radionuclide emits
several photons of different energies, which are the signature of that radionuclide for identification in the
assayed sample. Accordingly, gamma-ray spectrometry is a qualitative analysis. However, gamma-ray
detectors allow not only revealing and discriminating the different gamma-ray peaks of detected
radionuclides in an assayed sample but are also able to quantify intensities of those gamma-ray peaks, which
allows quantification of activities of those detected radionuclides. Consequently, gamma-ray spectrometry is
both qualitative and quantitative analysis method. It is used either for absolute or relative determinations of
the activities of the revealed radionuclides in a sample, thus it is used for the determination of nuclear
material isotopics such as in the determinations of uranium enrichment or plutonium isotopic composition.

Gamma-ray spectrometry is extremely important for the qualitative information about the isotopic
composition. In fact, other quantitative techniques (neutron counting and calorimetry) need the knowledge of
the isotopic composition in order to convert the measured quantity (neutron source or thermal power) into a
fissile material mass.

3.1 Objective of the Technique

Gamma-ray spectrometry is the most commonly used NDA technique in nuclear safeguards for uranium
enrichment and plutonium isotopic composition verifications [5]. Another important field of application are
measurements on spent fuel to confirm characteristics, cooling time, initial enrichment or burn-up of fuel
assemblies. Gamma-ray spectrometry is also fundamental in the verification of spent nuclear fuel [6], both
when the objective with the measurements is to deduce the presence of nuclear material (known as gross
defect) and when the objective is to draw conclusions on whether or not a fraction of the fuel material has
been diverted (known as partial defect verification).

3.2 Principle of Measurement / Definition of the Physical Principle

A comprehensive explanation on the origin of the gamma-rays, their interaction with matter and their
detection by various types of detectors can be found in [7], [8], while this subchapter presents just an
overview of selected parts.

The decay of radioactive nuclides is often accompanied by the emission of one or more photons, whose
energy is characteristic of the radionuclide itself as mentioned above. Gamma-ray spectrometers are energy-
sensitive gamma-ray detectors appropriate for measuring the photon energy. Their output is a so-called
gamma-ray spectrum, which shows the number of detected counts as a function of gamma-ray energy. A
gamma spectrum can be used to identify the gamma-emitting radionuclides in a material, by correlating the
photo-peaks to the characteristic energies of each nuclide. Moreover, the comparison of different peak
intensities can be used to derive the absolute or relative abundance of isotopes. Figure 4 shows an example
of a gamma-ray spectrum of a plutonium sample acquired with a high purity gamma-ray detector (HPGe)
where gamma-ray peaks of three radionuclides (**!Am, °Pu and ?*'Pu) are indicated.
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Figure 4: An example of a gamma-ray spectrum of a plutonium sample.

3.3 Measurement Technique/Description of the Implemented Technique

3.3.1 Acquisition of Gamma-Ray Spectra

The gamma-ray spectra are collected using gamma-ray spectrometers which record the gamma-rays and
sorts them according to energy. Depending on the specific application, the level of resolution in such gamma-
ray spectra vary with the type of detectors chosen. Commonly used detectors are inorganic scintillators such
as Nal(Tl) and LaBrs [9], and semiconductors such as high-purity germanium (HPGe) or cadmium-zinc-telluride
(CdZnTe or CZT).

As shown in the illustration of Figure 5, there are three categories of gamma-ray spectrometry for
safeguards, which ar based off the used detectors, namely:

- the low energy resolution gamma-ray spectrometry (LRGS), based on Nal scintillators,

- the medium energy resolution gamma-ray-spectrometry (MRGS), based on LaBrs scintillators or
CdTe/CdZnTe semi-conductor detectors,

- the high energy resolution gamma-ray spectrometry (HRGS), which utilises HP Ge semi-conductor
detectors.

A comparison of efficiencies (g) and energy resolutions (Res) the four mentioned gamma-ray detectors HPGe,
CdZnTe, LaBrs and Nal is summarised in Table 3.

Table 3: Comparison of efficiencies and energy resolution of HPGe, CdZnTe, LaBr3 and Nal detectors.

Energy Resolution Efficiency
Resupce > ReScare/cdzate > €LaBr3 2 ENal >
Resiasrs > Resya €HPGe > EcdTe/CdznTe
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The technology development of gamma-ray detectors over the last five decades is illustrated in Figure 5
indicating main characteristics of LRGS, MRGS and HRGS based detectors in terms of energy resolution,
efficiency and crystal cooling requirements are shown in the diagram of Figure 5.
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Figure 5: Development evolution of gamma-ray detectors and categories of gamma-ray spectrometry based
on energy resolutions of the used detectors (LRGS, MRGS and HRGS).

Detection of gamma-rays relies on the emitted gamma-rays interacting with the detection media through
probabilistic processes. The most distinct regions in a gamma-ray spectrum are the full-energy peak and the
Compton continuum, which originate from different interactions between the gammaray and the detector
material. In the event of total absorption, all the available energy from the emitted gamma-ray is absorbed in
the detector crystal. This results in a single gamma-ray peak in the acquired spectrum (the full energy
absorption peak) while Compton interactions result on a continuum in an acquired spectrum. This is because a
part of the available photon energy (Compton photons) escapes from the detector crystal. As the Compton
Effect has an angular distribution, this resuilts in a detection of a continuum.

Figure 6 shows a gamma spectrum of a source of **’Cs, a radionuclide which emits a single photon energy of
662 keV. The total absorption peak is found at 662 keV, whereas the Compton continuum starts from low
energy and ends at 477 keV, i.e. the maximum Compton energy with respect to the emission angle. The
Compton peak (184 keV) corresponding to a Compton emission at 180 degrees (backscattering) with respect
to the direction of the initial gamma photon is visible in the Compton continuum. This is due to the high
probability of the Compton Effect at this angle. X-ray peaks of the detection material, which are induced by
the initial gamma-ray (662 keV) or by continuum, are visible. Historically, the intrinsic efficiency of a gamma-
ray detector, which is energy dependant, is expressed in percent relative to an efficiency of a cylinder of a 3"’
x 3" Nal crystal in a detection geometry at 25 cm from a point source. The energy resolutionis also energy
dependent and in practice is energy range of Full Width at Half Maximum (FWHM) of the gamma-ray peak of
interest as shown in Figure 6. Beside the efficiency and energy resolution, ratios of gamma peak to valley
(see Figure 6) and peak to Compton continuum are also key characteristics for choosing a gamma-ray
detector. Nonetheless the different components of the electronic chain and software for pulse processing
from the detector crystal all the way to the visualisation and deconvolution of spectra play important role in
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terms of accuracy, sensitivity and precision of gamma-ray spectrometry measurements. Figure 7 shows a
comparison of typical spectra as generated from HPGe, CdZnTe, LaBr3 and Nal gamma-ray detectors.
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Figure 6: A typical Nal scintillator gamma-ray spectrum of a source of 137Cs radioactive source acquired with

a Nal scintillator illustrating the different interaction of gamma photon in a detection material
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Figure 7: Comparison of uranium spectra from different detector types.
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Figure 8 shows a sketch of commonly used electronic instruments for gamma-ray spectrometry based on
semi-conductor detector such as HPGe although important evolution was realised in the last 2 to 3 decades.
One of the main evolutions regards performance on high counting acquisition through the digitalisation of the
chain by substitution of the analogue amplifier by digital signal processing unit (DSP) minimising so
acquisition saturation of a gamma-ray spectrometer.

Low voltage
Detector Supply
— Amplifier/Digital I Diital
Ge Crystal I, = Preamplifier 5| | signal Processing | == Ana ntnt;‘_;g;
— [D5R) -
_,_,'..‘..N‘!' Conve \L
Detactor bias MultiChannel
Supply [HV) Anahyser [MCA]

|

Computer

Figure 8: A typical electronic chain for gamma-ray spectrometry. When applicable such as with a liquid
nitrogen cooled HPGe detector, the high voltage supply unit (bias supply) includes a circuit to inhibit any
voltage output in case the crystal detector is not a proper temperature.

In a scintillator, the interaction of the photon with the crystal results in the excitation of atoms to higher
energy states, followed by their immediate relaxation (de-excitation) with consequent emission of the
excitation energy in the form of light (scintillations). This light is collected on a photocathode, composed of a
material with a high probability of photoelectric effect, resulting in the emission of a number of electrons
proportional to the energy of the original photon. These electrons are then increased in number by successive
acceleration in an electric field and collisions on metallic dynodes, finally resultingin a charge burst hitting
the anode of the photomultiplier tube. A schematic functioning of a scintillator based gamma-ray detector is
presented in Figure 9. Scintillators in general and Nal in particular, are characterised by a high detection
efficiency, counterbalanced by a poor energy resolution. Due to this last feature they are not suitable for
cases involving complex spectra with many closely spaced gamma-ray peaks, such as plutonium. As indicated
above, the use of Nal detectors in nuclear safeguards, often referred to as LRGS, is therefore limited to
measurements of 2%°U enrichment in uranium samples. Figure 10 shows a picture of two Nal scintillators.
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Figure 9: Principle of a scintillator based gamma-ray detector with a photomultiplier tube (PMT).

Figure 10: Example of a Nal scintillator used for safeguards inspector trainings in EC JRC Ispra, Italy.

In semiconductor-based gamma-ray detectors such as HPGe and Cd/ZnTe, the incoming photon “ionises” the

crystal and creates electron-hole pairs, which gives rise to a collection of charge at the electrodes thanks to

the voltage, whichis applied to the semiconductor. As the individual charge carriers are directly related to the

output current, detectors of this type tend to be very sensitive to incoming radiation. This collection of charges

is illustrated in Figure 11.

103



ESARDA Course Syllabus

Detector Crystal

J
A ey T
Y

Collection of charges created by the
detected gamma-ray

l
4

Electrostatic field

Figure 11: lllustration of ionisation of the detection media and collection of charges in a semi-conductor

based gamma-ray detector.

This provides a very good (i.e high) energy resolution, which often comes at the expensive of a high sensitivity
to thermal noise. HPGe detectors are for instance able to provide good energy resolution but unfortunately,
germanium crystals cannot be operated at room temperature. In order to guarantee an optimum
semiconductor performance, the germanium crystal has to be maintained at very low temperatures, i.e.,
typically using liquid nitrogen (77 K) or electro-mechanical systems. Due to the required cooling, germanium
detector units tend to be relatively heavy and large (see Figure 12, [10] and [11]). The so-called HRGS is the
preferred technique for plutonium isotopic composition determination as it is able to resolve complex gamma-
ray spectra of plutonium due to numbers of plutonium isotopes and gamma-ray peaks to be considered
where it is important to be able to separate full-energy peaks in a spectrum, HRGS is also applied to measure

uranium enrichment. For applications where portability or accessibility is an

Figure 12: Pictures of commonly used HPGe detectors [12] and [13].
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important requirement, other types of crystals have been introduced, such as Cadmium-Zinc-Telluride (CdZnTe
or CZT), which provides reasonable energy resolution at room temperature. CdZnTe or CZT detectors have a
poorer energy resolution than Ge-detectors. They are used to measure uranium enrichment and to perform
attribute verification of spent fuel (detection of fission products).

A well-known gamma-ray detector by the safeguards inspectors for uranium enrichment verifications is the
hand held Nal scintillator, which is called HM5 or Identifinder (Figure 13). It is also usedin nuclear security
such as in border control.

Mlendi FINDER™ R400

Figure 13: A picture of an HM5 (or Identifinder) used for uranium enrichment verifications. It also measures
dose rates. Picture taken in PERLA laboratory, a research and training laboratory of EC JRC Ispra site (Italy).

Figure 14 shows a picture of the latest advance in the portable germanium detector area, which is the Cryo3,
developed by an LLNL/LBNL collaboration. This light-weight (4.5 kg) cooler uses o ff-the-shelf mechanical
coolers to cool the ORTEC-supplied crystal. The cooler uses 15 Watts to cool the detector. In addition to the
normal vacuum jacket, the detector includes a high-pressure nitrogen jacket as thermal insulation. It operates
up to 6 hours on two camcorder batteries.

Gamma-ray spectrometry is an important NDA technique in nuclear safeguards and required sophisticated
instrumentation that requires deep hand-on trainings. Figure 15 presents a view of a lab setting for
safeguards inspector training on uranium enrichment and plutonium composition verifications.
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Figure 14: A picture of Cryo3 and some of it characteristics, which is the latest advance hand-held
germanium detector [14].
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Figure 15: Views of a lab setting for safeguards inspectors on uranium enrichment and plutonium
composition verifications. GBS MCA527 is a compact gamma-ray spectrometry electronic chain [15].

For both scintillators and semiconductors, the interaction of a photon with the detector results in an electric
signal, whose amplitude is proportional to the energy of the incoming photon.

The analogue signal is then processed in a pulse processing electronic chain. This typically consists of an
amplifier, an analogue-to-digital converter (ADC) and a multi-channel-analyser (MCA) that produces the
gamma-ray spectrum. The gamma-ray spectrum is simply the number of photons detected in a pre-set
number of channels, each channel corresponding to an energy bin. The analogue modules may also be
integrated into a single compact module, such as the MMCA (Mini Multi-Channel Analyser). Recently, the
traditional analogue electronics have been replaced by digital electronics, and DSP (digital signal processor)
modules are now available.

106



ESARDA Course Syllabus

3.3.2 Analysis of Gamma-Ray Spectra from Small Samples

Once a spectrum has been acquired, it has to be evaluated, in order to deduce information about the object
under assay and to e.qg. derive the isotopic composition. Depending on what one wants to know about the
sample or object, the spectrum can be analysed in different ways.

For detecting the presence of different radionuclides, there is a large number of commercially available
softwares that can be used to analyse the spectrum. Beside acquisition of gamma-ray spectra, these
softwares are able for instance to perform peak fitting, background subtraction, peak intensity calculation,
external or intrinsic calibration, calculation of the relative isotopic abundance, identify peaks as belonging to
different isotopes and perform accurate quantitative analysis.

As mentioned before, they provide information on the availability and properties of different peaks in the
spectrum. This information can be used to identify the presence of isotopes in the sample, and to, for
instance, verify nuclear fuel properties (as is further discussed in the subchapter on spent fuel verification).

With respect to the analysis of small samples and specifically for determining uranium enrichment, there are
basically two methods available for the analysis of spectra:

° infinite thickness method (or enrichment meter principle)

° intrinsic calibration method.

The infinite thickness method is applied only for uranium enrichment measurements, and is based on a
calibration using reference samples. According to this approach, the most prominent gamma emission of
185.7 keV from the decay of 2*°U is measured under a well-defined geometry (i.e, solid angle of the sensitive
detector volume relative to the gamma source). The measured counting rate of the 185.7 keV photons is
proportional to the 2%°U abundance. The required infinite sample thickness ranges from about 0.25 cm for
metal samples to about 7 cm for UFs with a density of 1 g/cm3. The method is best suited for bulk samples
(e.g., uranium oxides and fluorides in storage containers), which easily meet the infinite thickness requirement
Enrichment measurements based on the enrichment meter principle require physical standards containing a
sufficiently large amount of Uranium reference material for calibration.

Uranium enrichment measurements based on the intrinsic calibration method avoid the need for
calibration with physical standards. Here, the isotopic ratios of %°U and #®U are determined from the
measured gamma-ray spectrum using corresponding gamma and X-rays from proper gamma-peaks or of
those of their decay products (such as the peak of 1001 keV #**Pa, which is a daughter of *8U), taking into
account physical phenomena such as the energy dependence of detector efficiency, self-absorption in the
sample and attenuation in the container and filters.

In nuclear safeguards, any plutonium isotope is of safeguards concern except if the 238Pu contribution is
greater than 80%. The different plutonium isotopes, however, have different properties and there are reasons
to learn as much as possible about the sample, such as to determine the plutonium composition in a sample.
With respect to the analysis of gamma-ray spectra from plutonium samples, a major advancement was
achieved with calculation codes for isotopic verifications. These codes are applied for both uranium
enrichment and isotopic composition of plutonium verifications. The Multi-Group Analysis (MGA) code is the
first commonly used in nuclear safeguards, it exploits the complex low-energy XKa region (94-104 keV) of a
plutonium gamma-ray spectrum for the isotope analysis [16]. Since this spectral region contains the most
abundant plutonium gamma and X-rays detectable in a gamma-ray spectrum from plutonium in the presence
of Am, the use of MGA code enables relatively precise isotope abundance determinations from gamma-ray
spectra accumulated in relatively short counting times (5-15 min) depending on the assayed sample.
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For uranium spectra, the method again uses analysis of the XKa region (89-99 keV), where fairly abundant
but strongly overlapping gamma and X-ray signatures from the 2*°U and 2®U daughter nuclides 23'Th and
24Th occur. This approach requires secular equilibrium between U and its daughter nuclides, which is
reached about 80 days after chemical separation: the method is, therefore, not suited for freshly separated
uranium materials. The Multi Group Analysis calculation code dedicated for uranium enrichment is called
MGAU. This is the preferred uranium enrichment verification method when uranium standards or accurate
efficiency curve of the used gamma detector (in the range X-rays to at least 1.001 MeV as mentioned above)
are not available.

Beside MGA/MGAU codes, FRAM ([17],[18], [19] and [20]), which stands for Fixed-energy Response-function
Analysis with Multiple efficiencies, is an important recently (about two decades) developed and validated code
forisotopic composition of nuclear material namely uranium and plutonium with comparable reliability with
respect to MGA/MGAU. FRAM performs self-calibration using several gamma-ray peaks and offers more
flexibilities for setting up analysis parameters. FRAM analyses gamma-ray spectra of HPGe, CdTe, CdZnTe,
and LaBrs detectors in the energy range from 30 keV up to more than 1 MeV. Nowadays, there is a need for
such codes although there are several under development or validation. The results of those developments
are periodically reported in international meetings such as the last workshop organised by IAEA in 2021 as
shown in Figure 16.

Table 4 presents the commonly used calculation codes for gamma-ray spectrometry analysis in safeguards
for either for uranium enrichment, plutonium isotopic composition verifications and attribute tests, which
prove that the assayed sample is a nuclear material or generated from a nuclear fuel cycle by identifying for
instance nuclear material or key fission products. The accuracy of these codes for uranium enrichment and
plutonium isotopic composition verification relies on the homogeneity and for most of cases on the condition
of the infinite thickness condition of assayed samples beside the representativeness of the reference samples
used for calibration.

Figure 16: Example of an announcement layout of a workshop on nuclear material isotopic verification
organised by IAEA in 2021. The complex X-ray region is well illustrated.

A drawback of the gamma-ray spectrometry technique is the lack of measurement capability for the isotope
2Py as it is very low specific gamma activity. #Pu does not manifest itself with a detectable gamma-ray
signature in a plutonium gamma-ray spectrum. Therefore, recourse has to be made available to isotope
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correlation techniques for an estimate of the abundance of this isotope. The uncertainty in the estimated
24Py abundance reduces the overall accuracy of a complete gamma-ray spectrometric plutonium isotopic
analysis made on materials containing a notable fraction of this isotope. Gamma-ray spectrometry is also
used in for attribute tests to prove that the assayed sample is a nuclear material or generated from a nuclear
fuel cycle by identifying for instance nuclear material or key fission products.

Table 4: Commonly used calculation codes for gamma-ray spectrometry analysis used in safeguards for either
for uranium enrichment, plutonium isotopic composition verifications and attribute tests, which prove
that the assayed sample is a nuclear material or generated from a nuclear fuel cycle by identifying for
instance nuclear material or key fission products. Attribute test uses gamma-ray signatures to establish

a presence of nuclear material.

L. Detector
Codes Application Remarks
type
Calibration requires 2 standards.
235U
Wall thickness correction not allowed
U enrichment
Nal Calibration with 1 standard
NalGEM
Wall thickness correction allowed
SPEC, MCA Attribute test
UF6 Calibration with at least 1 standard
MGAU U enrichment No calibration required
FRAM Planar HPGe No calibration required
MGA Pu isotopic No calibration required
FRAM composition No calibration required
SPEC, MCA Attribute test HPGe - Coaxial
UF6 Calibration with at least 1 standard
oy Calibration requires 2 standards.
U enrichment Wall thickness correction not allowed
MGAU CdznTe No calibration required
No calibration required (under validation by
FRAM
safeguards authorities)
Attribute test on
FP
spent fuel

3.3.4 Performance Values for Gamma-Ray Spectrometry

For uranium enrichment measurement there is a variety of methodological possibilities based on the choice of
the detector CdZnTe (CZT) and of analysis method. Table 5 compares typical performance values for some
combinations [21] as a function of the enrichment range. In this table CT stands for counting time in seconds,
and rand s stand for the contributions to the total measurement uncertainty derived from the statistical
(random) and systematic components respectively.
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Table 5: Performance values for gamma-spectrometric enrichment measurements on low-enriched uranium

oxide materials (CT = counting time ins) [21].

U .. . .
Lo . Intrinsic calibration
Enr. Infinite thickness method
method
(%)
HRGS (Ge) LRGS (NaIl) MRGS (CZT) HRGS (Ge) MRGS (CZT)
CT r(%) s (%) CT r (%) %) CT r(%) s (%) CT r (%) s (%) CT r (%) s (%)
360 8 5
0.3-
0.7 360 2 1 360 3 1200 10 1
3600 3 5
360 2 1
2-4 360 0.7 0.5 360 1 .5 1200 3 1 10° 10 5
3600 1 1
360 2 1
5-10 360 0.5 0.5 360 0.5 .5 1200 3 1 10° 10 5
3600 1 1

For plutonium isotopic composition the choice of HPGe in combination with intrinsic calibration is the only NDA

option practically applied on site under inspection as it is less burdensome and less time consuming as no

standards nor calibration is required. Table 6 shows typical performance values for HRGS technique for

different plutonium compositions. The random component of the uncertainty is based on the assumption of a
typical counting time of 10 to 20 minutes. The systematic uncertainty is estimated based on the use of a

well-known isotopic ratio of ?*?Pu as it doesn’t have any gamma-peak for gamma-ray spectrometry analysis
while other plutonium do have (main peaks: 28Pu, 153 keV; 2°Pu: 129 keV; #°Pu: 104 keV, 2*'Pu: 125 keV;
242Py: no peak). If the *?Pu abundance is not known meaning, it has to be computed from isotopic

correlations, the systematic uncertainty can increase significantly, being dominated by the uncertainty of the
24Py content.

Table 6: Performance values for Pu isotope assay in PuO- and MOX [21].

Type of plutonium Isotope r (%) s (%)
23%py 3 5
. 23%y 0.2 0.1-0.2
Low urnu
P 240py 1 0.3-
~< 20 GWd/t) Sar
Pu 1 0.2-0.6
241am 1 0.
238py 1 1
.- 23%y 0.5 0.2-0.4
Hi urnu
g P 240py 1 0.5-1
~> 40 GWd/t ya1
Pu 1 0.5-1
24am 1 1

4 Neutron Assay

Contrary to y-radiation, which is a major component of the natural radiation background and is characteristic

of the decay process of several common radioisotopes, neutron radiation is characteristic of only a few
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nuclear reactions, most of which involve special nuclear material (SNM). For this reason, the detection of
neutrons has found special applications in the fields of nuclear safeguards and security, where it is used as a
signature of the presence of fissile and special nuclear materials such as uranium and plutonium isotopes.

For the interest of safeguards application, neutrons can be produced by spontaneous fission, by neutron-
induced fission, and by reactions with alpha particles or photons. In many cases these processes vyield
neutrons with unusually low or high emission rates, distinctive time distributions, or markedly different energy
spectra.

4.1 Spontaneous and Induced Nuclear Fission

The spontaneous fission of uranium, plutonium or other heavy elements is an important source of neutrons.
Unstable elements with a mass number greater than the ones in the stability region tend to undergo fission
(the splitting of nuclei) to reach the stable region. During the fission process, two or three neutrons are
emitted at the same time, the multiplicity depending on the isotope. Experimentally, we find that spontaneous
fission reactions occur for only the very heaviest nuclides those with mass numbers equal or higher than 230.

We don't have to wait, however, for rare spontaneous fission reactions to occur. By irradiating samples of
heavy nuclides with slow-moving thermal neutrons, it is possible to induce fission reactions. When 23°U

absorbs a thermal neutron, for example, it splits into two particles of uneven mass and releases an average
of 2.5 neutrons, as shown in the figure below (Figure 17).

144
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Figure 17: Schematic of an induced fission process (source A MikeRun, CC BY-SA 4.0

<https://creativecommons.org/licenses/by-sa/4.0>, via Wikimedia Commons).

Among the even-even isotopes with high spontaneous fission yields there are 28U, 2*%Pu, 24°Pu, %?Pu, 2#Cm),
24Cm and 2>2Cf. However, isotopes with odd neutron numbers can easily be induced to fission if bombarded
with low-energy neutrons: these nuclei are called fissile.

4.2 Neutrons from (a,n) Reactions

Nuclei can decay spontaneously by alpha- or beta-ray emission as well as by fission. Alpha particles canalso
produce neutrons through (o,n) reactions with certain elements. This source of neutrons can be comparable in
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intensity to spontaneous fission if isotopes with high alpha decay rates such as 233U, 2%*U, #8Pu or 2#1Am are
present.

Reactions with energetic alpha particles are possible in low-Z elements. Then, (a,n) reactions can occur in
compounds of uranium and plutonium such as oxides or fluorides and in elements such as magnesium or
beryllium that may be present as impurities. An important characteristic of neutrons from (o,n) reactions is
that only one neutron is emitted in each reaction. These events constitute a neutron source that is random in
time with a multiplicity of 1. Both neutron coincidence and multiplicity counters exploit this characteristic to
distinguish between spontaneous fission neutrons and neutrons from (o,n) reactions.

4.3 Isotopic Neutron Sources

As with any other radioisotopes, neutron sources have nowadays many useful applications in training,
education, research and industry. In nuclear safeguards, they are used for inspections, development and
calibration of instruments as well as training and modelling validations. There are several neutron sources of
common use in safeguards such as 2>2Cf, which is the most commonly used as a spontaneous fission neutron
source; it can be fabricated in very small sizes and still provide a strong source for a practical period of time.
For some applications it is important to remember that 2>2Cf neutrons are emitted with an average multiplicity
of 3.757. Thus they are strongly correlated in time and will generate coincidence events.

Sources that emit random, uncorrelated neutrons can be manufactured by mixing alpha emitters such as
238py or 2!Am with beryllium, lithium, fluorine, or other elements in which (o,n) reactions are possible. Two

common (o,n) sources in use today are *AmBe and **AmLi:

v' The 24t AmBe sources are compacted and relatively inexpensive and do not require much gamma ray
shielding. However, the high energy spectrum permits (n,2n) reactions that will produce coincidence
counts.

v' The 24*AmLi sources are less compact and more expensive and require tungsten shields against the
intense 59 keV gamma rays from americium decay. Because of their low-energy neutron spectra,
they are the most widely used sources for sub threshold interrogation in active assay and for
random-neutron check sources in passive coincidence counting.

Additionally, it is worth mentioning that neutrons can be produced by T(d,n)a fusion reaction in aportable DT
generator. Although such neutrons have a much higher energy than those generated by #*AmLi sources, D-T
generators are currently being considered for active interrogation in few safeguards application, as 24'AmLi
sources are not produced anymore and the old ones are very difficult to replace. Equally neutrons can also be
produced by D(d,n)*He in portable D-D generator without the regulatory of tritium of D-T generator.

4.4 Neutron Interaction with Matter

Like gamma rays, neutrons carry no charge and therefore cannot interact with matter by means of the
Coulomb force, which dominates the energy loss mechanisms for charged particles and electrons [7].
Neutrons can also travel through many centimetres of matter without any type of interaction and thus can be
totally invisible to a detector of common size. When a neutron does undergo interaction, it is with a nucleus of
the absorbing material. As a result of the interaction, the neutron may either totally disappear and be
replaced by one or more secondary radiations, or may undergo a significant change of its energy or direction.

In contrast to gamma rays, the secondary radiations resulting from neutron interactions are almost always
heavy charged particles. These particles may be produced either as a result of neutron-induced nuclear
reactions, or they may be the nuclei of the absorbing material itself, which have gained energy as a result of
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neutron collisions. Most neutron detectors use some type of conversion of the incident neutron into secondary
charged particles, which can be detected directly.

The relative probabilities of the various types of neutron interaction change dramatically with neutron energy.
In somewhat of an oversimplification, we will divide neutrons into two categories on the basis of their energy,
either “fast neutrons” or “slow neutrons”, and discuss their interaction properties separately. The dividing line
will be at about 0.5 eV, or about the energy of the abrupt drop in absorption cross section in cadmium (the
cadmium cut-off energy).

4.4.1 Slow Neutron Interaction

For slow neutrons, significant interactions include elastic scattering with absorber nuclei and a large set of
neutron-induced nuclear reactions. Because of the small kinetic energy of slow neutrons, very little energy can
be transferred to the nucleus in elastic scattering. Consequently, this is not an interaction on which detectors
of slow neutrons can be based on. The slow neutron interactions of real importance are neutron-induced
reactions that can create secondary radiations of sufficient energy to be detected directly. Because the
incoming neutron energy is so low, all such reactions must have a positive Q-value to be energetically
possible. In most materials, the radiative capture reaction ((n,y) reaction) is the most probable and plays an
important role in the neutrons’ attenuation shielding. Radiative capture reactions can be useful in indirect
detections of neutrons using activation foils. However, they are not widely applied in active neutron detectors
because the secondary radiation takes the form of gamma rays, also difficult to be detected. Reactions such
as (n,a), (np) and (n, fission) are much more attractive because the secondary radiations are charged

particles.

4.4.2 Fast Neutron Interactions

The probability of most neutron-induced reactions potentially useful in detectors drops off rapidly with
increasing neutron energy. The importance of scattering becomes greater, however, because the neutron can
transfer an appreciable amount of energy in one collision. The secondary radiations in this case are recoil
nuclei, which have gained a detectable amount of energy from neutron collisions.

4.5 Neutron Detectors

There are different types of neutron detectors available, and their principles differ depending on their principle
of operation as well as what they are designed to detect. In the following sections we will focus on the two
families of neutron detectors that are used in safeguards applications: the gas-filled detectors (with particular
focus on *He proportional counters, which have been for long the golden standard in neutron coincidence
counting) and the scintillation detectors (which have recently received attention as potential replacement of
3He following the reduced availability and price increase of this gas).

4.5.1 Gas-Filled Detectors

Gas-filled detectors were among the first devices used for radiation detection. They may be used to detect
either thermal neutrons via nuclear reactions or fast neutrons via recoil interactions. The exterior appearance
of a gas detector is that of a metal cylinder with an electrical connector at one end (occasionally at both ends
for position-sensitive measurements). The detection of neutrons requires the transfer of some or all of the
neutrons’ energy to charged particles. The charged particle will then ionise and excite the atoms along its path
until its energy is exhausted.
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4.5.1.1 Proportional Counters

When the electric field strength is large enough, the primary electrons can gain sufficient energy to ionise the
gas molecules and create secondary ionisation. If the field strength is increased further, the secondary
electrons can also ionise gas molecules. This process continues rapidly as the field strengthincreases, thus
producing a large multiplication of the number of ions formed during the primary event. This accumulative
amplification process is known as avalanche ionisation.

Gas-filled detectors typically employ He, “He, BFs or CHa as the primary constituent, at pressures of less than
1 to about 20 atm depending on the application.

4.5.1.2 The 3He Proportional Counter

The gas *He is widely used as a detection medium for neutrons through the reaction *He(n, p) *H with Qvaiue=
0.764 MeV. For reactions induced by slow neutrons, the Quawe 0f 0.764 MeV leads to oppositely directed
reaction products with energies E,= 0.573 MeV and Exs= 0.191 MeV.

The thermal-neutron cross section for this reaction is 5330 barns and its value falls of f with a 1/v energy
dependence. The reaction cross section is strongly dependent on the incident neutron energy E. Because of
this strong energy dependence, it is customary to embed 3He detectors in approximately 10 cm of
polyethylene or other moderating materials to maximise their counting efficiency. Although 3He is
commercially available, its relatively high cost is a factor in some applications.

The process of detecting thermal neutrons involves first moderation then capture in a *He proportional
counter embedded in the moderator. A neutron from spontaneous fission has aninitial energy of about 2
MeV, and will be moderated to room temperature (corresponding to 0.025 eV), by about 27 collisions in
hydrogen. The capture reaction is:

N + 3He = p + *H + 765keV (Eq. 10)

The reaction energy of 765 keV appears as the kinetic energy of the proton and triton, andis collected as a
charge pulse because of the high voltage applied across the tube wall and its central anode wire.

Typically, integrated circuits are used to amplify the tube output pulses, set the counting threshold, and
convert the pulses above the threshold to digital pulses. These modules are composed by preamplifier +
amplifier + discriminator and they will be called amplifiers. Figure 18 shows the structure and a pulse height
spectrum of a typical *He proportional counter.
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Figure 18: The 3He Proportional Counter: structure and typical pulse height spectrum.
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4.5.1.3 The BFsProportional Counter

This detector uses the nuclear reaction 1°B(n,a)’Li to detect thermal neutrons. The gamma rejection capability
is higher than that of *He. On the contrary, the neutron detection efficiency is lower as compared to that of
3He, because of the lower 1°B reaction cross section at thermal neutron energies. Additionally, boron fluoride is
a poisonous gas, subject to transportation restrictions and for this reason it has not been used in safeguards
and security applications [22].

4.5.1.4 Boron-lined Proportional Counter

In order to exploit the advantages of 1°B-based proportional counters (direct physical replacement of *He
tubes and excellent rejection capabilities) without the use of a hazardous detection media, boron-lined gas-
filled proportional counters have been proposed by Reuter-Stokes [23], Centronis_ [24] and Photonics [25].
These are gas-filled tubes whose inner surface is coated by a thin layer of °B-containing material. The only
disadvantage is the relatively low detection efficiency; a boron-lined proportional counter has an efficiency
approximately 7-times lower than a *He counter of the same size. Thisis due to the combination of two
factors: the lower neutron absorption cross-section of boron and the solid nature of the absorber that limits
the effective volume to very thin micrometric layers. Increasing the thickness of the coating layer is not an
option to increase the detection efficiency, since it will limit the charged particle collection in the gas. An
increase of efficiency has been recently achieved by increasing the surface of the coating, by using a bundle
of thin tubelets contained within a tube.

4.5.1.5 Fission Chamber

The structure of a fission chamber is quite similar to that of a boron-lined proportional counter, only that the
liner inside the tube is made of #*°U. The cross section of uranium is smaller than that of boron and therefore
the neutron detection efficiency of fission chamber is smaller than any other proportional counter described
above. This makes fission chamber particularly suitable for applications where too high neutron fluxes risk to
overcharge the detector, for example in the measurement of spent nuclear fuel.

4.5.2 Detectors Based on Scintillators

Scintillator detectors are well known for their gamma detection capabilities as described in chapter 2. More
recently, liquid and plastic scintillators that are also sensitive to neutron radiation have been introduced for
safeguards applications Ejlien[26], Saint Gobain [27], Scionix [28]. These detectors contain low-Z elements
such as hydrogen, and the neutron detection principle is based on the detection of the low-Z or proton recoil
atom following an elastic scattering with a highly energetic neutron. The recoil detection principle makes
these detectors sensitive only to fast neutrons, with the advantage that the incoming neutron energy
information is preserved, thus providing neutron spectroscopic capabilities. Heterogeneous detectors, built by
coupling plastic scintillators with liners of neutron absorbers such as Cadmium, Gadolinium or Lithium, are
also available and allow simultaneous detection of fast and thermal neutrons ([26], [27], [29], [30] and [31]).

Since scintillators detect allionising radiation, it is necessary to be able to discriminate between particle
species/types. The classical discrimination technique is based on pulse shape. The dynamics of charge
collection in the detector depends on the properties of the ionising particle: photons generate electric pulses
with less pronounced tails than neutrons, so by analysing the shape of measured pulses it is possible to
identify the particle. This technique is called pulse shape discrimination (PSD) and requires very fast
digitisation (every 2ns) of each pulse’s amplitude to calculate the ratio of the tail to the peak energy
deposition that allows for particle discrimination [32].
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Scintillators have high detection efficiency for fast neutrons, however the PSD technique does not offer
perfect neutron/y discrimination, meaning that there is an unavoidable rate of y events which are
misinterpreted as neutron events. Increasing the discrimination level may decrease the rate of misclassified y
events, but as a consequence the detection efficiency will also decrease.

Finally, it is worth mentioning a novel type of detector composed by tubes of high pressure (120 bar) “He gas,
which acts as a scintillator for fast neutrons [33]. The detection principle is the same as in liquid scintillators,
meaning that the neutron energy is transferred to the “He atoms by elastic and inelastic scattering,
generating recoil a particles which, on their tumn, generate the scintillation light. Despite the high pressure of
the gas, the charge density of the detection media is still low enough to make the detector relatively
insensitive to y radiation.

4.6 Neutron Detection Electronics

4.6.1 The Neutron Pulse Stream and Rossi-a Distribution

Logical signals from either the amplifiers (for proportional counters) or from the digitisers/PSD algorithm (for
scintillators) are passively summed or actively mixed using a derandomiser buffer in order to provide a
stream of electronic pulses, each representing one detected neutron, to the input of the coincidence circuit.
The pulse stream contains some combination of spontaneous fission, induced fission, (o,n) neutrons, and
external background events. Using this pulse stream, it is necessary to separate out the correlated neutron
events that are the quantitative signature for plutonium from the background of uncorrelated neutron events.
It is not possible to distinguish individual neutrons, the order of neutrons in coincidences, or which individual
neutrons are fission coincidences and which are (o,n) neutrons [34].

The Rossi-a. distribution, developed for reactor noise analysis, is the distribution in time of events that follow
after an arbitrarily chosen starting event. If only random, uncorrelated events are being detected, the
distribution is on the average constant in time. If correlated events from fission are also present, then the
Rossi-a distribution is given by:

t

N()=A+Re * (Eq. 11)

where N(t) is the height of the distribution at time t, A is the accidental or random count rate, and R is the real
or correlated count rate.

Figure 19 is a histogram of the Rossi-a. distribution.

Counts
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Figure 19: Histogram of a Rossi-a distribution. An actual measured distribution with exponential die-away
time is superimposed above the histogram, and the (Reals + Accidentals) and (Accidentals) coincidence

counting gates are superimposed at the bottom of the histogram [34].

Theinitial trigger events at t=0 can be either correlated or uncorrelated events. The red bars represent fission
neutrons correlated to the initial pulse (Reals). The grey bars are neutrons from fissions that are not
correlated to the initial event, either because the initial event was a random neutron or because it was from a
different fission. The white bars are uncorrelated background neutrons, or neutrons from fissions where only
a single neutron was detected. Note that the accidental rate A contains both of these component.

Figure 19 also shows two coincidence counting intervals superimposed, the R + A (Reals plus Accidentals) and
A (Accidentals only).

4.6.2 Conventional Shift Register Basics

The goal of the conventional coincidence shift register circuit is to separate the incoming neutron pulse
stream into correlated and uncorrelated events, and thereby provide a quantitative measure of a sample’s
fission rate. All neutrons are “remembered” by the shift register, enabling it to collect all possible neutron
pairs in an inherently dead time-free manner. This is done by storing all incoming pulses for a predetermined
coincidence interval, the gate width G, in an integrated circuit called a shift register. The circuit consists of a
series of clock-driven flip-flops linked together in stages. Operation of the shift register coincidence circuit can
be visualised in terms of the Rossi-a. distribution shown in. It shows a prompt gate of width G that opens after
the pre-delay PD and that collects real and accidental coincidences. After a delay much longer than the
neutron die-away in the detector, another gate is opened that collects only accidental events. The difference
between the counts collected in the R+A gate and those collected in the A gate is the desired real signal R (or
that fraction of R that lies within the gate width G).

4.6.3 Multiplicity Shift Register Basics

There is more information in a neutron pulse stream that just single and double neutron events. In multiplicity
counting the distributions of Os, 1s, 2s, 3s, etc. in the coincidence gates are analysed to deduce the
multiplicity distribution of the neutron events. Special multiplicity electronics are required to measure the
neutron multiplicity distributions in the R+A and A coincidence gates. The multiplicity measurement records
the number of times each multiplicity occurs in the coincidence gates.

4.7 Passive Neutron Coincidence Counting

The passive neutron coincidence counting is the most widely applied NDA safeguards method for the
determination of the mass of bulk plutonium samples. The method detects the fast neutrons emitted as a
result of spontaneous fission decays taking place in the sample. By analysis of the distribution of neutron
detection in time intervals (coincidence gates) the rate of detected neutron pairs can be determined. The

pair's rate is proportional to the plutonium mass.
The principal advantages of this assay are:

v Instrumentation is compact, relatively inexpensive, and easy to assemble and operate.
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v Analysis procedures are well documented and internationally recognised. Modern software
packages guide the user through the process of calibration, data acquisition, data analysis and
interpretation.

v Accuracy below 1% are achieved when the reference samples are representative of the samples
to be verified in terms of mass, chemical form, shape and containment.

v Short measurement times of typically 5 to 10 minutes are sufficient to achieve a precision below
1%.

4.7.1 Objective of the Technique

Passive Neutron Coincidence Counting (PNCC) is a technique for determining (in combination with the
knowledge of isotopic ratios) the mass of plutonium in unknown samples. PNCC is the most used NDA
technique for Pu assay, being applied to a large variety of sample types: solid samples, liquid ones (less
frequently), powder, metallic, pellets, fuel elements, waste drums, etc.

4.7.2 Principle of Measurement/Definition of the Physical Principle

The measurement of plutonium by passive neutron coincidence counting makes use of the fact that
plutonium isotopes with even mass number (238, 240, 242) show a relatively high neutron emission rate
from spontaneous fission. These neutrons are emitted simultaneously and are therefore correlated in time.
The count-rate of time-correlated neutrons is therefore a (complex) function of the Pumass.

The detection of pulse-trains of time-correlated neutrons uniquely identify spontaneous fission events among
other neutron sources emitting neutrons which are randomly distributed in time, such as (o,n) neutrons: this
gives the possibility to determine the amount of plutonium in a sample. The isotope *°Pu usually dominates
the overall emission of spontaneous fission neutrons: 2*Pu and 2*Pu have comparable specific emissions (see
Table 7) but, in reactor-grade plutonium, their abundance is much lower.

Since it is impossible to distinguish from which Pu isotope a detected neutron is originated, a commonly

determined quantity in passive neutron coincidence counting is the effective 20Pu mass (m24ceff). m240eff represents
a weighted sum of masses of the three isotopes 2**Pu, 2°Pu and %#?Pu:

M240eff = A+M23g + M240 + C-M242. (Eq. 18)

The coefficients a and c are the contributions of 28Pu and 2*?Pu to the neutron coincidence response interms
of an equivalent amount of 24°Pu. These coefficients give the relative contribution of the different isotopes to
the spontaneous fission and can be calculated using the specific spontaneous fission yields from Table 7 and
the abundance isotopic ratios Ri (i = 238, 240, 242) therefore the Pu isotopic composition needs to be known
a-priori. For the conversion of maacerr into the total amount of plutonium, mp, the isotopic mass fractions Rzzs,
Rz40 and Ra42 of the plutonium isotopes 238, 240 and 242 must be known (through y- or mass-spectrometry)

to calculate the isotope-specific quantity

20Puefr = @-Rasg + Raao + C-Rosz. (Eq. 19)

The total amount of Puis then evaluated as:
(Eq. 20)

o
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Table 7: Spontaneous fission neutron yields.

Isotope Spontaneous fission yield (neutrons/s.g)
238py 259 10°
239py 218 10
240py 1.02 10°
241py 5.0 1072
242py 172 10°

4.7.3 Measurement Technique / Description of the Implemented Technique

The spontaneous fission neutrons emitted by a Pu-bearing sample have an average energy of about 2 MeV.
They are slowed down to thermal energies and detected with *He tubes, which are the standard neutron
detectors. In practice all passive neutron coincidence counters (PNCC) systems are equipped with neutron
moderating assemblies, built from moderating materials such as polyethylene, in which the *He tubes are
embedded, in order to increase the detection efficiency. A high detection efficiency (provided also by large
number of detectors) is important for coincidence counting, because it reduces the counting time and provides
higher precision.

The most common hardware used in the PNCC systems for the extraction of simple coincidence rate
(“doubles”) from the pulse train produced by the *He detectors, is the ‘Shift Register Analyser'. It represents a
good choice for the measurement of smaller amounts of well-characterised product materials like Pu-metal
or Pu-oxide exhibiting small and predictable neutron multiplication effects [35] as well as low and predictable
(a,n) production rates. For impure or inhomogeneous materials, such as scraps or waste, however, where
corrections for multiplication, matrix and other effects become significant, the experimental information
provided by the SR are not sufficient for a reliable and accurate Pu assay.

Passive neutron multiplicity counting technique (PNMC) has then been developed and it is increasingly applied
in recent years [34]-[36], which provides an enlarged experimental information of 3 measured quantities:
Singles, Doubles and Triples, which are the first three factorial moments of the counting rate. This allows
extracting quantitative information on existing neutron multiplication effects from the measurement data.

With respect to conventional PNCC, PNMC allows to measure with better accuracy heterogeneous and poorly
characterised materials and has the advantage that calibration does not require fully representative materials
(i.e. multiplicity counters can be calibrated with standards completely different from the samples to be
measured). The main disadvantage is the requirement of longer measurement time (or alternately higher
detector efficiency) to get the necessary statistical precision on the Triples rate.
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4.7.4 Performance Values for Passive Neutron Measurements

PNCC is applicable to practically all kinds of Pu-bearing materials, but the majority of the measurements for
nuclear safeguards purposes are carried out on relatively pure and well characterised materials, such as, Pu-
oxides and MOX materials (Pu-metal also, to a lesser extent). The amount of plutonium contained in this type
of samples can typically range from the gram level up to several kilograms/sample. A second type of items
falling into the category of product materials includes finished physical products like individual MOX fuel pins
up to complete MOX fuel assemblies. Accordingly, a large variety of different neutron coincidence detection
heads have been designed and optimised for the respective applications.

The major error sources contributing to the overall uncertainty are:

- Counting statistics, which is a random component

- Calibration parameters and uncertainties in reference materials (systematic)

- Correction for multiplication effects, dead time, (a,n) neutron emission (systematic)
- Nuclear data.

The Department of Safeguards of IAEA periodically reports on uncertainties to be considered in judging the
reliability of analytical methods. Such reference uncertainties are called International Target Values for
Measurement Uncertainties in Safeguarding Nuclear Materials (ITVs) and the latest revision was published in
2010[21]. Table 8 presents ITVs random (r) and systematic (s) uncertainty components for passive neutron
counting of the most significant nuclear materials. Table 9 gives the corresponding performance values for
“impure” materials.

The High Level Neutron Coincidence Counter (HLNCC) is the industry standard neutron well Coincidence
Counter (detector) developed at LANL for measuring plutonium in cans and small packages (Figure 20). A new
upgraded version of the HLNCC has been designed and fabricated. The detector contains 18 *He tubes in a
cylindrical polyethylene body. The vertical extent of the uniform efficiency counting zone is three times longer
than that of the original unit without an increase in size or weight. A primary design goal for the HLNCC-Il was
to obtain a uniform or flat counting response profile over the height of the sample cavity while still
maintaining a portable system. This was achieved by placing rings of polyethylene as ‘shims” at the top and
bottom of the detector to compensate for leakage of neutrons from the ends. In addition to these outside
rings, the interior end plugs were designed to increase the counting efficiency at each end. The end plugs were
constructed of polyethylene with aluminium cores to give a better response than plugs made of either
material alone would give. Also, the sample cavity has a cadmium liner to prevent thermal neutrons from
reflecting back into the sample and inducing additional fissions. Because the cadmium liner does not extend
into the region of the end plugs, the polyethylene in the walls of the end plugs becomes anintegral part of
the moderator material for the *He tubes.
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Figure 20: “Los Alamos” High Level Neutron Coincidence Counter (HLNCC).
Table 8: Performance values for mzso.;r measured in thermal passive neutron coincidence counters with shift

registers [21].

Uncertainty
Method Material Component (%rel) ITV (%rel)
u(r) u(s)
Pu Oxide 1 0.5 1.1
MOX (>10% Pu) 2 0.5 2.1
HLNCC MOX (<10% Pu) 4 1.5 4.3
(High Level
Neutron MOX
) ) 5 2 5.4
Coincidence (Clean scrap)
Counter)
MOX Rods 2 1 2.2
FBR MOX
) 2 1 2.2
Assemblies

Table 9: Performance values for mzserr measured in thermal neutron multiplicity counting mode [21].

Uncertainty

Method Material Component (%rel) ITV (%rel)
u(r) u(s)

PSMR Pu Oxide 1 0.5 1.1
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(Plutonium Scrap | Mox
Multicity

(Clean scrap)
Counter)

MOX 5 1 5.1

(Dirty scrap)

4.8 Neutron Multiplicity Counting

This method is an extension to the conventional coincidence counting method. In addition to the neutron count
rate the “Doubles” (or “Reals”) rate (correlated pair rate) also the “Triples” or triplet rate (correlated triplet
rate) is determined. Multiplicity counting is used to determine the mass of plutonium of bulk samples where
characteristics of the sample and the containment are unknown or not trustworthy. Also Pu containing waste
is assayed using multiplicity counting in order to overcome the effects of the waste matrix and the unknown
spatial distribution of the neutron source.

The principal advantages of neutron multiplicity counting are:

- The Pu mass is determined without the need for calibration with representative reference samples.

- The method does not rely on operator declarations of, for example, isotopic composition, chemical
form, or container and matrix materials.

- The method incorporates a "very high degree of verification" as two additional sample parameters
are determined together with the Pu mass. Instrumentation is compact, easy to assemble and
operate.

4.8.1 The Calibration Procedures of Neutron Multiplicity Counters

The calibration procedure for neutron multiplicity counters does not require a series of representative physical
standards to determine a curve of instrument response versus 24°Pu effective mass, as in the case of a
coincident counter. Instead, the Singles, Doubles and Triples equations (Egs. 21a/b/c) are solved directly for
multiplication (M), o, and effective *Pu mass. To the extent that the plutonium samples satisfy the
assumptions of the “point model”, the measured Singles, Doubles, and Triples rates will correctly determine
these unknowns without a calibration curve.

Using Eqs. 21a/b/cthat relate S, D, and T to the unknown parameters, and obtaining S, D, and T from the
multiplicity shift register, we have all the relationships needed for multiplicity analysis.

S=FeMv,(1+a)

2 2
b M{Vsz N [ M-1 jvsl s a)viz} (Eq. 21a/blc)
2 vy, —1
Felf M3 M-1 M-1Y )
T= 6 Vg + 1 [3\)52\42 +v 1+ a)vi3]+ 3 v 1 via(1+a)vy,
Vi — Vi —

Where:
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F = spontaneous fission rate = 473 fission/s-g 2*°Pu * ma40, Where m4 = effective 2°Pu mass,

Vs1, Vs, Vs3 = first, second and third moments of the spontaneous fission neutron multiplicity distribution,
Vi1, Viz, iz = first, second and third moments of the induced fission neutron multiplicity distribution.

€ = neutron detection efficiency,

M = sample self- multiplication,

a = (o,n) to spontaneous fission neutron ratio,

fq = doubles gate fraction, f; = triples gate fraction,

Note that some detected neutrons will not be counted inside the coincidence counting gate interval and this is
reflected in the “gate fractions” f4 and f:.

The system above can be solved obtaining the unknowns M, F and o, then mz4 can be computed from F. To

implement this procedure, it is necessary to supply the NCC code with several parameters that appear in the
above-mentioned equations:

v The detector efficiency «.

v The doubles gate fraction fq.
v The triples gate fraction fi
v The nuclear data (v).

The new SNMC is an advanced neutron multiplicity counter for the verification of inhomogeneous Pu samples,
such as scrap material in MOX fuel fabrication plants (Figure 21). The innovative features of this counter with
respect to existing ones rely on two aspects: (i) an optimised design based on Monte Carlo calculations in
order to select the most appropriate materials, geometry and detector disposition for maximum efficiency
and (ii) novel electronics based on DSP (digital signal processing) reducing the system dead time.

Figure 21: “Ispra” New Scrap Neutron Multiplicity Counter (SNMC).
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4.9 Active Neutron Coincidence Counting

4.9.1 Objective of the Technique

Active Neutron Coincidence Counting (ANCC) is a technique for determiningthe mass of 23°U in Uranium-
bearing samples with any enrichment (from LEU to HEU) in most of the usual physical forms: powder, metal,
pellets, fuel elements, waste drums, etc.

4.9.2 Principle of Measurement/Definition of the Physical Principle

Due to the very low spontaneous fission yields of all uranium isotopes, passive neutron coincidence
techniques are generally not suitable for the assay of uranium bearing samples (an exception is the use of
(a,n) reactions from 2*#U in uranium fluoride or the use of spontaneous fission of 2%U in large size LEU oxide
samples). However, the fissile content in a sample can be readily measured by adding an external
interrogation neutron source. The neutrons from the interrogation source will induce fission in the fissile nuclei
of the sample. Neutron induced fission (like spontaneous fission) results inthe simultaneous emission of
several prompt neutrons (<v>=241 for fission induced by thermal neutrons in 2°U). The coincidence counting
technique allows the distinction between events with the emission of single or multiple prompt fission
neutrons. This makes it possible to discriminate between neutrons from the primary interrogating source and
those from fission induced in the sample, provided that the primary source generates randomly non-
correlated single neutrons. Coincidence counters with a random interrogation source are known as Active
Neutron Coincidence Counters.

Among the radioactive sources those based on (a,n) reactions are the best candidate for active neutron
interrogation. A frequently used source is AmLi. The main advantage of the AmLi source with respect to other
(a,n) reactions is the low energy of the emitted neutrons: the mean energy is 0.54 MeV, which minimises the

probability of fast fission in 2%8U.

For small samples the “Reals” coincidence rate is proportional to the quantity of fissile material in the sample.
For large samples the self-shielding phenomena limit the “visibility” of fissile material to the interrogating
neutrons, causing saturation effects in the response function and underestimation in the quantity of the
fissile material (unless the calibration is designed to take the effect into account). This self-shielding effect is
one of the major contributors to the systematic assay error of active neutron techniques.

4.9.3 Measurement Technique / Description of the Implemented Technique

Apart from the presence of the interrogating source, the methods and procedures of shift-register based
instruments for active neutron coincidence counting are very similar to those used in PNCC counting.

There are basically two major families of instruments in this category:

- the Neutron Coincidence Collar (NCC) in active mode, and
- the Active Well Coincidence Counter (AWCC).

Neutron collars are typically composed of four slab detectors in a square arrangement, and are used for the
assay of fresh fuel assemblies. Some models have a modular layout allowing the adjustment of collar
dimensions to the fuel element size, others have fixed configurations for specific fuel type (PWR and BWR).
Collars can be used both in passive and active mode. For passive only applications (MOX fuels) normally all
the four sides are equipped with detectors, for active/passive applications (LEU fuels) only three detection
slabs are used and the fourth wall hosts the source.
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Active well coincidence counters are general-purpose devices for uranium bearing samples at practically any
enrichment (HEU and LEU), chemical form (metal, oxide) and physical form (powders, pellets, plates, MTR
elements). An AWCC is conceptually similar to a passive HLNCC except for the presence of two AmLi sources
in the top and bottom polyethylene plugs.

A cadmium liner, typically 1 mm thick, can be added to the inside walls of the coincidence counter. The Cd
absorbs the thermal neutron component from the interrogation flux (Cd cut-off at about 0.55 eV) with a
twofold function:

- itimproves the penetration of the neutron flux in the sample, therefore it is recommended to use it
when analysing massive samples, and

- itreduces the perturbation due to burnable poison in fuel elements, and thus the need for specific
correction factors which are highly sensitive on those fuel characteristics the inspectors need to
verify, such as the 2°U enrichment.

When the Cd liner is in place, the system is defined as in "fast mode", whereas the configuration without Cd
liner is called "thermal mode". However, the Cd cut-of f absorbs the thermal neutron flux, which has the
highest probability of inducing fissions in the 23°U atoms, impacting highly on the interrogation ef ficiency of
the methods.

By extending the shift register electronics it is possible to operate ANCC systems in multiplicity mode. This is
exactly analogous to the extension from PNCC to PNMC. Under certain conditions three unknown quantities
can then be determined instead of just two. This allows, for example, a variable detection efficiency (perhaps
due to variable moisture content) to be taken into account in the interpretation model. The use of multiplicity
counting in ANCC systems is still undergoing development.

4.9.4 Performance Values for Active Neutron Measurements

Performance values for the assay of the fissile uranium content obtained with two traditional instruments
based on 3He proportional counters (NCC and AW CCQ) for different materials are given in Table 10 [21], [37],
[38], The two components to the total uncertainty are split: random (r) and systematic (s). Note that these
values assume that a representative calibration exists, for each material type quoted. The uncertainty for the
fast mode assay is generally higher than for the thermal mode. Active neutron interrogation techniques can
also be used for other purposes, for instance waste characterisation.

Table 10: Performance values for the determination of the 23°U mass loading in fresh LEU fuel elements (600

s counting time, fast operation mode) [21].

. Uncertainty Component (%rel) ITV
Method Material o
u(r) u(s) (%rel)
AWCC HEU Metal, Alloys 5 3 58
(Active Well Coincidence
Counter) HEU Fuel Elements 3 3 42
FRSC
(Fuel Rod SCanner) LEU Fuel Rods 1 1 14
UNCL _
(Uranium Neutron Coincidence LEU Assemblies 4 2 45
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Collar)
HEU Assemblies 1 1 14
HEPC
(High-Efficiency Passive LEU Items 3 1 3.2
Counter)

The Active Well Coincidence Counter (AWCC) is a transportable high-efficiency counter for the

measurement of both uranium and plutonium (Figure 22). Originally developed by the Los Alamos National
Laboratory (LANL).

For uranium measurement the AWCC is used in Active Mode. Two americium-lithium neutron sources are
inserted — one in the base and one in the plug unit - and the AWCC is operated in random driver mode.
Uncorrelated neutrons produced by the Am-Li sources induce fission in 2°U samples in the measurement
chamber. The coincidence counter electronics (Shift Register) can be used to determine to coincidence count
rate, which is attributable to the induced fission in 2*°U. Using this method, the mass of uranium is readily
determined.

Two Action Modes are available depending on the size of the 2°U sample.

> The AWCC in Thermal Active Mode is most appropriate for measuring low-enriched uranium
materials. In this mode the sleeve and end plug cadmium coverings are removed. The detection level in
this mode is approximately 1 mg of 2°U.

> Fast Active Mode is employed for the measurement of highly enriched material such as uranium
metal, uranium thorium fuel and LWR fuel pellets. In this mode the cadmium plates and sleeve are
inserted and the detection limit is approximately 23 mg of #°U.

Figure 22: Left: Active Well Coincidence Counter (AWCC). Right: Uranium Neutron Coincidence Collar (UNCC).
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Since the first development of the UNCL, the nuclear industry has progressively introduced new commercial
fuel designs with higher nominal 2°U linear mass loadings compensated by burnable neutron poison rods
(typically Gadolinium). Burnable poisons are strong thermal neutron absorbers aiming to keep the reactivity of
the fuel to a low controllable level despite higher initial enrichments. Their presence affects the rate of
detected coincidence events, by decreasing both the thermal interrogating neutron flux and the rate of
coincidence neutrons from induced fissions. Therefore, correction coefficients have been developed and
applied to the verification measurement to account for such effect on the basis of the operator’s declaration
of the burnable poison content. For the typical ranges of Gadolinium content employed in commercial fuel
elements, correction factors are in the order of tens of percent in "thermal mode" and only few percent in
"fast mode" measurement, and proportional is their impact of the overall measurement uncertainty. However,
"fast mode" with typical UNCL detectors is non-practical due to the low efficiency and consequently the long
measurement times required. To give an example, the measurement time needed to achieve a 2% statistical
uncertainty on the coincidence counts increases from few minutes to around 2 hours for the UNCL
respectively in “thermal” and “fast” interrogation modes.

In the past decade, few alternative neutron coincidence collars have been developed to allow practical
measurement of fresh fuel assemblies in "fast mode", thus reducing the impact of burnable poisons on the
verification measurement of fresh fuel.

The EURATOM Fast Collar has been developed by LANL in collaboration with the European Commission’s
Safeguards Directorate in two designs for PWR and BWR, respectively called EFCP and EFCB [38]. The
detectors employ *He proportional counters with higher pressures than the standard tubes (10 atm), providing
high efficiency to thermal neutrons. The tubes are arranged in two rows within the polyethylene moderator,
and the configuration of the rows is optimised to minimise the counts of uncorrelated neutrons from the AmLi
interrogation source (i.e. the noise). Both detectors are currently routinely used in fast mode for safequards
verification by EC inspectors. A typical PWR verification can be made in a total time of 30 min with an
uncertainty in the measured mass of 2% at one standard deviation (1a). A BWR verification can be made 20
min with 1o uncertainty in the measured mass of 2.5%.

The Fast Neutron Collar (FNCL) was developed by the IAEA in recent years ([39],[40]) and is about to be
introduced as an authorised safeguards verification tool. The FNCL employs liquid scintillators that directly
detect fast neutrons. The system only operates with a Cd-liner in “fast” interrogation mode to reduce
sensitivity to Gadolinium. Since fast neutrons are measured without moderation, the detection time interval of
coincident neutron occurs over time scales of the order of 10’s of nanoseconds (three orders of magnitude
lower than that of thermal neutrons detectors), and the random coincidence noise originating from the
2l AmLi source is quasi inexistent for the typical *!AmLi sources used in active neutron counters. Additionally,
functioning as a neutron spectrometer, energy thresholds are applied to prevent the detection of neutrons
below about 0.5 MeV, which minimises the response of the FNCL to 2*AmLi source neutrons and further de-
sensitises the system to the influence of Gadolinium (lower energy fission neutrons have a higher chance of
being captured by Gadolinium when scattering in the fuel). This also opens the possibility to use such a
system with stronger interrogation sources and hence reduce even further the required measurement times.

The FNCL design, shown in Figure 23 is based upon 12 EJ-309 fast neutron liquid scintillators configured in
three detector panels (four each). This forms three sides of the measurement cavity. The fourth side is a
source panel specific to the type of FFA being measured (PWR, BWR or VVER- 1000). Each source panel holds
two 2*'AmLi sources for active interrogation. The 12 detector channels are fed into a compact all-in-one Data
Acquisition System (DAQ) where the collected signals are digitised using 500 MHz 14-bit digitilisers and all
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resulting signal wave forms, sampled over 256 ns, are recorded with respective time stamp and detector
address.

Experiments have shown that the FNCL is able to provide verifications with less than 1% relative uncertainty
in the assayed mass (at 1 standard deviation) in a measurement time of only 15 minutes. Additionally, the
reduced impact of Gadolinium burnable poison on the detected coincidence rate can be left un-corrected while
still providing verification results within the ITVs, thus ensuring independence of the verification from the
operator declaration[41].

/panes

Figure 23: Illlustration of the FNCL detector/source panel geometry.

The Under Water Coincidence Counters (UWCC) that has been designed for the measurement of
plutonium in mixed oxide (MOX) fuel assemblies prior to irradiation (Figure 24). The UWCC uses high-
efficiency *He neutron detectors to measure the spontaneous fission and induced-fission rates in the fuel
assembly. Measurements can be made on MOX fuel assemblies in air or underwater. The neutron counting
rate is analysed for singles, doubles, and triples time correlations to determine the 2*°Puefrtive Mass per unit
length of the fuel assembly.

The UWCC system can verify the plutonium loading per unit length to a precision of less than 1% in a
measurement time of 2 to 3 minutes.

The JRC began a collaboration with DG ENER (Euratom Safeguards) in 2000, to study a verification method
for low enriched uranium (LEU) as a replacement of the traditional active interrogation with the PHONID
device. A new measurement method, based on the detection of neutrons emitted after the spontaneous
fission of 238U, has been investigated. Feasibility of the method has been demonstrated through a campaign
of measurements performed with an Active Well Coincidence Counter (AWCC) on PERLA LEU reference
materials. The results showed that the real coincidence rate of measurements with a cadmium liner was a
good indicator for 22U mass. Therefore, a passive neutron assay, combined with gamma spectrometry to
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measure the enrichment, can satisfy the verification requirements. The low neutron yield of 238U requires a
high efficiency detector to keep the counting time reasonably short. The JRC designed, built and characterised
a first prototype of a High Efficiency Passive Counter (HEPC). This prototype was tested with PERLA
uranium reference materials and allowed us to validate the method and assess its accuracy to better than
1% (Figure 25). Two new detection systems for the DG ENER (Euratom Safeguards) inspectors at the Dessel
(Germany) and Juzbado (Spain) fuel fabrication plants were commissioned in 2003.

Figure 24: Under Water Coincidence Counters - Model 2106 (UWCC).

Figure 25: The High Efficiency Passive Counter (HEPC).
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5 Non-Destructive Assay Options for Nuclear Spent Fuel

This section is a summary of many techniques available as of 2013, for the NDA of spent nuclear fuel
assemblies that are to be encapsulated in a deep geological repository, with a minor update to the gamma
tomography subsection. For some instruments, further developments have taken place since 2013, but such
efforts are not included in the description here (the interested readers is however encouraged to look for
research publications to get a more recent update). The list of techniques is mostly repeated from reference
[42] which aimed at listing NDA options available for the operator of an encapsulation facility in the context
of deep geological disposal. Placing spent nuclear fuel in a difficult-to-access storage where re-verification of
the fuel is not possible, puts additional requirement on the verification such as requirements related to partial
defect verification. Hence, the Next Generation Safeguards Initiative (NGSI) spent fuel (SF) effort developed
and studied measurement techniques to enhance the verification capability. Note that the list of techniques
and instruments in this section does not make any distinction between instruments approved for use in
Safeguards to those that are under development.

Several of the prototype instruments described here were developed within the NGSI effort and describe
measurement techniques and instruments that were at the time under development. Some exist only in
simulations space, while others were built and tested in the field. The list is however also complemented by
other techniques, which were not in the NGSI SF effort (and are hence much more mature).

The measured signal and discussion of expected uncertainties are included. The description of each
instrument is also complemented with information regarding requirements on measurement times and
needed infrastructure.

5.1 #52Cf Interrogation with Prompt Neutron Detection (CIPN)

What is measured? Prompt neutrons emitted at the end of an induced fission chain initiated by a °°Cf source

(or neutron generator) placed on the far side of the assembly from the detectors, as illustrated in Figure 26

What is quantified? Multiplication or fissile content (weighted sum of #°U, 2**Pu, and ?*'Pu); for fissile content

to be determined, a neutron absorber correction is necessary. For thermal-induced prompt fission per unit
mass, 2°Pu and #**Pu produce ~1.5 and ~2.0 times as many neutrons as 2*°U, respectively.
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Figure 26: Left: Mechanical drawing of a CIPN instrument; supported on a pole, the californium source either
is inserted in the removable door or is part of the removable door. Right: Conceptual design of CIPN
instrument as simulated in MCNP for the NGSI Spent Fuel Project [43].

Description of the basic physics: Two measurements of the total neutron (TN) count rate are made with a
detector that is very similar to a Fork Detector. For the first measurement, the 22Cf source is located far from

the assembly. This first measurement quantifies the passive neutron count rate. For the second
measurement, the only change is that the #>2Cf source is brought in close to the assembly, ~5 cm from the
center of one side of the assembly that is opposite the detector. This second measurement quantifies the
combined count rate of the background and the neutrons that induced fission in the assembly. Given the size
of the assembly and the dimensions of the detector, the probability of a 2>>Cf source being directly detected is
small. The net signal above the background overwhelmingly is due to the fission chain reaction that occurs
across the assembly [43].

Expected measurement time: A ~100-s count duration will produce a statistical uncertainty of ~0.2% for a
~0.5-m section of the assembly. For the CIPN design used by the NGSI Spent Fuel Project [43], a CIPN signal
that was ~75% stronger than the background (net count rate of ~1 x 104 counts/s) was produced witha 2 x
108 n/s #52Cf source (100 ug) for a fully burned assembly (45 GWd/tU, 4% wt % #°U, 5years cooled). Note
that the largest commercially available %2Cf source is 50 times stronger than the source used here. A

deuterium-tritium (DT) or a deuterium-deuterium (DD) generator couldbe used instead of a californium
source [44]

5.2 Calorimetric Decay Heat (CDH)

Decay heat in nuclear fuel is defined as the heat produced within the fuel assembly as a result of radioactive
decay.

What is measured? The temperature increase in water surrounding the fuel assembly, placed within a

calorimeter.

What is quantified? The thermal power (energy per time unit) produced in the fuel assembly.

The basic of CDH technique consists of the following steps:

- Establish a calibration between temperature increase in the calorimeter and a well-known (electrical)
power input to the volume within the calorimeter.

- Measure the temperature increase in the calorimeter with a nuclear fuel assembly that is positioned
within the calorimeter. Use the calibration to estimate a decay heat value from the measured
temperature increase.

- Correct the decay heat value for losses due to radiation that escapes from the calorimeter.

Expected measurement time: One calorimetric measurement of one fuel assembly takes on the order of 4-5

hours [45]. The measurement time is nearly the same for BWR and PWR assemblies.

5.3 Delayed Gamma-Ray Spectrometry (DGS)

What is measured? Photons emitted from fission products in the seconds to minutes following active

interrogation of the assembly. The 3- to 6-MeV energy range is of primary interest [46]

What is quantified? Multiplication, fissile content (weighted sum of #5°U, 2**Pu, and ?*!Pu), or relative masses

of four main isotopes that fission. For fissile content to be determined, a neutron absorber correction is
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necessary. The role of 28U can be minimised by lowering the energy of the interrogating neutrons by both
measuring in water and placing judiciously selected material between the neutron generator and the fuel.

Description of the basic physics: An active interrogation source such as a neutron generator or linear

accelerator (LINAC) is used to produce neutrons for the purpose of inducing fission in the assembly, as
illustrated in Figure 27 The fission products produced by induced fission are the source term for the DG
measurement. The majority of the detectable DGs are emitted from fission products with half-lives in the 1.0
to 1000-s time interval [46]. The NGSI Spent Fuel Project researched the optimal combination of interrogation
and count time; results to date indicate that the interrogation scheme selected for the 2011 Review
Committee Report is a reasonable choice. In that report, a 15-minute interrogation, 1.0-minute cool down,
15.0-minute count time scheme was selected [46]. The ability of a DG measurement to discern among 23°U,
238, 239Pu, and 2*'Pu is derived from the data depicted in Figure 28. This figure illustrates per fission what
percentage of total fissions, for each of the four main isotopes, results in a particular fission product.

The basic concept for quantifying the relative mass of each isotope rests on detecting DG rays from several
fission products so that the relative intensities of the emitted lines allow the separation of the relative
contribution of each of the four major isotopes.

Fuel assembly
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Figure 27: Conceptual design of DG instrument as simulated in MCNP for the NGSI Spent Fuel Project [46].
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Figure 28: Illustration of the fission product yield per fission for each of the four main isotopes [46].
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Expected Measurement time: The analysis approach is a point of active research; a rough approximation of

the measurement time value is ~30 minutes for measuring a ~0.5-m section of the assembly witha 1 x 10!?
DT neutron generator [46]. An average strength of ~1 x 10! n/s is expected to be a lower limit to the neutron
generator strength when ~10 detectors are used.

5.4 Delayed Neutrons (DNs)

What is measured? Neutrons emitted from fission products in the seconds to minutes following an active

neutron generator burst.

What is quantified? Fissile content (weighted sum of 2°U, 23°Pu, and 2*'Pu) emphasising the presence of #*°U.

Description of the basic physics: A neutron generator is used to produce neutrons for the purpose of inducing
fission in the assembly, as depicted in Figure 29. The fission products are the source term for the DN
emission. The majority of the detectable DNs are emitted from fission products with half-lives in the 2- to 22-

s time interval [47]. The interrogation scheme selected for the 2011 Review Committee Report [47] used a
0.9-s interrogation interval, followed by a 0.1-s pause (for the burst neutrons to die away), followed by a 1.0-
s DN count interval [47] he timing is flexible: faster or slower will work. The net DN count rate is the
difference between the passive background count rate measurement made before interrogation and the DN
count rate determined during active interrogation. The desired precision is obtained by repeating the
interrogation/pause/count cycle.

In Table 11, the fission cross section (o), DN fraction (f3), and yield per fission (u) are listed for the four main
isotopes of relevance. This table emphasises the point that DNs preferentially measure 2*°U relative to 23°Pu
by a factor of ~2 per unit mass. Several of the other techniques have the opposite weighting; for prompt
fission induced by thermal neutrons, per unit mass, 2°Pu produces ~1.5 times as many neutrons as 2*>U and
241py produces ~2.0 as many neutrons as 2>°U.

Table 11 also indicates that ?4*Pu and 2*®U could be significant contributors. The role of 2!Pu is important but
not dominant because the mass of *!Pu is generally 4 to 10 times less than that of 2°U. The role of 238U is
minimised to a few percent by keeping the interrogation energy below ~1 MeV.
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Figure 29: Conceptual design of the DN instrument as simulated in MCNP for the NGSI Spent Fuel Project [47].

133



ESARDA Course Syllabus

Table 11: Fission Cross Section (o), DN Fraction (b), and Yield per Fission (u) for the Four Major Sources of DN.
The Final Column Gives a Weighting of Each Isotope in the DN Signal on a Per Atom Basis [47].

Fission Cross Section DN Fraction as a
Isotope (barns) Yield per Fission (6B U)isotopel (OB U) 23%,,
(Bv, %)
235y 584 (thermal) 165 2.03
239py 742 (thermal) 0.64 1
241py 1010 (thermal) 1.58 3.44
238y 0.7 (~2 MeV) 4.39 6.86 (note: fast/thermal ratio)

Expected measurement time; For the 3He design used by the NGSI Spent Fuel Project, a fully burned assembly
(45 GWd/tU, 4 wt % *°U, 5 years cooled) produced a net DN signal of ~5 x 105 counts/s, with a background
signal of ~15 x 10° counts/s for a neutron generator that produced 1 x 10! n/s [47]. For such a setup, only

~1 s is needed to obtain less than 1% statistical uncertainty.

5.5 Differential Die-Away (DDA)

What is measured: Traditional DDA measured the prompt neutrons emitted by induced fissionduring a time

interval when the active generated interrogating neutrons were thermal in energy. The NGSI Spent Fuel Report
[48] produced for the NGSI Review Committee implemented traditional DDA for which the count interval
started 200 us after the burst ended so that the thermal neutrons from the burst would be ~1% of the
neutrons produced by induced fission. The updated DDA reports by the NGSI Project [48], expanded the scope
of the DDA research by looking at the signal at times between the termination of the burst and 200 pis. These
recent results are still being called DDA, although strictly speaking the research has strayed from the
traditional mode of counting the TN count rate only when thermal neutrons are remainingin the sample of
interest.

What is quantified: Multiplication and fissile content (weighted sum of 255U, 2°Pu, and ?4'Pu) emphasising the

presence of 2*°Pu and ?*'Pu. For prompt fission induced by thermal neutrons, per unit mass, 23°Pu and 24!Pu
produces ~1.5 and ~2.0 times as many neutrons as 23U, respectively.

Description of the basic physics: A measurement begins with the burst of neutrons (~10 ps in duration was

used for the NGSI research) produced by a neutron generator, as illustrated in Figure 29; note the DN setup
was used for DDA in the NGSI Project. A DD (2.2-MeV) or DT (14-MeV) generator would work. Those burst
neutrons slow down to near thermal energies (0.025 eV). Because the cadmium-covered detectors detect
neutrons only above ~0.5 eV, for the NGSI setup with 28U and oxygen in the fuel, after ~200 pis the detected
count rate for the burst neutrons is low. Subsequent simulations indicated that the count rate of the burst
neutrons was ~1% of the count rate from a fully burned assembly at 200 s [47]. Note that even though the
direct count rate from the burst neutrons is very low, the burst neutrons are still present in the fuel as
thermal neutrons—they are just very unlikely to penetrate the cadmium and thus are very unlikely to produce
a count. If fissile material is present in the fuel, induced fission by thermal neutrons will occur and neutrons
will be produced with much higher energy (~2 MeV on average). Some of the induced fission neutrons will
have energies above the cadmium cut-off energy when they arrive at the detector and will be detected.
Traditional DDA functions by detecting neutrons during a time window when the burst neutrons are negligible
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compared with the induced fission count rate; recent research has indicated benefits of measuring sooner
after the burst [49]. Because the DDA involves interrogating the fuel with thermal neutrons, a logical concern
is self-shielding. However, because a fully burned assembly is significant multiplying, the entire fuel assembly
is interrogated.

Expected measurement time: A few seconds count time is expected for a 0.5-m section of the assembly. For
the *He design used by the NGSI Spent Fuel Project, a DDA signal (0.2- to 1.0-ms integration window) that

was ~50% stronger than the background was produced witha 5 x 108 n/s neutron generator (10-ps burst,
100-Hz repetition rate) for a fully burned assembly (45 GWd/tU, 4 wt %, 2°U, 5 years cooled). Because the
background for such an assembly is ~15 x 10° counts/s, excellent statistics are obtained in a second. Recent
results indicate that an uncooled neutron generator of ~1 x 108 n/s will suffice.

5.6 Differential Die-Away Self-Interrogation (DDSI)

What is measured: The time and tube location at which each neutron is detected, with an accuracy of ~0.1 ps.
Singles and doubles count rates are calculated from this raw data.

What is quantified: Multiplication or fissile content (weighted sum of #°U, 2°Pu, and ?*'Pu); for fissile content

to be determined, a neutron absorber correction is necessary. For thermally induced prompt fission per unit
mass, 2>°Pu and **Pu produce ~1.5 and ~2.0 times as many neutrons as 2°U, respectively.

Description of the basic physics: Two possible designs of a DDSI detector are depicted in Figure 30. Traditional

DDA begins with a neutron generator burst; the burst neutrons interrogate the sample, and data are collected
only after the burst neutrons have become thermal in the sample. DDSI has DDA inits name because DDSI
also has a burst; however, in the case of DDSI, the burst is a spontaneous or induced fission event that
liberates nubar neutrons. DDSI has two signals of interest in the context of spent fuel. One signal uses the
ratio of the count in an early time gate to the counts in a late time gate. The other signal uses the ratio of the
doubles count rate in the late gate to the singles count rate (D/S) [50]. The D/S ratiois a standard quantity
used in classical coincidence counting. What makes the DDSI doubles calculation unique is the use of a very
long delay between the measurement of a neutron trigger and the opening of the gate [50]. In traditional
coincidence counting, an integration interval in time, a gate, is opened as soon after the detected trigger
neutron is detected as possible within the limits of the electrical system. With DDSI the gate is delayed for the
purpose of separating the passive interrogating signal, composed primarily of 2#Cm, from a signal that is
primarily induced fission. The first induced fission, in a chain of induced fissions, is delayed in time by ~10 ps
from the time when the initiating neutron was born. This delay is approximately the time required for the
neutron that initiates a fission to thermalise. Note that in spent fuel, ~80% of induced fissions occur at
thermal energies. Given that the multiplication in a fully spent assembly is ~2, a series of induced fissions is
common and the induced fission signal can be largely separated from the initiating burst event (often a 2*Cm
fission).

Expected measurement time: The measurement time for the doubles dictates the overall measurement time.

For a 45-GWd/tU, 4 wt %, 23°U, 5-years-cooled assembly, a statistical uncertainty of 1% for the doubles can
be obtained in 2 minutes for a 20-us pre-delay and a 32-pis gate width. For this same assembly with a 60-us
pre-delay and a 32-ps gate width, it takes 16 minutes to obtain the same uncertainty. By changing the pre-

delay from 20 to 60 pus, the sensitivity doubled for a change in the fissile content, but the count time
increased by a factor of 8 [50].
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Figure 30: Up: Conceptual design of DDSI instrument as simulated in MCNP for the NGSI Spent Fuel Project
[50]. Down: Modified DDSI design to enable fuel to be loaded from the side.

5.7 Cerenkov Viewing Devices

What is measured: The Cherenkov (ultraviolet) light produced in water by beta and gamma radiation escaping

a fuel assembly [51]

What is guantified: Two-dimensional image of Cerenkov photon intensity are acquired for safeguards

identifications of partial or gross defect in fuel assemblies. The device is used to identify an assembly with
gross or partial defects.

Description of the basic physics: When the gamma radiation from the fuel assembly is absorbed in the

surrounding water of a storage pool or of reactor, recoil electrons are produced, with a velocity exceeding the
speed of light, and therefore lose energy by emitting Cherenkov light. The Cherenkov viewing devices are
optimised to view the ultraviolet light produced in the water surrounding a fuel assembly. The two mean
Cerenkov devices are the Improved Cerenkov Viewing Device (ICVD) (see Figure 31) and the Digital Cherenkov
Viewing Device (DCVD) (see Figure 32). The glow of the Cherenkov light is bright in the regions close to
present fuel rods, i.e. in the adjacent water in e.g. water channels. Figure 33 shows a picture of a DCVD). The
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DVCD camera is used to verify assemblies with long cooling times and/or low burnups, which have weak
Cerenkov signals that cannot be seen with a standard handheld ICVD [52].

Expected measurement time: The DCVD is a camera, so one image is collected within 1-2 s. The image is

saved for offline analysis. Reference [52] reported that verification of 12 fuel assemblies was performed in
82 minutes.

>

Figure 31: A handheld Cerenkov Viewing Device Figure 32: Main parts of a DCVD acquisition system.
(IcvD).

7 %% ChannelSystems

Figure 33: A DCVD mounted above a fuel storage pool.
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5.8 Gamma Tomography (GT)

What is measured: The two-dimensional (2D) intensity distribution of gamma radiation of one or more

energies at one axial level of the fuel assembly. The distribution is measured over many lateral and angular
positions around the fuel assembly (Figure 34).

Figure 34: Schematic image of the translational (T)and rotational (R) movements involved in a tomographic
measurement. The intensity pattern of radiation measured in one translation scan is indicated behind

the detector/collimator package. Figure reproduced with permission from reference [53].

What is quantified: The 2D emission distribution at one axial level of the fuel assembly is quantified. The two

main applications of the technique are

1. Integrity verification and

2. Determination of the pin-by-pin properties such as burnup and cooling time

3. Determination of pin-power distribution to validate production codes for core simulation at nuclear
power plants.

Note that using tomography for measuring the 13Cs distribution throughout the assembly should give a
better correlation to decay heat than ordinary PG scanning (where only the outer pins are effectively seen by
the detector).

Description of the basic physics: Tomographic reconstruction techniques are used to calculate the gamma-ray
emission distribution using the measured intensity distribution.

Expected measurement time: Reference [54] estimated that 25 axial positions of aBWR assembly with ~1

month of CT could be measured in ~8 hours using 1596 keV of gamma radiation from 4°Ba. Note that the
spent fuel of interested to Clink will be significantly older (10 to 70 years cooled) and that all the '4°Ba will
have decayed away; for this reason, an isotope such as *’Cs (662 keV) will be needed. A tomographic device
to be used for partial or bias defect detection in 1-40 years cooled BWR, PWR or VVER 440 fuel have been
designed in an IAEA coordinated research effort where the measurement time is in the order of one hour [55].
The area of a PWR assembly is about 1.5 x 1.5 times larger than a BWR assembly, which would imply a 2.25
times higher measurement time, due to the need for an increased number of measurement projections. It
should be noted that the measurement time is inversely proportional to the number of detectors used in the
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equipment. For instance, using the system described in Reference [54] but with 16 detectors, the
measurement time per axial position would be ~10 minutes. Note that these measurement times are
specified for the application to determine pin-power distribution, which needs better accuracy than the
application to verify fuel integrity.

Work performed in Uppsala University shows that verification of fuel completeness is possible with the
tomographic technique (see Figure 35) without prior knowledge of fuel type or geometry. Figure 35 shows an
image produced by tomographic reconstruction techniques usingno prior knowledge of the type of fuel
assembly or other geometrical information. Using image analysis techniques, a histogram of rod positions
was established whereby assumptions of “wrongly positioned fuel rods” could be detected as outliers in the
histogram (red-coloured rods in Figure 35).
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Figure 35: Using image analysis of tomographic measurements without prior knowledge of the fuel geometry

or composition can provide enough information to determine both the geometry (which can be used for

refined tomographic analysis) and verification of fuel completeness.

Safeguards inspectorates are now using the gamma emission tomography technique to verify the
completeness and correctness of declarations of spent fuel assemblies and of spent fuel closed containers
(for example, containers holding damaged pins) before they are transferred to dry storage. The instrument in
use is called PGET (Passive gamma emission tomographer) [55] and it has been developed by the IAEA in
close collaboration with international partners (among others, the EC, Finland, Germany and the US). It
consists of two rotating batteries of 91 CZT sensors in a watertight enclosure, and it allows obtaining 2D
reconstructions of almost any fuel geometry (PWR, BWR, VVER440 and most recently also VVER1000) with a
few minutes' measurement. Figure 36 presents the principle of operation and a picture of a PGET.
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Figure 36: The principle of operation of the PGET is shown on the left picture. The right picture, taken with

an underwater camera, shows an actual PGET measurement of a PWR spent fuel assembly.

5.9 Lead Slowing Down Spectrometer (LSDS)

What is measured: Prompt neutrons from induced fission as a function of incident neutron energy.

What is quantified: Conceptually the mass of 23°U, 23°Pu, and ?*'Pu can be determined although the current

analysis approach to such an absolute mass determination depend significantly on using fission chambers of
each of these isotopes, only 2°U fission chambers are readily available. The relative mass of each of these
isotopes is an easier goal than the absolute mass of any particular isotope.

Description of the basic physics: As illustrated in Figure 37, the spent fuel is positioned near the centre of a

large cube of lead (~1.5 m on aside). An active neutron source sends out a burst (~10 us in duration) of

neutrons from near the centre of the lead cube [56]. These neutrons slow down gradually, given that they
mostly collide with lead. During the time interval when the neutron energy is below the fertile fission cross
sections, the prompt neutrons from the fission of 25°U, 2°Pu, and 2!Pu are measured. The unique features in
the cross section of these three isotopes are used to unfold the amount of each isotope from the total
measured prompt neutron signal. A key design goal is to keep the slowing down neutrons “tight” in energy,
which is easy when the interrogating object is small but a challenge for a spent fuel assembly.

L Assay-signal sensors

L Spent Fuel Assembly
neutron
path o

~ Pulsed neutron
source

Figure 37: Conceptual design of an LSDS, indicating the location of detectors, fuel, and neutron source within
the lead cube [56].
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Of note, the presence of hydrogen in the cladding at levels of a several hundred parts per million makes a
noticeable impact on the assay results. Another concern for LSDS assays is the penetrability of the neutrons
into the assembly, particularly at lower neutron energies; the current analysis approach incorporates a self-
shielding correction [56].

Expected measurement time: A rough estimation is that a 3 x 10'>-n/s neutron generator or accelerator is

needed for ~1 hour to measure a ~1-m axial length of fuel.

5.10 Coincident Neutron (CN)

What is measured: Time-correlated neutrons from which doubles and triples count rates are calculated.

What is quantified: Multiplication or fissile content (weighted sum of #°U, 2°Pu, and ?*'Pu); for fissile content

to be determined, a neutron absorber correction is necessary. Because the measured signal originates
primarily from prompt induced fission for which nubar (average number of neutrons emitted per fission) and
the fissile cross section are greater for fissile plutonium, the plutonium fissile isotopes are emphasised
relative to 2°U.

Description of the basic physics: A conceptual design of a CN detector is depicted in Figure 38 and is identical
to the conceptual DDSI detector. CN counting is a subset of multiplicity counting. For multiplicity counting

using shift register logic, the number of counts in two different time windows is quantified. The first window is
opened very soon after each detected neutron so that a neutron produced from the same initiating fission as
the triggering neutron is more likely to be detected. The second gate is significantly separated in time from
when the triggering neutron was detected such that any neutrons in the second gate are not correlated with
the triggering event. A distribution is formed from the difference between the total counts in these two gates.
From this distribution, the count rate for detecting coincident events, the doubles count rate, can be
determined. The rate at which three correlated neutrons are detected or the triples count rate can also be
quantified. The text “very soon after each detected neutron” is italicised above since this is the key statement
that distinguishes the gates used by CN and DDSI.

Detector,
Region1

Sample
Interrogation,
Region 2

Borated H,O

Figure 38: A design of a CN detector; Conceptual design of multiplicity instrument as simulated in MCNP for
the NGSI Spent Fuel Project.
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To perform shift register logic-correlated neutron detection, it is necessary to have a relatively efficient
detector on the order of several percents at the very least. For such a system, the count rate in the context of
spent fuel is so large that the accidental count rate for triples becomes very significant relative to true triples
events such that the uncertainty on the triples count rate is excessive [57]. For this reason, only coincident
counting, determination for the doubles count rate, is expected to be viable with spent fuel.

Expected measurement time: The measurement time for the doubles dictates the overall measurement time.

For a 45 GWd/tU, 4 wt %, Z°U, 5-years-cooled assembly, a statistical uncertainty of 1% for the doubles can
be obtained in roughly a minute for a 2 pus pre-delay and a 32 ps gate width.

5.11 Neutron Resonance Transmission Analysis (NRTA)

What is measured: The intensity of neutrons that have traversedthe assembly as a function of energy.

Because the intensity of neutrons incident on the assembly is known, the measured quantify is the percentage
reduction in the neuron intensity as a function of energy.

What is quantified: The mass of four plutonium isotopes (238, 239, 240, and 242), four uranium isotopes
(234, 235, 236, and 238), ' Am, and several fission fragments [58].

Description of the basic physics: The NRTA assay starts with a burst from a pulsed high-energy particle
accelerator, as illustrated in Figure 39. This burst of charged particles initiates a several-step process that

results in the creation of neutrons with a range of energies; of particular interest to NRTA are the neutrons in
the 0.1- to 40-eV energy range. The neutron burst is short enough in time and the neutron source is
separated from the assembly far enough in space that a nearly uniform neutron energy arrives at the
assembly at a given moment in time. These mono-energetic neutrons can scatter out of the beam as they
interact with individual fuels pins in the assembly through low-energy elastic scattering, neutron-capture
absorption, and neutron capture fission. The interaction of these quasi mono-energetic neutrons with the
assembly can be measured by placing the neutron detector on the far side of the assembly from the neutron
source. This setup provides the intensity of the transmitted beam as a function of neutron energy, which can
be used to quantify how much of each isotope is in the assembly, provided the features of the spectra are
detectable and do not interfere significantly with each other. Experimental results performed with spent fuel
pins indicate that interferences are not significant.
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Figure 39: Schematic of a conceptual NRTA system.
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Expected measurement time: The measurement time is expected to be ~40 minutes for an axial slice of one
assembly when a ~1 x 10%-n/s accelerator source is used to obtain a statistical uncertainty of ~5%. Note
that several assemblies could be measured in parallel to use the neutron source more efficiently [58].

5.12 Nuclear Resonance Fluorescence (NRF)

What is measured: Given the thickness of a spent fuel assembly, the application of NRF to spent fuel studied
by the NGSI Spent Fuel project focused on the NRF transmission measurement approach as opposed to
backscattered NRF [59]. With transmission NRF, the absence of milli-electron-volt-level photons at a very
specific energy are measured; note these resonances are significantly narrower than the energy resolution of
typical detectors. The absence of photons at the resonance energy is indicative of the presence of the specific
isotope.

What is quantified: The mass of any isotopes with a significant NRF cross section and sufficient mass to be
detected; isotopes researched in the NGSI Spent Fuel Effort included #°Pu, 2*%Pu, and 2*°U.

Description of the basic physics: As illustrated in Figure 40 NRF is a two-stage process that involves the
excitation of a nucleus by the absorption of a photon, which is then followed by the de-excitation of the
nucleus to the ground state by the emission of one or more photons. In the transmission approach to NRF
researched for spent fuel assembly assay, a relatively flat photon spectrum is incident on the assembly from
a bremsstrahlung source. If a particular isotope of interest is present in the fuel, it will absorb photons at the
resonant energy from the incident beam, then will re-radiate photons into all space. As a result, the photon
intensity in the incident (nearly flat spectrum) beam will be depressed at the resonant energy of the isotope
of interest. Thus, as the incident continuum traverses the assembly, the presence of a specific isotope is
indicated by a depression in the continuum—the greater the amount of an isotope present, the greater the
depression in the spectrum.

Transmission Method
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Figure 40: Conceptual design of an NRF measurement of spent fuel using the transmission method [59].

Expected measurement time: Because it is an active interrogation technique, the measurement time depends
on the intensity of the interrogating source. Practically speaking, a very strongsource is needed to obtain
reasonable statistics in <1 hour.
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5.13 Passive Gamma (PG)

What is measured: The axial profile of the intensity of gamma radiation for ~0.5 MeV to ~2.5 MeV in energy

(see Figure 41).
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Figure 41: A schematic image of a PG scanning system in use at the Clab Facility, Oskarshamn, Sweden.
Figure reproduced with permission from reference [53].

What is quantified: Isotope specific gamma radiation from 13*Cs, 37Cs and *>*Eu can be used to determine the
fuel parameters BU, IE, and CT for spent fuel with a CT less than ~20 years. Beyond that time, 134Cs has
decayed significantly, and IE and CT have to be determined by other means. The longer half-life (~30 years)
of 13’Cs implies that it can be used to determine BU for a longer time [60]. Decay heat can also be inferred
from gamma scanning data using a calorimetric calibration (see Section 1.2). Reference [61] complements the
applicability of PG scanning with the ability to indicate the following:

- Determine the concentrations of fission products and their distribution within the assembly and thus
the comparison between calculated and experimentally determined power distribution parameters.

- Use the fission product distribution for accurately locating the fuel stack within the fuel rods and for
determining dimensional changes in the fuel, e.g., axial fuel swelling and gaps in the fuel pellet stack
within the fuel rods (relevant for gamma scanning of single fuel rods).

Expected measurement time; A complete gamma scan of a fuel assembly takes on the order of 15 minutes,

which includes spectra-resolved information on the gamma intensity reaching the detector.

5.14 Passive Neutron Albedo Reactivity with Fission Chambers (PNAR-FC)

What is measured: TN count rate for two different physical setups, one setup designed to maximise
multiplication and the other designed to minimise multiplication.

What is quantified: Multiplication or fissile content (the weighted sum of 2°U, 2°Pu, and 24Pu); for fissile
content to be determined, a neutron absorber correction is necessary. Because prompt fission-based
multiplication is measured, PNAR-FC emphasises the presence of 2**Pu and *'Pu per unit mass. For thermally
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induced prompt fission per unit mass, 2°Pu and 2*'Pu produce ~1.5 and ~2.0 times as many neutrons as 2°U,
respectively.

Description of the basic physics: PNAR-FC, the conceptual hardware illustrated in Figure 42 uses the intrinsic

neutron emission of the fuel to self-interrogate the fissile material in the fuel itself. Two separate
measurements of the spent fuel are made. The primary difference between the two measurements is the
neutron energy spectrum and fluence in the spent fuel—this difference was primarily achieved by surrounding
the fuel with cadmium for one of the two measurements [62], [63]. By varying the material around the spent
fuel, a high and a low neutron-energy-measurement condition can be produced (low and high multiplying
setups, respectively). The ratios of the count rates obtained for these two situations correlate with the
multiplication and fissile content in the spent fuel case. The primary difference between the two PNAR-FC
measurements from an energy spectrum perspective is the presence of reflected neutrons with an energy
below the cadmium cut-off energy (~0.5 eV); the PNAR-FC instrument can be considered to be an
interrogation technique for which the interrogating source is essentially thermal neutrons incident from all
sides of the assembly.

Expected measurement time: The count rate for a fully burned 45-GWd/tU, 4 wt %, 23°U, 5-years-cooled

assembly is ~1 x 10° counts/s; for a similar assembly after one cycle, the count rate is roughly 100 times
lower [63]. Thus, counting statistics are excellent in ~100 s.
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Figure 42: Top: Mechanical design of a PNAR instrument for measuring circular fuel. Down: Conceptual
design of a DG instrument as simulated in MCNP for the NGSI Spent Fuel Project [63].

5.15 Self-Integration Neutron Resonance Densitometry (SINRD)

What is measured: The neutron intensity in four different parts of the TN spectrum. If the material in the

fission chamber matches that of the isotope of interest, then the sensitivity to the presence of the material of
interest is enhanced because of the resonance energy structure [64], [65]. For example, a Z°Pu fission
chamber is more sensitive to the presence or absence of Z°Pu than a 2°U fission chamber although both will
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work for SINRD given the use of absorptive filters. The utility of matching the isotope of interest to the
material in the fission chamber is due to the fact that a 2*°Pu fission chamber is particularly sensitive to the
presence or absence of neutrons at 0.3 eV because this is a resonance of #°Pu; if there is a significant
amount of 2°Puin the fuel, then there will be relatively few neutrons leaving the fuel with anenergy of 0.3
ev.

What is quantified: The mass of #*°Pu for medium and full BU fuel; for low BU fuel when a large amount of

25U is present, a correction is needed [65].

Description of the basic physics: In the right-hand side of Figure 43 the locations of the various fission
chambers in the SINRD unit are depicted. In the left-hand side of Figure 43, a SINRD unit built for deployment
is illustrated. In Figure 44, the neutron energy spectrum for five 4% IE assemblies is illustrated as a function

of energy, one fresh assembly, and four spent assemblies, each with a different BU.

10.65¢cm

0.1mm Gd
covered 235U FC |

Polyethylene lined
with 1.0 mm Cd

Figure 43: Left: Fabricated SINRD prototype for spent fuel measurement. Right: Conceptual design of SINRD
instrument as simulated in MCNP for the NGSI Spent Fuel Project [65].

The fundamental physics of SINRD is captured in Figure 44, which depicts the flux averaged over all the pins
in the assembly such that the area under the curve is proportional to the flux. The largest “peak” at ~2 MeV is
the “fast” birth energy of most neutrons following fission. These fast neutrons moderate by colliding in the
water and fuel. The second major peak is at thermal energy and is formed by the neutrons that manage to
“survive” all the collisions they underwent in the thermalisation process and still reside in the fuel. The
structure in the spectrum is the result of particularly prominent absorption processed; of particular note are a
few of the resonance absorption due to 28U, °Pu and 2**Pu, which are illustrated in Figure 44. The SINRD
detector comprises four fission chambers. By surrounding the fission chambers by absorbing material
(cadmium, gadolinium, hafnium, and boron) of specific thicknesses, each fission chamber detects a different
part of this spectrum. By calculating the difference and ratio among the count rates in these fission
chambers, the SINRD signal is determined. This signal is proportional to the 2*Pu and #*°U content in the fuel.

Expected measurement time: The count time for SINRD is largely determined by the ambient neutron

emission of the fuel, the intensity of which varies roughly as the third or fourth power of the BU. For fully
burned assemblies, this emission can result in count times of between 5 and 20 minutes for a ~20-cm axial
length along one side of the assembly. For one cycle of fuel, it may take 2 hours. Note: An active neutron
source can be used to reduce the count time.

146



ESARDA Course Syllabus

0.45
—15 GWd/MTU
----30 GWd/MTU
0.40
—A45 GWd/MTU
----- 60 GWJ/MTU J
0.35
------- 4% LEU (fresh)
&
c 0.30 !
o —
5 |
= |
=0.25
2 /
[
©0.20
iy
g / ‘
£0.15 A :
= absorption absorption / \
due mainly due mainly
0.10 0 239y, o 238 \
0.05 ‘ 1
absorptioD du l l k
0.00 mainly to 40Py R T VIt S
1.E-08 1.E-07 1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01 1.E+02
Neutron Energy (MeV)

Figure 44: Normalised neutron energy spectrum in the fuel rods for five different fuel assemblies [65].

5.16 Total Neutron (TN)

What is measured: TN emission, also known as singles counting.

What is quantified: Provides information about coupled parameters of IE, BU, and CT; the three parameters

can be determined in combination with PG. The signal is proportional to the product of the multiplication and
the passive neutron source, which is dominated by 2#*Cm for most spent fuel assemblies. The TN rate can also
be a rough indicator that the assembly is whole.

Description of the basic physics: Radioactive material in spent fuel emits neutrons. The dominant spontaneous

fission isotopes are generally ##Cm, 2#Cm (for short CT), and 2°Pu. The (o,n) sources also contribute,
particularly for low BU or long CT.

Expected measurement time: Less than 1% counting statistics uncertainty is obtained in less than 10s.

5.17 X-Ray Fluorescence (XRF)

What is measured: Uranium and plutonium x-rays from a volume that is a few mm square in surface area
and ~1 mm deep into the fuel from anindividual exterior rod. It is likely that multiple detectors would be used

to measure various locations on a rod or side of an assembly.

What is quantified: The elemental plutonium mass of the assembly.

Description of the basic physics: Plutonium to uranium X-rays are stimulated by the radiation emanating from

the spent fuel: both photon and charged-particle excitation. A conceptual design of an experimental setup for
XRF detection from spent fuel is depicted in Figure 45. The elemental ratio of plutonium to uranium in the
edge layer of the spent fuel can be determined by measuring these x-rays and taking the ratios of their
intensity. A correction needs to be made to account for the radial profile of these isotopes particularly in the
case of plutonium which ramps up by a factor of 2 to 3 in the outermost ~0.2 mm. Once this correction is
made the average elemental plutonium-to-uranium ratio can be estimated [66]. The absolute plutonium is
estimated by multiplying the average elemental plutonium-to-uranium ratio by the total amount of uranium
in the rod. The mass of elemental uranium can be well estimated in a spent fuel rod. When an assembly is
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fresh, ~88% of the mass is elemental uranium; at the end of life, elemental uranium is ~82% of the total
mass in the rod. The change between these two extremes can be accurately estimated from gamma or
neutron measurements such that the uncertainty in the amount of uranium can be estimated to less than 1%.
The final step involves extrapolating from the measured plutonium mass in the edge rods all around the
exterior of the assembly to the entire assembly. This step is done through simulation, and preliminary results
within the NGSI-SF Project (2) indicate that the uncertainty in this process is likely a few percent. The general
conclusion from the preliminary research is that if the boundary plutonium mass is known, the centre
plutonium mass can be predicted accurately. In all this discussion, it must be emphasised that because the
mean free path of the ~100-keV x-ray photons is ~0.5 mm in fuel, the extrapolation assumes that no
diversion of rods from the assembly exists. XRF is completely blind to the diversion of pins from anywhere but
the exterior rods of an assembly.

Expected measurement time: Approximately a 10 hours measurement time was estimated from simulation
fora ~3% uncertainty in plutonium x-ray intensity for an assembly when a single planar detector was used.
During measurements of individual rods ~2% uncertainty was obtained in ~2 hours. The difference between

these two examples is not well understood.

HPGe

Collimator

Figure 45: Conceptual design of an XRF setup.

5.18 Fork Detector

What is measured: The gross neutron and gamma intensity using the Fork Detector Irradiated Fuel Measuring
System (FDET) (see Figure 46), [67] and [68]). An enhanced version of FDET hasa CdZnTe detector, which
provides spectrally resolved gamma data primarily from the sub-MeV energy range.

Figure 46: An FDET.

148



ESARDA Course Syllabus

What is quantified: The TN and total gamma counts are used for the gross defect detection and verification of
declared data. The ratio between neutron and gamma-ray counts can be used to characterise a fuel assembly

(i.e, the in-core neutron exposure, the initial fissile content, and its irradiation history). The measured neutron
count rate is related to the BU and CT of the spent fuel.

Description of the basic physics: The neutron detectors are gas-filled fission chambers, and the gamma
detectors for the traditional Fork detector are gas-filled ionisation chambers. The signal from these detectors

is proportional to the gross (i.e., total measured signal without background subtracted) neutron and gamma
intensity; the enhanced Fork detector has energy-resolved spectral information.

Expected measurement time: Measurements that were performed at the Clab Facility in 1997 lasted 2
minutes and resulted in better than 1% statistical uncertainty.

5.19 Partial Defect Tester (PDET)

What is measured: Total neutron (fission chambers) and total gamma (ion chamber) count rates measured by

small detectors that move down guide tubes within an assembly (the hardware and a sample of the data are
depicted in Figure 48 [69]. This measured signal can practically be obtained only if guide tubes exist for the
detectors to go down, which eliminates some assemblies (most notably BWR assemblies) from measurement.

What is quantified: Primarily detecting if pins are missing by detecting a localised variation in the neutron-to-
photon ratio in the assembly. Information regarding BU and CT is also obtained. It is expected that diversion
of ~10% of the mass can be detected [69].

Description of the basic physics: This integrated system combines PG and TN, as do the Fork andthe SMOPY

integrated systems. What makes PDET unique is the spatial information that is obtained by putting the
detectors down the multiple guide tubes of a PWR assembly. In the right-hand side of Figure 48, both
simulated and measured PDET data are illustrated. The “normalised ratio” is the normalised ratio of the
gamma-to-neutron count rates. Each point on the “Detector” axis represents a different guide tube location.
The green “J14” curve is the expected signal for the assembly if no pins were missing. In the case of the J14
assembly that was measured at the Korean Atomic Energy Research Institute (KAERI), some pins were not
present [69]. The “Sim” and Meas” curves in Figure 47 are the simulated and measured results with 22 pins
(12% of the mass) missing, respectively. The difference between the “J14” and “Sim” and Meas” quantifies
the change in the ratio when a diversion has occurred.

Expected measurement time: The time needed to measure one assembly will likely be dominated by the time
it takes to attach/align the detector structure to the assembly. It is expected that the actual measurement of

neutron and photon will take less than 5 minutes for most assemblies.
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Figure 47: Left, [69]: Photograph of a prototype PDET system. Right: Simulated and measured PDET data. The
“normalised ratio” is the normalised gamma-to-neutron count rate. Each point on the “Detector” axis
represents a different guide tube location. The “Sim” and Meas” curves are the measured and simulated
results for a particular assembly that had missing pins. The “J14” curve is the expected signal for the
assembly if no pins were missing.

5.20 Safeguards Mixed Oxide (MOX) Python (SMOPY) Detector

What is measured: Gross neutron intensity and spectra resolved gamma intensity. The gamma intensity is
measured with relatively poor energy resolution, but the peaks of interest are resolved.

What is quantified: A shielded CdZnTe gamma spectrometer and a fission chamber are used to distinguish
MOX fuel from LEU fuel and to verify the BU and CT [70]. A partial defect test of the used fuel can be
performed using operator-declared data for depletion calculations (see Figure 48).

Figure 48: A SMOPY detector. Description of the basic physics: Passive neutron and gamma spectrometry is
combined (see the physics description for PG scanning and passive neutron measurements).
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5.21 Summary of NDA Techniques

The following characteristics of most of the NDA techniques described here are summarised in 12: (1) the
impact of changing the fuel type from PWR to BWR assemblies, (2) the maturity of the hardware and the
impact of this hardware in the facility, (3) the degree to which the signal is proportional to mass located at
various depths inside the assembly, and (4) the count time per unit length.

The simulation results on which much of the evaluations of the techniques are based, were performed on
PWR assemblies. An important question is how the various NDA techniques perform for BWR assemblies. In
transitioning from PWR to BWR assemblies, the following changes are of note for most NDA techniques:
(1) There is a greater axial variation in all isotopes along the assembly (fission products as well as fissile
isotopes); (2) the IE and pin geometry can vary within one assembly (axial and radial variation); and (3) the
cross-sectional area of the BWR (8 x 8, 9 x 9, and 10 x 10) assemblies is less than the 17 x17 PWR
assemblies; (4) a zircaloy sheet surrounds the bundle for PWRs; and (5) the absorber blades, which can be
thought of as a zircaloy cross, will be inserted into some assemblies.

The first two points in the previous paragraph increase the uncertainty in making the connection between a
measured signal and a particular quantity, such as plutonium mass, fissile content, or diversion detection. The
increase in the isotopic spatial variation impacts both the BU calculations and the interpretation of measured
data. The BU calculations are expected to be less accurate for BWRs; thus, any analysis that uses the BU
calculation is less accurate. The interpretation of the measured values is more uncertain because it is more
important to know accurately the origin of the signal. The signals that propagate through multiplication inthe
assembly are not expected to be very sensitive to the BWR-introduced spatial variation. Effectively,
multiplication averages over the isotopic variation within the detector.

The inclusion of additional zircaloy in BWRs is not expected to be of significant concern for neutron techniques
in terms of perturbing the actual measurements; the neutrons will easily penetrate through the zircaloy just
as they did in the reactor. The presence of neutron absorber in the zircaloy is not expected to be a significant
problem provided the absorber concentration evolved in a consistent way with the fuel BU. For photon
techniques the zircaloy will not impact high energy photons, above ~0.5 MeV, much and the attenuation that
is experience can be corrected for. However, low energy photons, particularly in the X-rays and the 60-keV
peak from #Am may experience very significant attenuation.

The presence of burnable poisons in the fuel is not, in and of themselves, a problem. All the neutron
techniques “work” with the absorbers that burninto the fuel (**°Pu, 143Nd, 1*°Gd, *°Sm, ?*'Am, etc.). Because
the concentration of burnable poisons is of the order of magnitude as these “natural thermal absorbers,” the
neutron NDA techniques are expected to give strong signals.

The hardware of an instrument was considered to have a “high maturity” if all parts are currently
commercially available. The impact of an instrument was considered “low” if it could be retrofitted into a
facility with little or no effort. The penetration was considered “good” if the signal had roughly the same
sensitive to pins removed from any region of the assembly.
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Table 12: Summary of the (1) Relative impact of Changingthe Fuel Type from PWR to BWR Assembilies, (2) Maturity of the table Hardware and
the Impact of This Hardware in the Fadility, (3) Degree to Which the Signal Is Proportional to Mass Located at Various Depths inside the
Assembly, and (4) Count Time per Unit Length

Uncertainty
introduced in .
due to Maturity of
transitionin Hardware (H) Penetration of | Measurement Time per
Techniques 9 Analysis (A) and Signal inside Axial Unit Length and
from PWR to
Impact (I) on Assembly General Comments
BWR (no, some, ors
Facility
med., med.-
high)
CIPN Some High H, Med-Low A, Good <100 s per 20 cm
Low |
High H, High A, Med.
CDH No impact '‘gn A, |Ig » Med Excellent 4-5 hours per assembly
) Med. H, Med.-Low A, Signal weighted to =30 mmute; per ~50. cm,
DG Medium - system outside pool likely
Med. | exterior 2 )
~2-m* footprint
~100 s per ~50 cm, system
DN Some Med. H, MTd' A, Med. Good outside pool likely ~1-m?
footprint
High H, Med. A, Med.
DDA Some | Good ~100 s per ~50 cm
DDSI Some Med. H,Ml\zzd.I—Low A Very Good ~15 minutes per ~50 cm
DCVD No §|gn|f|cant High H, Med. A, Low Poor <100 s forentire assembly
impact |
. BWR easier than Med.-Low H, Med. A, About 10 minutes per axial
Passive GT . Excellent o
PWR High | position
Med.-Low H, Med.- Must measure in air,
LSD5 Some Low A, Med.-High | Good moderately large footprint
CN Some Med. H, Med.-Low A, Good ~5 minutes per ~50 cm
Med. |
NRTA BWR easier than Med.-Low H, Med.- Signal weighted to Must measure in air, large
PWR Low A, High | exterior footprint®
. Not considered a viable
BWR easier than Low H, Med.-Low A, Conceptually . .
NRF ) option with currently
PWR High | Excellent ) b
available technology
Medium-High, the Total gamma, ~10 s per ~20
PG (total and metal box of a BWR | High H, High A, Low Signal from outer 2 cm; spectral resolved
spectral) may reduce signal [ or3 rows gamma, ~10 s for ~1 cm
somewhat axial length®
PNAR-FC Some High H, Mfd' A Low Good ~100 s per ~50 cm
SINRD Medium-High High H, Med.-Low A, Signal from outer 2 <15 minutes for 20 cdm for
Low | or3 rows most spent fuel
High H, High A, Low
TN Some | Good ~10 s per ~20 cm
Medium-High for
PWR, the metal box ) Signal from outer Moderately large footprint,
Medium H, Med.- : :
XRF of a BWR may ) few mm of exterior | count time largely dependent
- Low A, Medium | .
significantly reduce pins on number of detectors.
signal

2Could measure multiple assemblies in parallel, severalhours per meter for one assembly.

bSensitivity is very low with a Bremsstrahlungsource and thus not considered a viable option until mono-energetic photon

sources of sufficient technology are available.

‘Many variables canimpact this parameter. number of detectors, attenuator thickness, and collimation. Note: If desirable, the
detection of the 60-keV gamma from24*Am would need a separately designed collimator and no significant attenuation.

dCount time can be more than 1 hourfor one cycle fuel.
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Abstract

Samples taken by safeguards inspectors for verification purposes can be analysed using various
measurement techniques. These are selected according to sample type and analytical or safeguards
requirements. This paper will focus on destructive analysis, describing the most commonly used techniques
and stressing the importance of quality control tools for confidence in measurement results. Some examples
are given of the use of reference materials and of the capabilities of laboratories performing verification
measurements.

1 Introduction

By signing the Treaty on the Non-Proliferation of Nuclear Weapons (NPT), non-nuclear weapon states officially
declare to abandon all efforts to develop nuclear weapons and commit to conclude comprehensive
safeguards agreements enabling the verification of treaty compliance [1]. This verification task is performed
by safeguards inspectorates. Safeguards agreements exist on international level under the protocols of the
International Atomic Energy Agency (IAEA) and on European Union level under the Euratom Treaty [2]. Initially,
safeguards measures focused on the verification of declared activities and declared amounts of material. In
this regard, the technical objective is specified: “the timely detection of diversion of significant quantities of
nuclear material from peaceful nuclear activities to the manufacture of nuclear weapons or of other nuclear
explosive devices or for purposes unknown, and deterrence of such diversion by the risk of early detection”
(INFCIRC/153 corrected [3]). This is verified through independent measurements, hence providing assurance
that nuclear material is not diverted (without being detected) from its declared peaceful use.

In 1991 inspectors detected evidence of a clandestine uranium enrichment programme in lraq, involving
undeclared nuclear material and undeclared activities. This led to the implementation of strengthened
safeguards systems and the publication of INFCIRC/540 [4], also referred to as the Additional Protocol (AP).
The aim was to move from an exclusively quantitative system focused on verification of declared amounts of
nuclear material towards a more comprehensive picture of a state’s nuclear activities for verifying the
absence of undeclared nuclear materials and activities.

Safeguards are a set of technical measures applied to nuclear materials and activities, through which we seek
to independently verify that nuclear facilities are not misused and nuclear material is not diverted from
peaceful uses. These consist of a combination of determination of mass and/or volume and the analysis of
samples taken from the bulk. In safeguards terminology, measurement techniques are characterized as being
"non-destructive" (i.e. without producing significant physical or chemical changes in the item) or as
"destructive” (ie. involving destruction of the physical form of the sample). In other words, “non-destructive”
techniques typically measure entire items (without taking samples) while "destructive" techniques require
sample taking, hence affecting the integrity of anitem. The nuclear material sampling procedure should
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guarantee that the sample is indeed representative of the bulk Furthermore, it has to be ensured that the
sample is not tampered with on its way from the sampling station to the measurement laboratory [5].

The system of measurements applied in nuclear safeguards is requested to comply with the latest standards
or being equivalent in quality to such standards. Analytical methods and measurement techniques in
combination with the correct use of reference materials and quality control tools provide reliable
measurement results for the independent verification of nuclear material and environmental samples [6].

The present chapter addresses the "destructive" techniques and will describe both sets of analytical methodss;
the so-called “bulk sample analysis” for verification of declared amounts of material and the “environmental
sample analysis”, for detection of undeclared nuclear activities.

2 Sample Types in the Facilities

Depending on the nature of the nuclear facility, different types of samples are handled. This includes different
chemical compositions, physical appearance and handling techniques. The key elements of the nuclear fuel
cycle immediately determine the types of samples to be expected [7].

2.1 Mining/Milling

Nuclear material safeguards start when "any nuclear material of a composition and purity suitable for fuel
fabrication or for being isotopically enriched" leaves a facility or a process or enters a State. In consequence,
there is no strictly defined starting point of safeguards. However, with the Additional Protocol and with the
implementation of Integrated Safeguards, also samples of uranium ore concentrate - if of suf ficiently high
purity - are subject to safeguards. Uranium ore concentrates are provided in a variety of chemical
compositions such as uranium peroxide, ammonium di-uranate, sodium di-uranate, ammonium uranyl
carbonate or uranium tri-oxide. Measurement of chemical impurities and of the isotopic composition might be
requested on such samples.

2.2 Enrichment

Uranium hexafluoride (UFg) is the material exclusively handled in commercial enrichment facilities operated
for the production of low enriched uranium (LEU) for the production of reactor fuel. Because of its chemical
properties, UFs has to be handled in closed confinements under dry atmosphere. At ambient temperature UFs
forms a solid. Its high volatility favours the application of thermal transfer processes (i.e. sublimation and
distillation), which serve at the same time to homogenize the material. The °U enrichment as well as the
uranium content are parameters that have to be measured, frequently the minor abundant uranium isotopes
234U and #*®U are also measured. Recently, also the chemical impurities are determined in order to check
consistency of material characteristics with declared processes.

2.3 Fuel Fabrication

There are two major categories of fuel in the civil nuclear fuel cycle: uranium oxide and U/Pu mixed oxide fuel
(MOX) [7]. After conversion of the UFs to UO, the material is first handled in the form of a powder. After
pressing and sintering, pellets are used for the actual fuel pin fabrication. Hence, samples of UO; powder and
pellets have to be analysed for 2**U abundance and uranium content. The fine powders, due to their high
surface area, tend to pick up moisture from the air and consequently show changes in weight. This affects the
analysis results, as the uranium content appears to decrease with increasing moisture pick up. Careful
recording of the sample mass is therefore required in order to correct for this effect (so called weight change
correction).
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MOX fuel is manufactured from uranium and plutonium base materials. Depending on the production process,
U and Pu solutions or U0 and PuO; powders are used as starting materials. These however, are usually not
measured (for safequards purposes) in the fuel fabrication facility as this is already done at the reprocessing
facility. In contrast to that, the products, i.e. the MOX pellets, are intensively verified. These samples have to
be analysed for uranium and plutonium content as well as for their isotopic composition.

In the future new reactor designs, the so-called Generation IV reactor types (Gen 1V), are expected to use
metallic fuels or fuels of high initial U enrichment. The primary goals of Gen IV reactors are to be more
economic, to improve nuclear safety and proliferation resistance while minimizingwaste [7, 8]. Up to now
these kinds of fuels are not commonly used in commercial reactors for electricity generation. They represent
therefore only a marginal fraction of the whole fuel production but are nevertheless of high relevance to
Safeguards Authorities. Samples of these types of fuel are part of the future challenge for the system of
measurements applied in nuclear safeguards.

2.4 Reprocessing

Irradiated nuclear fuel can be reprocessed after an appropriate cooling time. Most of the reprocessing
processes are based on liquid-liquid extraction for the separation of the valuable materials, uranium and
plutonium [7]. Research into pyro-processing of spent fuel is ongoing as part of advanced reactor systems,
but to date the most widely used technique is the so called PUREX process [9, 10]. The first step, therefore, is
to dissolve the fuel. The solution (reprocessing input solution) is stored in the input accountancy tank. Samples
of the solution are taken from this tank. The uranium and plutonium isotopic contents are measured. Samples
of input solutions also contain fission products and some activation products. Because of this and due to the
intense radiation, such samples are difficult to handle and analyse.

The separation of uranium, plutonium and the fission products at the nuclear reprocessing facility results in
concentrated, rather pure solutions of U and Pu. The element content and isotopic composition of U and Pu
are measured on samples from these ‘product’ solutions.The product solutions are used as base material for
oxide powder production. The fissile isotope and element content of these U0, or PuO; or (U,Pu)02 samples
are measured.

3. Information Requested

The analytical requirements depend on the sample characteristics and type of nuclear facility providing the
samples. As already indicated in the previous chapter, a variety of samples of different chemical and physical
properties have to be analysed. The information requested usually focuses on the one hand, onthe uranium
isotopic composition, whereas the 2°U isotope abundance is the most relevant information for safeguards
purposes. The uranium content (or concentration) in a sample also needs to be determined. The combination
of the latter with the mass of the sample, the mass of the bulk and the 2*>U abundance allows the total
amount of fissile uranium to be calculated. If information on the plutonium element content is required, the
plutonium isotopic composition also needs to be known. The combination of results of the sample with the
declarations on the bulk provide the total amount of plutonium.

The *Am concentration, relative to the amount of Pu, allows conclusions on the time of the last plutonium
separation to be made [11, 12].

The facility types, material types and analysis types typically encountered in the fuel cycle are summarised in
Table 1. The third column specifies the sample sizes taken for verification measurement purposes. They are
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specified, such that, the uncertainties arising from sampling are kept to a minimum [13, 14]. It has to be
emphasized that the amount of material actually required for a measurement can be considerably lower.

Table 1: Simplified overview of facility categories, material types, desirable sample sizes and analyses.

Facility Type Material Sample size | Analysis
[13]
Enrichment UFs 4-8 g U conc, U iso.
Fuel Fabrication Solution: UOx?* nitrate solution 20g U conc, Uiso.
Pu nitrate solution Powder: | 1-5¢ Pu conc, Puiso.
uo: 10g U conc, U iso.
PuO; 3x(1-5q) Pu conc, Puiso, Am
conc.
Pellets: UO2 7-20g U conc, Uiso.
MOX 2x(5-10) g U conc, Uiso.
Pu conc, Puiso, Am
conc.
Reprocessing Solution:Spent Fuel 1-5g U conc,, (U iso)
Pu conc, Puiso.
UO2** nitrate solution 10g U conc, (U iso.)
Pu nitrate solution 1-5g Pu conc, Puiso.

4. Sampl