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Abstract 
The Alva Myrdal Centre for nuclear disarmament (AMC) was established in 2021. AMC 
consists of six working Groups, and one of them - Working Group 4 - is called Technical 
nuclear non-proliferation and safeguards. This is the State-of-the-Art Report of that working 
group. The objective with the report is to provide an overview of the technical fields relevant 
to the working group and to highlight where research and activities within the working group 
may contribute to global nuclear disarmament. The report gives a brief explanation of actors 
in the field, introduces nuclear materials and assay techniques, and then continues to elaborate 
on challenges and needs associated with nuclear measurements and assessments in the fields 
of non-proliferation, nuclear safeguards and nuclear disarmament. A section is also devoted to 
the management of nuclear weapons materials after disarmament. Lastly, the report contains a 
section on interdisciplinary research and development in nuclear disarmament, and 
information about technical education and training in the non-proliferation and disarmament 
field.  
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1. Introduction   
Nuclear non-proliferation is a term used to describe efforts to prevent the spread of nuclear 
weapons, weapons materials and associated technologies between states or within them. A 
“horizontal proliferation” is an increase in the number of countries possessing nuclear 
weapons, and “vertical proliferation” is an increase in or modernisation of already existing 
nuclear arsenals [1]. Nuclear disarmament described as an “act of reducing, limiting, or 
abolishing nuclear weapons” [2], is therefore directly related to vertical proliferation, while 
non-proliferation referring to efforts intended to prevent the spread of nuclear weapons refers 
to horizontal proliferation. However, it should be pointed out that there are several definitions 
relating to nuclear disarmament and remarkably, neither the United Nations, nor the rest of 
the international community has developed official definitions of terms “disarmament”, 
“nuclear disarmament”, or “nuclear proliferation”.  
 
The problem of proliferation of sensitive nuclear technologies was probably formulated for 
the first time by the physicist Leó Szilárd in the Einstein-Szilárd letter 1939 [3], six years 
before the first nuclear weapon test in New Mexico, US, and 15 years before the first nuclear 
power plant was launched in Obninsk, Soviet Union. Disarmament and non-proliferation 
efforts were given a further impetus by the nuclear weapon detonations over Japan in August 
1945. The very first resolution adopted by the UN General Assembly during its very first 
session on 24 January 1946 established an UN Atomic Energy Commission (‘UNAEC’) ‘to 
deal with the problem raised by the discovery of atomic energy’, including development of 
‘effective safeguards by way of inspection … to protect complying States against the hazards 
of violations and evasions’. [4]  
 
By the 1960s the number of states that either had nuclear weapons or had dedicated programs 
aimed at their development grew to the point where the need to control nuclear proliferation 
became evident.  
 
Years of international negotiations finally resulted in the opening for signature of the Treaty 
on the Non-Proliferation of Nuclear Weapons (NPT) [5], a treaty with three objectives: to 
“prevent the spread of nuclear weapons and weapons technology, to promote cooperation in 
the peaceful uses of nuclear energy and to further the goal of achieving nuclear disarmament 
and general and complete disarmament”. These objectives are widely referred to as “three 
pillars” of the NPT: 

• Non-proliferation (Articles I, II, and III),  
• The right to use nuclear energy for peaceful purposes (Article IV) and  
• Nuclear disarmament (Article VI).  

 
Articles I and II of the NPT distinguish its States Parties into two categories: “nuclear-weapon 
states” (i.e. ones that “manufactured and exploded a nuclear weapon or other nuclear 
explosive device prior to 1 January 1967”), and “non-nuclear-weapon states” (i.e. the rest of 
the States Parties). The Article III requires that non-nuclear-weapon states conclude 
safeguards agreements with the International Atomic Energy Agency (IAEA) that will allow 
the verification system to be in place “with a view to preventing diversion of nuclear energy 
from peaceful uses to nuclear weapons or other nuclear explosive devices”. Although article 
VI of the NPT concerns nuclear disarmament, it does not specify at which point in time this 
should take place. 
 
The nuclear non-proliferation regime is a broad international framework of agreements and 
organizations aimed at preventing the spread of nuclear weapons, which also contributes to 
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arms control and disarmament progress. The nuclear non-proliferation regime consists of [6]: 
 

• International treaties (e.g. the NPT and the Comprehensive Nuclear-Test-Ban Treaty) 
• Regional and bilateral agreements (e.g. Treaty of Tlatelolco) 
• Voluntary (non-binding) agreements (e.g. Nuclear Suppliers Group) 
• International organisations (e.g. the IAEA) 
• Domestic agencies, laws, regulations, and policies of participating countries 

implementing the nuclear non-proliferation regime at a national level. 
 
The NPT is central not only to nuclear non-proliferation, but also to nuclear disarmament. 
Until the very recent Treaty on the Prohibition of Nuclear Weapons (TPNW), there was no 
international framework of agreements and organisations, as described above, aimed at 
nuclear disarmament that would be ubiquitous and robust enough to be comparable with the 
nuclear non-proliferation regime outlined above, or to be widely referred to in the literature as 
a “nuclear disarmament regime”. In principle, the basis for the future “nuclear disarmament 
regime” has been established with the TPNW. The TPNW aims to achieve and maintain “a 
world free of nuclear weapons, including the irreversible, verifiable and transparent 
elimination of nuclear weapons”, as envisaged in the NPT Article VI. However, the remaining 
components of the nuclear disarmament regime are still lacking (regional and bilateral 
agreements; voluntary agreements; international organisations; and domestic agencies, laws, 
regulations and policies). 
 
For a very brief overview of non-proliferation and disarmament treaties that are referred to in 
this work, the reader is referred to Appendix A. 
 

1.1. Description of this report 
This report provides an overview of the field of technical disarmament-relevant research of 
relevance to the Working Group 4 (WG4) of the Alva Myrdal Centre for Nuclear 
Disarmament at Uppsala University. This overview has been made with the use of open-
access information and published research works.  
 
Section 2 describes a seminar series arranged during 2021 to increase awareness of current 
research and activities in the field. Section 3 gives a brief overview of selected actors in the 
field. The objective is not to provide a comprehensive summary of all actors, but to give a 
sample of where and by whom technical research is conducted. Section 4-7 describe 
information related to research fields of interest, relevance or importance to WG4, and 
possibly also other working groups under AMC as also interdisciplinary research topics are 
included. The selection has been based on the interest and competence of the authors of this 
report and does not aim at providing a comprehensive overview of all possible technical 
challenges in the field. Section 8 presents an overview of available education programmes, 
courses and teaching material on technical non-proliferation and disarmament. It is intended 
to serve as a foundation for identifying gaps in the field of education and training. Section 9 is 
the forward-looking section of the report and deals with the issue of how to proceed with 
activities in WG4 of AMC. The intention is to point out specific research topics, areas and 
challenges that need of further research and development, and that could potentially be 
tackled by the centre or by WG4.  
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2. Seminar series and involvement of experts   
As a first step to raise awareness of actors and research topics of relevance to WG4 and AMC 
as a whole, a seminar series was launched in WG4. The seminars took place in October-
December of 2021, and representatives from national as well as international bodies were 
invited to introduce themselves, their institutes and a selection of disarmament-related 
activities. The complete list of presenters, institutions and seminar titles is found in Table 1.  
 
Table 1. Seminar series arranged by WG4 at the AMC during the fall of 2021. 
Presenter Institute  Country Title of seminar 
Eduardo Padilla  
 

Sandia National 
Laboratory 

USA Trusted Verification Tools and 
Concepts 

Alessandro 
Borella 

SCK CEN Belgium A measurement campaign in support of 
technologies for disarmament 
verification 

Anders Ringbom Swedish Defence 
Research Agency 
(FOI) 

Sweden Nuclear weapons from FOI:s 
perspective 

Sibylle Bauer  Stockholm 
International Peace 
Research Institute 
(SIPRI) 

Sweden A short introduction to Sipri 

Bob Kelley Stockholm 
International Peace 
Research Institute 
(SIPRI) 

Austria Denuclearizing Nuclear States 

Gerald Kirchner Hamburg University Germany The Carl-Friedrich von Weizsäcker 
Centre for Science and Peace Research:  
Who we are and what we do 

Gerald Kirchner Hamburg University Germany Radioactive noble gas isotopes for 
monitoring the Comprehensive Test 
Ban Treaty (CTBT): potentials and 
limitations 
 

Malte Göttsche Aachen University Germany Verifying Fissile Material Inventories in 
Nuclear Weapon States 

Moritz Kütt Institute for Peace 
Research and 
Security Policy at the 
University of 
Hamburg 

Germany How can Applied Nuclear Physics 
support the goal of a Nuclear-Weapons-
Free World? 

Jacob Benz Pacific Northwest 
National Laboratory 
(PNNL) 

USA Concepts and Approaches in Arms 
Control 

Glen Warren Pacific Northwest 
National Laboratory 
(PNNL) 

USA Technologies in Arms Control  
 

Alexander Glaser Princeton University USA Keeping Secrets at a Distance: 
Verification Approaches for Deeper 
Reductions in the Nuclear Arsenals 
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An invitation to participate in the seminar series was sent out to all working groups of AMC, 
and recordings as well as material from the seminars were made available to the AMC 
members. 
 
In addition to the seminar series, WG4 involved Robert E. Kelley and Vitaly Fedchenko from 
SIPRI (see Table 1) in the work of WG4. Kelley has unique insight and hands-on experience 
on nuclear disarmament and during 2021 and 2022, he visited Uppsala University to give 
additional seminars on selected topics, arrange workshops and exchange ideas and proposals 
on research of relevance to AMC as a whole and WG4 specifically. He has also since many 
years collaborated with SIPRI and Vitaly Fedchenko, who also was involved in WG4 during 
2021 and 2022 by contributing to the exchange of ideas and discussions on research under 
AMC and WG4 and giving a seminar. 
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3. Actors in the field  
This section aims to illustrate and give examples of actors in the field of technical (as opposed 
to policy) non-proliferation and disarmament research. The motivation behind this survey is 
that these actors make up the context in which WG4 of the AMC will be active. We argue that 
it is important to be aware of what is done by others to avoid duplicating work, and also to 
identify key expert and institutes that could be valuable to collaborate with in the future.  
  
The section first describes the Swedish actors in the field, and then foreign actors in Europe 
and the United States. A third subsection is devoted to describing relevant organisations, 
initiatives and collaborations that collect several international partners involved in R&D in 
order to promote or perform research in the field. The information about the different 
organisations is found in the provided references, or in the seminar series arranged by UU 
during 2021.  
 

3.1. Swedish actors 
The main actors in Sweden on technical nuclear disarmament are described in this section. 
 

3.1.1. Swedish Defence Research Agency 
The Swedish Defence Research Agency (Totalförsvarets förskningsinstitut, FOI) provides 
technical expertise on nuclear weapons issues. FOI is active within two technical areas; one 
related to assessing the threat from nuclear weapons, and one which targets verification issues 
mainly from nuclear test explosions. FOI is a world leader in the area of detecting noble gases 
from nuclear test explosions. FOI is also active within the area of security policy and provides 
technical facts that may impact Sweden’s foreign policy making. [7] With respect to nuclear 
non-proliferation, FOI is also analysing IAEA reports to assess different State’s technical 
nuclear capabilities, and they also participate in the technical work of the Nuclear Supplier 
Group’s export regime. [8]  
 
FOI’s activities are largely funded via grants from the Swedish Ministry of Defence and the 
Ministry for Foreign Affairs as well as commissions from the Comprehensive Nuclear Test-
Ban Treaty Organization (CTBTO) and the Swedish Radiation Safety Authority (SSM). [7] 
 

3.1.2. Stockholm International Peace Research Institute 
The Stockholm International Peace Research Institute (SIPRI) is an independent international 
institute dedicated to research into conflict, armaments, arms control, disarmament and non-
proliferation,. Established in 1966, SIPRI provides data, analysis and recommendations, based 
on open sources, to policymakers, researchers, media and the interested public. SIPRI also 
offers expertise in a range of topics relevant to nuclear disarmament such as verification and 
the implementation of international treaties dual-use export controls, emerging technologies, 
nuclear postures and doctrines, regional security dynamics, global geopolitics, climate change 
and military nuclear spending. The yearly SIPRI Yearbook is a source of original data on 
military expenditure, international arms transfers, arms production, nuclear forces, fissile 
material stockpiles, and many other subjects related to peace and conflict research. [9] 
 
SIPRI is leading the EU Non-Proliferation and Disarmament Consortium (EUNPDC) since 
2010, managed jointly with five other European institutes, in close cooperation with the High 
Representative of the Union for Foreign Affairs and Security Policy. The EUNPDC 
constitutes the core of a wider network of 102 independent non-proliferation and disarmament 
think tanks, research institutes and university departments across Europe and including all EU 
Member States. [10] 



11 
 

 
SIPRI is supported by annual grants from the Swedish Government, but also relies on the 
financial support of independent foundations. [11] 
 

3.1.3. Swedish Radiation Safety Authority 
The Swedish Radiation Safety Authority (Strålsäkerhetsmyndigheten, SSM) supports nuclear 
non-proliferation in the national and international arena through documenting the national 
inventories of nuclear material, managing (in collaboration with other parties) export control 
of material and equipment and participating in and contributing to IAEA activities. The SSM 
serves as the official point of contact for the IAEA in the role of the State System of 
Accounting for nuclear materials.  The SSM also reviews nuclear material and nuclear 
products prior to export from Sweden and decides whether the export is allowed. SSM is also 
a member of the European Safeguards Research and Development Association (ESARDA). 
[12] 
 
SSM was also tasked by the Swedish government to provide technical expertise supporting 
the NPT review conferences, the 2010-2016 Nuclear Security Summits, the International 
Partnership for Nuclear Disarmament Verification (IPNDV) and the Quad Nuclear 
Verification Partnership (Quad). Within Quad, SSM is represented in the working group 
"Verification Strategies". [13] More information on IPNDV and Quad can be found in section 
3.3 of this report. 
 

3.1.4. Uppsala University 
At Uppsala University, research on techniques and methods used for safeguarding the nuclear 
fuel cycle has been performed at the Division of Applied Nuclear Physics in the Department 
of Physics and Astronomy since 1989. The research activities are focused on the development 
of technical instrument techniques, approaches and analysis techniques to support the global 
community as a whole, and particularly the IAEA and the SSM. Researchers at the division 
have experience of simulating, measuring and analysing nuclear materials, nuclear fuel cycles 
and irradiated nuclear fuel. They have also experience of assessing and developing 
capabilities of non-destructive assay techniques and instruments, making proliferation 
resistance assessments, and developing new and improved analysis techniques. Examples of 
techniques and methods include passive gamma-ray spectroscopy, single-photon emission 
computed tomography, Cherenkov light detection, neutron detection and machine learning 
analysis techniques. [14] 
 
At Uppsala University, the newly established Alva Myrdal Centre will carry out inter-
disciplinary research on nuclear disarmament, involving the research fields of peace and 
conflict research, applied nuclear physics, artificial intelligence and political sciences. [15]  
 

3.2. Foreign actors  
There are a large number of actors involved in technical disarmament-related research outside 
of Sweden. Many prominent ones are mentioned here. Based on previous experience of 
collaborations primarily in the non-proliferation and safeguards area, the list of actors is 
currently dominated by actors in Europe and North America.  
 

3.2.1. Germany 
In the seminar series, a number of German institutes were represented. One representative 
from the Institute for Peace Research and Security Policy at the University of Hamburg 
(IFSH) [16] presented an overview of the Carl-Fredrich von Weizsäcker Centre for Science 
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and Peace Research. The institute performs research on various verification procedures and 
technologies for implementation of multinational treaties on nuclear weapons. Of specific 
interest here is the development of ultra-sensitive analytical method for detecting Kr85 in air 
as well as research on noble gas isotopes as indicators for clandestine testing of nuclear 
weapons. In addition, the institute performs research on procedures and technologies for 
verifying the disarmament of nuclear weapons. 
 
The Rheinisch-Westfälische Technische Hochschule Aachen at Aachen University [17], also 
performs research on nuclear disarmament. Here, efforts are focused on nuclear archaeology 
and techniques involving machine learning, AI and data mining to assess stockpiles of fissile 
weapons material.  
 
Also, Forschungscentrum Jülich has a prominent position in R&D on nuclear disarmament, 
primarily on nuclear disarmament verification [18]. The centre is a party of the IPNDV (see 
section of 3.3 of this report) and hosted a nuclear disarmament verification exercise in 2019 
[19].  
 

3.2.2. The United Kingdom 
The Verification Research, Training and Information Centre (VERTIC) [20] was established 
in 1986 as a non-profit organisation that supports development, implementation and 
verification of international agreements. The organisation works with research, 
implementation and verification techniques in the areas of nuclear materials, environment and 
sustainable development, conventional as well as cyber-weapons, chemical weapons 
precursors, and pathogens and toxins. In the area of nuclear materials, three focus areas are 
identified: non-proliferation, disarmament and nuclear testing. 
 
The Atomic Weapons Establishment (AWE) is a defence research facility with responsibility 
for managing nuclear weapons in the UK. With respect to non-proliferation, AWE is involved 
in CTBT monitoring of seismic and infrasound signatures. AWE also provides expertise to 
the Ministry of Defence for arms control verification, monitoring techniques and nuclear 
testing. [21] AWE has a department for nuclear threat reduction, wherein experts participate 
in counter proliferation and non-proliferation missions [22]. 
 

3.2.3. Finland 
In Finland, the Radiation and Nuclear Safety Authority (STUK) is active within the 
International Partnership for IPNDV and provides technical advice to the Ministry for Foreign 
Affairs on IPNDV-related matters. Within IPNDV, STUK has been involved in all three 
phases. An example of their recent involvement can be found in [23]. STUK is also involved 
in work connected to the CTBTO. 
 

3.2.4. Norway 
In Norway, a number of different institutes are involved in nuclear disarmament activities, 
such as the Norwegian Defence Research Establishment (FFI [24]), the Norwegian Radiation 
and Nuclear Safety Authority (DSA) [25], the Institute for Energy Technology (IFE) [26] and 
the Norwegian Seismic Array (NORSAR) [27], the last with specific competence in 
seismology. Norway has historically shown an interest to engage in nuclear disarmament 
activities on a system level through their involvement in the UK-Norway Initiative (UKNI) 
(see section 3.3.5), aiming to bring together nuclear weapon states and non-nuclear weapon 
states to tackle challenges associated with nuclear weapon arms control and disarmament 
verification. More recently, representatives from Norway have also taken part in the Quad 

http://www.awe.co.uk/
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[28] and specifically the LETTERPRESS exercise [29, 30], and IPNDV (see section 3.3.5 of 
this report for more information). The Norwegian interests include for example the analyses 
on a system level, the development of disarmament procedures, but also more technical work 
such as the use of Gamma Spectrometry in the UKNI Information Barrier Project [31]. 
 

3.2.5. France 
The “Alternative Energies and Atomic Energy Commission”, or CEA, in France is a major 
government-funded research organisation and successor to the French Atomic Energy 
Commission as of 2010, with responsibility for both the manufacture of nuclear weapons and 
nuclear submarines. The organisation provides nuclear disarmament expertise to French 
authorities in issues such as the CTBT verification methods, nuclear, radiological, biological, 
chemical and explosive terrorism and cybersecurity [32]. 
 

3.2.6. USA 
In the US, there are a number of United States Department of Energy National Laboratories, 
as well as universities involved in nuclear disarmament research.  
 
Los Alamos National Laboratory (LANL) 
The Los Alamos National Laboratory designed the first atomic bombs and has designed about 
half of the nuclear weapons in the US stockpile. It has a division dedicated to safeguards 
technology, which specialises in nuclear measurements and instrumentation that are 
eventually transferred to the IAEA.  Many of the items developed at Los Alamos are patented 
and transferred to private industry for wider applications especially at the IAEA.  It supports 
the IAEA in many ways including hands-on training in Los Alamos of all new IAEA 
inspectors as part of their IAEA training. More information can be found in [33]. 
  
Lawrence Livermore National Laboratory (LLNL) 
The Lawrence Livermore Laboratory was founded in 1952 to develop the thermonuclear 
bomb.  It has designed roughly the other half of US stockpiled weapons versus Los Alamos.  
The Laboratory has supported nuclear non-proliferation in many ways throughout its 
existence.  Its Centre of Excellence for nuclear forensics has developed key capabilities that 
are not only crucial for nuclear security, but can also be used in the nuclear disarmament 
applications [34]. 
 
Sandia National Laboratories (SNL) 
SNL has historically designed and produced many of the non-nuclear components of nuclear 
weapons, such as firing systems, safing systems, bomb cases and parachutes and neutron 
generators. The laboratory is heavily involved in matters concerning nuclear deterrence and 
arms control [35, 36]. Sandia is also active in several areas relevant to nuclear disarmament:  

i) strategic engagements with universities and states (such as IPNDV and Quad),  
ii) warhead verification (which involves e.g., radiation measurements and information 

barriers),  
iii) chain of custody (such as tags, seals and surveillance) and  
iv) authentication and certification (for example how to trust the use of commercial 

electronics).  
 
Items such as surveillance cameras in use by IAEA were developed at Sandia.  The 
technology was transferred to private companies for commercial development. During the 
presentation in the seminar series, efforts on specifically disarmament verification, 
information protection and information barriers were elaborated on. In CVT and other 
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consortia, Sandia hosts students for internships and is active in a number of projects that vary 
from time to time.  
 
The Pacific Northwest National Laboratory (PNNL) 
The Pacific Northwest National Laboratory is involved in research activities related to both 
non-proliferation, safeguards and nuclear disarmament [37]. In connection with the 
presentation given in the seminar series, it was made clear that PNNL contributes to various 
projects on technologies and approaches (including measurement techniques) for verification 
and arms control purposes, authentication/certification of equipment as well as developments 
within chain of custody.  
 
Oak Ridge National Laboratory (ORNL) 
Oak Ridge National Laboratory was established as a part of the Manhattan Project to produce 
and separate plutonium for the first nuclear weapons. Over time, ORNL developed into an 
international center to study nuclear energy and related research. In the 1970’s ORNL’s 
mission broadened further, and today ORNL is also engaged in the treatment and disposition 
of legacy radioactive wastes and nuclear materials stored at the site. Much of that work is 
done in the Y-12 National Security Complex is a manufacturing facility located in Oak Ridge, 
Tennessee. [38] 
 
The Nuclear Non-proliferation Division at ORNL performs research and development to 
detect, characterise, and monitor foreign nuclear fuel cycle activities and nuclear explosions. 
They also develop concepts, approaches, and technologies to strengthen global safeguards and 
security for nuclear and radiological material. In addition they engage with and provides 
scientific and operational solutions to federal agencies to enhance international nuclear non-
proliferation regimes. Finally they also develop and deploy software to support missions of 
the National Nuclear Security Administration.  More information can be found in [39]. 
  
A team largely of Oak Ridge scientists lead the effort to extract highly enriched uranium from 
Kazakhstan after the collapse of the Soviet Union and its security systems. Oak Ridge 
provided detailed assessments of gas centrifuges found in the illicit uranium enrichment 
program in Libya in 2004. The findings contribute to a better understanding of how to assess 
enrichment programs in Pakistan, Iran and elsewhere. 
 
Savannah River National Laboratory (SRNL) 
The Savannah River National Laboratory (SRNL) plays an instrumental role in detecting and 
deterring illicit transfers of weapons-usable materials and equipment, preventing the spread of 
sensitive nuclear weapons technology, and developing cutting- edge nuclear detection 
technologies. More information can be found in [40]. 
 
Princeton University 
The Princeton University Program on Global Science and Security is actively involved in 
disarmament-related research activities. The university hosts a School of Public and 
International Affairs, where a program on Science and Global Security has existed since 
2016. The program deals with various aspects of nuclear disarmament-relevant issues such as 
nuclear arms control, nuclear non-proliferation, and next-generation nuclear energy with the 
common denominator to investigate technologies to reduce the risks to the international 
community from the production, stockpiling, and use of nuclear-weapon-usable materials. 
The Program publishes the respected peer-reviewed non-proliferation journal known as 
Science and Global Security. [41] 
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Middlebury Institute of International Studies at Monterey  
The Monterey Institute of International Studies was founded in 1955 and merged with 
Middlebury College in 2010 to form the Middlebury Institute of International Studies at 
Monterey (MIIS). MIIS produces many country-specific studies on countries related to 
nuclear non-proliferation. In recent years MIIS has become a very prominent voice in public 
discussion of non-proliferation and is frequently cited in media articles. The focus of MIIS is 
on technical aspects of analysis, and it has become a leader in the merging of satellite imagery  
and open-source information. The James Martin Center for Nonproliferation Studies at MIIS 
[42] publishes the Nonproliferation Review [43] - a refereed journal concerned with the 
causes, consequences, and control of the spread of nuclear, chemical, and biological weapons. 
MIIS has an office in Vienna that follows policy issues and developments at the IAEA, 
CTBTO and other UN organisations located there and conducts training courses for students 
and diplomats.  
 
Consortia merging American universities and national laboratories 
The Consortium for Verification Technology (CVT) [44], was established in 2014 as a five-
year effort, comprising twelve U.S. universities and nine national laboratories to address 
technological as well as policy challenges related to the monitoring of treaty compliance, 
including non-proliferation and safeguards. The idea was that the universities and laboratories 
should collaborate on six specified areas, namely (i) treaty verification: characterizing 
existing gaps and emerging challenges, (ii) fundamental data and techniques, (iii) advanced 
safeguards tools for accessible facilities, (iv) detection of undeclared activities and 
inaccessible facilities, (v) disarmament verification, and (vi) education and outreach, and that 
new instruments and methods for non-proliferation, safeguards and arms-control should be 
delivered within the period [45]. As a follow-up of the CVT, a second consortium was 
established - the Consortium for Monitoring, Technology and Verification (MTV) – 
comprising 14 U.S. universities1 and 13 national laboratories2, led by the University of 
Michigan [46]. The objective of the new consortium, as listed on the homepage, is to both 
support the development of new technologies to detect and deter nuclear proliferation 
activities, and to support human capital development by training the next generation of 
nuclear professionals. The targeted areas for MTV are “(i) fundamentals of nuclear and 
particle physics, (ii) signals and source terms for nuclear non-proliferation, and (iii) nuclear 
explosion monitoring. Cross-cutting areas of MTV include: (1) modelling and simulation, (2) 
nuclear policy, and (3) education and outreach”. 
 

                                                 
1 The universities are: Columbia University, Georgia Institute of Technology, Massachusetts 
Institute of Technology, Penn State University, Princeton University,  Texas A&M 
University, UC Berkeley, University of Florida, University of Hawaii, University of 
Michigan, University of New Mexico, University of Tennessee Knoxville, University of 
Wisconsin, and Virginia Polytechnic Institute and State University  
2 The national laboratories are: Argonne National Laboratory, Brookhaven National 
Laboratory, Idaho National Laboratory, Los Alamos National Laboratory, Lawrence Berkeley 
National Laboratory, Lawrence Livermore National Laboratory, Nevada National Security 
Site, Oak Ridge National Laboratory, Pacific Northwest National Laboratory, Princeton 
Plasma Physics Laboratory, Sandia National Laboratory, Savannah River National 
Laboratory, and Y-12 National Security Complex 
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3.3. International organisations, initiatives and consortia  
Much research and activities that aim to detect and deter the proliferation of nuclear weapons 
is done in international collaboration facilitated through an international organisation, an 
initiative or a consortium. This part of the report mentions a few of the most important such 
actors. 
 

3.3.1. International Atomic Energy Agency 
The IAEA is perhaps the best known treaty verification organisation, and was established in 
1957 by the United Nations to promote peaceful and safe use of nuclear technologies. The 
IAEA has a formal mission, guided by the Member States, which concern three main areas: i) 
safety and security, ii) science and technology, and iii) safeguards and verification. [47] The 
IAEA owes its powers and mandate to the NPT. The IAEA has no enforcement powers - it is 
not a regulator, and it does not supervise member states’ activities, it only audits them. The 
powers of the IAEA are limited by the organisation's mandate, which is to verify declared 
nuclear materials in countries that accept the NPT and agree to IAEA nuclear material 
safeguards. Nuclear safeguards is based on material accountancy and control, and verification 
is done with specialized instrumentation for direct measurements of nuclear materials in the 
control of a state. It is not in the IAEA's mandate to look for hidden nuclear weapons 
programs, or nuclear weapons.  The Model Additional Protocol (AP) [48] adopted in the late 
1990s gives IAEA rights to ask questions and pursue questions about locations and 
information about nuclear materials, but not about nuclear weapons. The IAEA is an 
independent organisation and not part of the United Nations.  It is closely aligned with the UN 
in administrative affairs.  In its verification role, it reports significant deviations from nuclear 
materials verification to the President of the UN Security Council and not to the Secretary 
General.  
 
In addition to being the world’s principle nuclear materials safeguards organisation, the IAEA 
has other main missions. It is a leader in training and guidance development for the Member 
States in nuclear security of nuclear and other radioactive materials. It manages international 
resources for nuclear data collection and dissemination. It encourages the development of 
nuclear techniques for the benefit of society in the fields of medicine, application of isotopes 
and nuclear techniques and measurement. It provides technical support to existing and new 
nuclear power and nuclear fuel cycle facilities. It provides grants to Member States through its 
technical cooperation programs.  
 

3.3.2. Euratom 
Under the Euratom Treaty [49] from 1957, efforts were made to stimulate the European 
nuclear industry and along with it came the application of full-scope safeguards on all 
member states. Euratom today funds research and training programmes on fission and fusion 
research with regular intervals (the so-called “Euratom Research and Training Programme”), 
as a complement to Horizon Europe which covers nuclear research and innovation.  
In addition, Joint Research Centres (JRCs) under the European Commission complement 
research carried out in member states in the areas of nuclear safety, security, safeguards and 
non-proliferation, and also facilitated nuclear training and knowledge management. To 
promote and stimulate doctoral and postdoctoral training, the Marie Skłodowska-Curie 
Actions support mobility programmes. 
 

3.3.3. Comprehensive Nuclear-Test-Ban Treaty Organization 
The Preparatory Commission for the CTBTO was founded in 1996 and is based in Vienna. 
The objective of the organisation is to make sure that nuclear test explosions do not remain 

https://www.ctbto.org/the-organization/
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undetected, and the foundation for that verification is the CTBT. As of 1 January 2022 the 
CTBT had been ratified by 172 states and signed by an additional 14 states. However, before 
the CTBT can enter into force, it must be ratified by 44 states named in the treaty’s Annex 2, 
which all had nuclear power or research reactors when the treaty was negotiated. China, 
Egypt, India, Iran, Israel, North Korea, Pakistan and the USA signed but have not yet ratified 
the treaty, where India, North Korea and Pakistan are yet to sign the treaty. The most 
important tasks for CTBTO are hence to promote the CTBT so that is can enter into force, and 
to build up the verification regime and prepare for future activities, such that verification of 
test explosions can be made immediately once that the treaty enters into force. That will be 
possible using the International Monitoring System (IMS) comprising hundreds of facilities 
worldwide that use different technologies to verify test explosions, together with the use of 
on-site inspections. The CTBTO headquarters are also responsible for the International Data 
Center that receives data from the IMS, processes it and distributes it to the Member States. 
Worth mentioning is also that signals from the IMS can be used also for other purposes such 
as to issue tsunami warnings and track the dispersion of radioactivity after nuclear accidents. 
[50]. A more complete description of the CTBT and CTBTO can be found in Appendix B. 
 

3.3.4. United Nations Offices 
UNODA 
The United Nations Office for Disarmament Affairs (UNODA), was established in 1998 and 
works to advance international peace through the elimination of nuclear weapons and other 
weapons of mass destruction and the regulation of conventional arms. [51] 
 
UNIDIR 
The United Nations Institute for Disarmament Research (UNIDIR), based in Geneva and 
established in 1980, is a “voluntarily funded, autonomous institute within the United Nations” 
policy institute under the United Nations, which means that it is funded through governments 
and donor foundations. UNIDIR supports the international community with innovative 
thinking and new ideas as well as suggested solutions to already identified security and 
disarmament challenges and problems. UNIDIR collects states, international organisations, 
civil society, the private sector and academia under one umbrella and promotes them to work 
together. Topics on the research agenda are for instance weapons of mass destruction and 
other strategic weapons, security and technology, conventional arms, gender and 
disarmament. [52] 
 

3.3.5. Influential International Non-Governmental Organisations (NGO) 
UK-Norway Initiative (UKNI) 
The UK-Norway Initiative (UKNI) is a first-of-its-type collaboration between a Nuclear 
Weapon State (NWS) and a Non-Nuclear Weapon State (NNWS), which supports the aims of 
Article VI in the NPT by investigating the technical and procedural challenges of verifying 
possible future nuclear disarmament and arms control agreements. Beginning in 2007 and still 
operating, the UKNI has successfully demonstrated how states can cooperate in this important 
and politically sensitive area. [53] 
 
International Partnership for Nuclear Disarmament Verification (IPNDV) 
The IPNDV is an ongoing international initiative that includes more than 25 countries with 
and without nuclear weapons. IPNDV was established by the United States government and 
the think tank Nuclear Threat Initiative (NTI). In Sweden, the Ministry of Foreign Affairs 
(UD), FOI and SSM are participating in the partnership. Jointly, the partners identify 
challenges associated with nuclear disarmament verification (such as monitoring and 
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verifying nuclear disarmament) and develop potential procedures and technologies to address 
those challenges. IPNDV is also involved in activities aimed to informing states about the 
complexities of nuclear disarmament efforts, and in building international competence and 
expertise. [54] Currently, phase 3 in the partnership is ongoing [55], in which further 
development, testing and evaluation of concepts and verification techniques will be performed 
with the aim to support future disarmament. 
 
Quad Nuclear Verification Partnership (Quad) 
The Quad was established by Norway, Sweden, the United Kingdom, and the United States in 
2015, and builds on the experience of UKNI and the UK-US verification and arms control 
exercises. The Quad tackles challenges associated with verifying that nuclear disarmament 
has taken place. In 2017, the Quad arranged an exercise known as LETTERPRESS, where the 
participants practiced and gained insight in practical considerations around the deployment of 
monitoring techniques and various verification techniques under realistic conditions. Until 
2025, the Quad will focus on verification strategies, and verification technologies. The results 
of the work will be presented to the international community in connection with the NPT 
2025 review cycle. [56] 
 
EUNPDC 
EUNPDC stands for the EU Non-Proliferation and Disarmament Consortium. In July 2010 
the Council of the European Union issued a Decision 2010/430/CFSP establishing “a 
European network of independent non-proliferation think tanks, in support of the 
implementation of the European Union strategy against Proliferation of Weapons of Mass 
Destruction”. The idea was to create a network that brought together foreign policy 
institutions and research centers across the EU, and that it would promote political and 
security-related dialogues aiming to combat the proliferation of weapons of mass destruction 
(WMD) and their delivery systems. As of 2022, the network is coordinated by a consortium 
comprising of six organisations: Fondation pour la Recherche Stratégique (FRS), the Peace 
Research Institute Frankfurt (HSFK/ PRIF), the International Institute for Strategic Studies’ 
Europe Office in Berlin (IISS-Europe), the International Affairs Institute in Rome (IAI), the 
Vienna Center for Disarmament and Non-Proliferation (VCDNP), and SIPRI. The consortium 
is tasked with the practical implementation of the network and bringing together a large 
number of think tanks and research centers in the European Union. The Consortium arranges 
expert and consultative meetings, conferences, seminars, and produces reports, 
recommendations and policy papers to the office of the High Representative of the Union for 
Foreign Affairs and Security Policy, other European institutions, and the general public. The 
EUNPDC also produces publications on non-proliferation and disarmament issues, offers 
training in relevant subjects, internships, and proliferation awareness training for specialists in 
natural sciences and other relevant fields. [57] 
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4. Fundamentals on materials, assay techniques and weapon principles 
Of special interest and relevance of activities in WG4 are sensitive materials, primarily 
nuclear materials, that can be used to manufacture nuclear weapons, as well as techniques 
used to assay such materials. Because practically all technical research and development 
needs relating to nuclear disarmament are related to the detection or characterisation of such 
materials, this report includes a section outlining the basic information.  
 

4.1. Classification and properties of materials 
In the context of nuclear weapons, disarmament, non-proliferation and safeguards, there exist 
categories and classification of materials that are often used and referred to. Nuclear weapons 
consist of a number of key components. One of these components is the nuclear material in 
which the neutron chain reaction takes place. Nuclear material can be further classified based 
on their properties [58-60], which describe their usability in a nuclear weapon or to produce 
weapons-usable nuclear material: 

 
• Fissile materials:  

Materials where a neutron with low (thermal) energy can cause fission. These nuclei 
can thereby sustain a neutron chain reaction at any neutron energy. Examples include 
233U, 235U, 239Pu and 241Pu.  
 

• Fissible materials: 
Material with a bare critical mass that can sustain a chain reaction with fast neutrons 
(or fission spectrum neutrons) under certain conditions. These materials do not 
undergo fission with thermal neutrons. Examples are 237Np and 241Am. 
 

• Fissionable materials:  
Non-fissile materials that can undergo fission if the neutron has sufficiently high 
energy. That is, the nuclei can be made to fission if bombarded with high-energy 
neutrons (typically above a few MeV). Examples include 238U, 240Pu and 242Pu. Note 
that also fissile nuclei can be made to fission with fast neutrons. 
 

• Fertile materials: 
A material that is not in itself fissile, but can become fissile after absorbing a neutron 
(for instance by irradiation in a reactor). Examples are 238U and 232Th. 
 

A number of fissile nuclei exist (as can be seen in the bullet list above), but 235U and all 
plutonium isotopes (although not all are fissile) are the most relevant ones in a nuclear non-
proliferation and disarmament context. However, also other nuclei that could in principle be 
used in a nuclear weapon, such as the fissile isotope 233U produced through neutron capture in 
232Th [61]. There are also non-fissile isotopes that can sustain a nuclear chain reaction under 
certain circumstances, such as 241Am and 237Np  [60, 62]. The term critical mass is used to 
denote the mass of a specific isotope that is needed to make the chain reaction self-sustaining. 
A list of critical masses for a range of nuclides can be found in [63]. 
  
Uranium is often classified according to its 235U enrichment, which means the fraction of 235U 
in the uranium. If the enrichment is at or above 20% it considered highly enriched uranium 
(HEU), otherwise it is considered low-enriched uranium (LEU).  HEU is often mistakenly 
thought of as weapons-usable material, but uranium used in a nuclear weapon is typically 
enriched to above 90%. Plutonium is usually classified into different categories or grades 
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depending on the suitability of the material for different purposes. These grades are not in 
general well defined. According to [64], the three grades are: 
 

• Reactor-grade plutonium (RG-Pu):  
240Pu content over 19% 
 

• Fuel-grade plutonium (FG-Pu) 
240Pu content between 7 and 19% 
 

• Weapons-grade plutonium (WG-Pu):  
Plutonium with less than 7% 240Pu 
 

However, slightly different definitions can be found in e.g. [65] and [66]. In practise however 
it is not only the amount of 240Pu that determines the usability of the material in a nuclear 
weapon, as can be seen in e.g. reference [67]. The usefulness of a particular material for 
manufacturing a nuclear weapon depends on the exact isotopic composition, as this 
determines parameters such as the critical mass, the neutron and gamma-ray emission rates, 
and the heat generation [63]. For plutonium, there is potential for more variation in the 
isotopic vector than for HEU. An important difference between the plutonium isotopes is the 
difference in spontaneous-fission rate, which is considerably greater for the even-numbered 
isotopes 238Pu, 240Pu, 242Pu than for the odd ones 239Pu and 241Pu [68]. As a result, amounts of 
even-numbered plutonium isotopes are minimized in a nuclear weapon (NW) to reduce the 
risk for pre-mature initiation of the neutron chain reaction [69]. A premature detonation, or a 
"fizzle", will significantly reduce the explosive yield of the weapon. Nonetheless, it has been 
contended that a plutonium-based nuclear weapon, albeit with a lower yield, could be 
manufactured from virtually any plutonium isotopic composition [67].  
 
The IAEA has for safeguards purposes defined so-called “significant quantities” (SQs) for a 
number of materials, see Table 2. To quote [70], a significant quantity is “… the approximate 
amount of nuclear material for which the possibility of manufacturing a nuclear explosive 
device cannot be excluded.” This does not mean that a SQ corresponds to the amount needed 
to sustain a chain reaction or to “fuel” a nuclear explosive device. In Table 2 it can be seen 
that all plutonium isotopes are conservatively treated in the same way, no matter if they are 
fissile or not, with the exception of 238Pu. Due to the high decay heat of 238Pu, it is highly 
unlikely that a weapon containing >80% 238Pu can be manufactured. The definition of SQ also 
accounts for losses due in the conversion and manufacturing processes. 
 
Table 2. Table from [70] showing the SQs defined by the IAEA.  

Material SQ 
Direct use material  

Pua 8 kg Pu 
U-233 8 kg 233U 

HEU (U-235≥20%) 25 kg 235U 
Indirect use nuclear material  

U (U-235<20%)b 75 kg 235U (or 10 t natural U or 20 t depleted U) 
Th 20 t Th 

a For plutonium containing less than 80% Pu-238. b Including low enriched, natural and depleted uranium. 
 
In connection with non-proliferation considerations, it can be relevant to study the 
proliferation resistance of different materials or processes. One such example may be found in 
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[63], where a figure-of-merit describing the proliferation attractiveness of various materials 
and nuclides is defined. From this, it is worth noting that there are some materials currently 
not under safeguards, such as neptunium and americium, which have relatively high 
proliferation attractiveness. These could be of future interest in the international non-
proliferation and disarmament context.          
 
It should be pointed out that materials in Table 1 are under safeguards, and that they are 
therefore declared to and verified by the IAEA in states that have signed the NPT. Materials 
are not safeguarded in states that have not signed NPT. The same goes for material intended 
for military applications or for naval propulsion purposes. It should however be noted that in 
addition to materials under safeguards, there also exists export control regimes intended to 
support the non-proliferation of nuclear weapons. Information about this can be found in 
Appendix C. 
 

4.1.1. Uranium 
Uranium is usually used as an unalloyed material in the fissile components of nuclear 
weapons.  It has a density of about 19 g/cm3 and is a very strong structural material, easy to 
manufacture and machine.  It does corrode over time in air and may be coated to reduce oxide 
formation. 
 
Alloys of uranium are used in non-fissioning parts of a nuclear explosive.  The main purpose 
of alloying is to reduce corrosion and provide better machining properties than the unalloyed 
material.  Alloys of zirconium, titanium, niobium, and molybdenum are used in a variety of 
applications in nuclear weapons.  Alloys of uranium are also used in conventional weapons as 
armour penetrators. 
 
Natural (NU) and depleted uranium (DU) are used in large quantities in nuclear weapons.  
They are used because they fission readily from 14 MeV neutrons produced in the fusion of 
deuterium - tritium thermonuclear reactions.  These materials are largely used in the outer 
shells and cases of nuclear weapons.  This means they shield any radiation coming from 
deeper in the weapons, such as HEU or plutonium.  Hence it may not be possible to 
characterize internal materials if there is massive NU or DU shielding. 
 

4.1.2. Plutonium 
Plutonium is used in nuclear weapons primaries in metallic form. Unalloyed plutonium is 
hard, extremely dense (~19.8 g/cm3) and brittle and is a very difficult metal to cast, machine 
and handle.  As a result, it is almost always alloyed with approximately 1 weight percent 
(wt.%) gallium to stabilize the delta phase alloy.  Alloying decreases the density of material 
(~15 g/cm3) needed for a critical mass and adds non-fissioning atoms to the bomb core, but 
the manufacturing benefits greatly outweigh this nuclear penalty. The alloyed material is 
ductile, resists corrosion better than unalloyed and casts readily. Elements other than gallium 
might be used for alloying to the delta phase, such as aluminium. Light elements are however 
unsuitable for this, because the light elements together with alpha decays in the nuclear 
material produce copious amounts of (α,n) reactions, producing a high neutron background 
that might prematurely initiate the neutron chain reaction. [71] 
 

4.1.3. Neptunium, americium and curium 
The unalloyed density of neptunium metal is about 20 g/cm3.  Compared with uranium and 
plutonium, there is relatively little information in the literature about the metal properties of 
neptunium. A 2001 report from Los Alamos National Laboratory discusses the manufacturing 
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of a neptunium sphere for criticality measurements [72]. In metallic form 237Np could 
potentially be used in a nuclear explosive core, as it has a bare critical mass of approximately 
60 kg. A paper by Russian scientists suggests alloying neptunium with 9% wt.% gallium [73, 
74]. 
 
Although americium and curium could in principle be used in a nuclear explosive device, it is 
unclear whether metal spheres of considerable sizes have been manufactured from these 
elements. A topic for further research is to summarise the properties of neptunium, americium 
and curium and to compare the weapons-usability of the different elements. This study should 
also include the material properties of these elements. 
 

4.2. Assay techniques 
All fissile materials are radioactive and hence emit radiation (however, note that far from all 
radioactive materials are fissile). This radiation typically consists of alpha, beta, gamma, 
neutrino and neutron radiation. In practise, measurements of gamma rays and neutrons are 
dominating. The type of radiation and its energy distribution can be used to deduce 
information on the source, its composition and possible origin. However, the radiations have 
different value in material identification; while gamma rays have well defined characteristic 
energies that are easily used to identify the source nuclide, neutron energy distributions are 
less informative since they are continuous. Still, both gamma-rays and neutrons, as well as 
other radiation types, carry with them information about the source nuclide. Charged particles 
such as alphas and betas have, in contrast to gamma and neutrons, short ranges in any material 
and are unlikely to escape the material, unless the detector can be placed in nearly direct 
contact with the source. Gammas and neutrons may be transported a longer distance in 
surrounding materials and be detected remotely. Neutrinos escape almost completely without 
attenuation in all materials, which could make them useful as they can carry information 
about the interior of the source. However, the same feature makes them difficult to detect. 
 
There are a number of different measurement techniques developed to detect emitted 
radiation. These measurement techniques are either passive, and rely on radiation 
spontaneously emitted from a source, or active and use an external radiation source to 
interrogate a sample.  
 
In passive measurement techniques, a critical parameter of interest is the minimum detectable 
activity (MDA) [75].This is the smallest activity that one can expect to detect, and if the 
activity is lower than the MDA, the detection may fail to identify the material of interest in 
the sample. This is a concern when the activity of the nuclide assayed is low to begin with, or 
if strongly diluted or decayed, or if the radiation is self-shielded in the sample/object before 
reaching the detector. Establishing MDA for various nuclides and assay techniques is 
therefore relevant to disarmament verification capability, as well as lowering the MDA using 
adequate techniques. 
 

4.2.1. Gamma measurements 
Gamma-ray measurement techniques use a detector in which the gamma-rays interact, and a 
count rate corresponding to the number of particles detected per unit time is registered, 
sometimes also together with spectroscopic (i.e. energy) information.  
 
Measurement of gamma radiation are useful to deduce the presence of gamma-ray emitting 
materials, such as nuclear material and fission products. Gamma-ray measurement techniques 
can be used to study both the presence and ansence of such materials. Gamma measurements 
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can for instance be used to confirm the absence of NW containing plutonium and uranium, 
and could also be used to confirm the absence of nuclear material in other weapon 
components [76] 
 
If the intent is to learn as much as possible about an object under study, it is often preferred to 
make spectroscopic measurements. The spectroscopic data carries information both on the 
source nuclide and its activity in the sample. Gamma spectroscopy is useful in many 
applications such as verification of nuclear material for non-proliferation and safeguards 
purposes, in radiation monitoring performed under CTBT verification, and in some 
disarmament verification applications, especially in a verification regime based on absence 
measurements. For disarmament verification based on detecting the presence of nuclear 
material, gamma spectroscopy measurements are too intrusive and require masking of the data 
using e.g. information barriers.  
 
A concern with gamma rays is their strong attenuation in materials with high atomic number 
and density, which may limit their usefulness [77]. This is however not a concern for 
environment samples, where the sample is not shielded and where the mass is typically small. 
 
Gamma spectroscopy (or spectrometry) has been widely utilized to verify non-use of nuclear 
weapon tests [78]. For such purposes, air particulate filters, noble gas traps, or other 
environmental samples are assayed, typically with a high purity germanium (HPGe) detector. 
The HPGe detector can produce a spectrum containing gamma ray peaks from radionuclides 
in the sample, that are superposed on a background from various sources, such as cosmic 
radiation, natural and anthropogenic nuclides. This background poses a fundamental 
limitation to the MDA, the signal from the nuclide of interest needs to be significantly above 
the random fluctuations of the background.  
 
There is a large number of identified key nuclides for monitoring of nuclear explosions [79]. 
An important field of research for the strengthening of such monitoring capability, is the 
lowering of the MDA for the key nuclides. It is common to use extensive, multilayered and 
low-activity shielding, however, recent research has focused on the potential of coincidence 
detection [80] to filter signal of interest from background. This technique has been 
demonstrated to offer much lower MDA than conventional spectroscopy, in particular for 
gamma-gamma coincidence with dual detector systems, such that a detected event is 
discarded from analysis, unless two characteristic gamma rays are detected simultaneously 
[80], in separate detection elements.  
 
While not all nuclides of interest are gamma emitting radionuclides, and not all gamma 
emitters present the type of cascade decay that is required for coincidence spectroscopy, 
several of the key nuclides for detection of nuclear weapons do, and are therefore good 
candidates for the coincidence technique [81]. Lowering the detection limit of these will 
increase the chance of detecting emissions of radioactivity from covert nuclear activities, and 
correctly interpreting their cause.  
 

4.2.2. Neutron measurements 
Neutrons are typically emitted from heavy nuclei in reactions such as spontaneous fission and 
alpha-induced nuclear reactions, and can therefore be used for passive detection techniques. 
In the presence of fissionable isotopes, neutrons also induce fission in surrounding nuclei, and 
the number of neutrons is dependent on the amount of fissile material in the object. Neutron 
measurement techniques used in non-proliferation, safeguards and disarmament applications 
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can be sensitive to the number or rate of emitted neutrons [82]. Sometimes, the measurement 
technique is also sensitive to the time distribution of detected neutrons, and noise analysis in 
the time domain can thus be used to determine properties of the subcritical chain reactions 
[82, 83]. In turn, this can be used to deduce information on fissile material in the object under 
study.  
 
Active detection techniques using neutrons can also be performed. If subjecting a burst of 
neutrons into an object that is fissionable, secondary neutrons as well as other radiation such 
as activation gamma will be produced. Energy spectra of these types of radiation, and their 
intensity, can be used to judge the content. In particular, high energy neutrons (MeV range) 
have relatively long mean free paths in any material, and may therefore in principle provide 
information on the interior of objects that are highly attenuating to gamma rays of lower 
energy. However, it can be noted that strong neutron sources are a health hazard and thus 
require extensive shielding and radiation safety measures.  
 

4.2.3. Alpha particles  
Alpha particles are commonly emitted in the decay of unstable heavy elements. Alpha 
particles are charged particles consisting of two protons and two neutrons bound together. 
Detecting alpha particles is an extremely important verification technique, as this radiation 
typically is emitted by many nuclides in nuclear material. Improving the sample collection 
procedures and the number of organisations capable of doing the analysis is important.   

It is not always necessary to measure radiations directly. Alpha particles have extremely short 
ranges and in general it is necessary to be nearly in direct contact with a surface emitting 
alpha particles to measure them and their energies. However, that may be hard if the 
contamination source is hidden in cracks, for example. If the object can be placed in a sealed 
chamber, air can be pumped through the chamber.  Alpha particles colliding with the air 
produce ion pairs that may be detectable meters away in exhaust air.  This so-called “long 
range alpha particle detection” may be useful for detecting the presence of alpha emitters.   

 
4.2.4. Beta particles 

Beta particles are electrons released from an unstable nucleus.  Measurement of beta particles 
can be one of the useful technical monitoring tools. Some isotopes of importance, such as 
tritium, decays by emitting a beta particle, but does not emit a gamma particle. Because 
tritium is a key element of advanced nuclear weapons its presence can also be an indicator of 
weapons activities, although it also has civilian uses.  Beta particles have a very short range in 
air, so it is necessary to develop specialized collection techniques for betas. These often 
involve cryogenic methods to separate beta emitters from air. This leads to relatively large 
sizes and power requirements. Beta measurements in air are currently a technique for 
measuring radio-xenon released from nuclear tests, although requiring beta-gamma 
coincidence spectrometry.  The Swedish SAUNA collection program addresses these issues 
[84].   

 
4.2.5. Neutrinos 

While neutrinos are produced and emitted in each beta decay, they seldom interact with 
material, making them difficult to detect. Detection of neutrinos from an operating nuclear 
reactor has been demonstrated [85], and the use of neutrinos to detect nuclear explosions has 
been investigates [86]. However, even in close proximity to the intense neutron source that is 
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an operating reactor, measurement times of months are required to determine if the reactor is 
running, and it is unlikely that neutrinos from a nuclear explosion can be detected, unless 
significant breakthroughs in detector efficiency can be achieved.  
 

4.3. Principles of nuclear weapons 
To define the requirements for disarmament, for example the amount of nuclear material 
required for (or typically used in) a single nuclear warhead, and an understanding of the 
internal structure of a nuclear weapon is required. Here, we aim to give a very general 
overview of some key components in nuclear weapons and how they are handled. The 
concepts introduced here are relevant for the other chapters of this report – for example 
because different types of nuclear weapons may give off different signatures when used, 
because the structure of the weapon affects which verification techniques may be employed 
and because the amount of nuclear material in a warhead affects material disposition and 
safeguards. Since the focus of this report is on the nuclear material in weapons, passive 
components, electronics and delivery or launch systems will not be covered here. We 
emphasise that the aim is to provide an overview of the general principles rather than an 
overview of all potential weapon types. 
 

4.3.1. Fundamentals of nuclear weapons 
In its simplest form, a nuclear weapon should contain enough nuclear material that a 
supercritical mass can be assembled, i.e. the amount of that material which can sustain an 
exponentially increasing neutron chain reaction. However, before the detonation, the material 
clearly must be in a subcritical state. In a subcritical state, any fission chains started in the 
material (for example due to spontaneous fission) will die out, ensuring that the weapon does 
not explode. There are different ways of making the material supercritical. One option is to 
mechanically assemble multiple subcritical masses into a single mass which is supercritical. 
This is the working principle of a gun-type nuclear weapon, where two subcritical masses are 
mounted on opposite sides of a cylindrical barrel [87]. Conventional explosives are used to 
fire one of the masses towards the other. The other main type of fission weapon is the 
implosion-type weapon [87]. Both designs are shown in Figure 1.  
 

 
Figure 1. Schematic design of the gun-type and implosion type nuclear weapons. Image from [88]. 
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Instead of combining two sub-critical masses, an implosion-type design contains a single sub-
critical mass (commonly referred to as the core or pit of the weapon) which is compressed 
(imploded) by the use of high explosives placed around the nuclear material. The implosion 
results in an increased density and therefore makes the system supercritical. At this point, it is 
worth noting that the critical mass of a certain nuclear material will, to some extent, depend 
on the warhead design. By surrounding the material with a neutron reflector, the probability 
for neutron leakage can be reduced and the critical mass is also reduced. 
 
Although neutrons are typically emitted continuously in nuclear material (for example in 
spontaneous fission), a neutron initiator is used to inject neutrons into the system at just the 
right time. For the weapon to produce a high yield, the neutrons should be injected at a time 
when the assembly is highly super-critical. This injection will provide the starting point for 
the chain reaction, and the high degree of super-criticality will provide a very rapid increase 
in the neutron population. In fact, the continuous emission of spontaneous-fission neutrons, or 
neutrons of any other origin, in the material can be a problem when designing a weapon, since 
it increases the risk of pre-detonation where the chain reaction is initiated too quickly and the 
chain reaction does not develop quickly enough to produce a substantial yield. This is referred 
to as a fizzle. As described in Section 4.1, some nuclei have a relatively high spontaneous-
fission rate. Such nuclei cannot used in gun-type weapons because the assembly time is slow 
enough that spontaneous-fission neutrons will cause detonation before full assembly. This is 
the reason why plutonium weapons can only be used in implosion-type devices. Neutron 
initiators can for example be made from layers of beryllium and polonium which are crushed 
during assembly or implosion to form a neutron source [89], or neutron generators that allow 
for variable weapon yields depending on the number of injected neutrons [90]. 
 

4.3.2. Boosted nuclear weapons 
If we consider an implosion-type weapon, which is made supercritical by compression, the 
weapon pit does not need to be solid. It can also be hollow, which is the case in a boosted 
fission weapon. In this design, the centre of the pit is filled with a material, which contain 
nuclei that can undergo fusion when exposed to a large amount of heat and compression. 
When the fission process is initiated via implosion, the temperature in this material increases 
enough that fusion occurs. In the fusion process, a large amount of high-energy neutrons are 
produced, which in turn can induce fission also in fissionable nuclear material. This provide a 
substantial boost to the weapon yield, as more nuclear material can undergo fission.             
 

4.3.3. Thermonuclear weapons 
Although boosted weapons do contain nuclei that undergo fusion, they are not what is 
typically referred to when talking about "hydrogen bombs". A hydrogen bomb typically refers 
to a multi-stage thermonuclear weapon, which consists of several stages of fission and fusion 
in a single warhead. The primary stage (the trigger) is a fission weapon, which could be 
boosted. In addition, the warhead contains one or more secondaries with fusion fuel in them. 
The secondary, which contains material that can fission as well as fusion fuel (for example 
lithium-6 deuteride), is imploded by the energy supplied from the detonation of the primary 
stage. Upon implosion, fissioning commences in the secondary stage, which increases the 
temperature sufficiently for fusion to occur in the fusion fuel. This design is commonly 
referred to as the Teller-Ulam design. 
 

4.3.4. Location of nuclear warheads 
Nuclear warheads can be classified as deployed, non-deployed or retired [91]. Deployed 
warheads are those currently ready for use, including warheads placed on missiles, at army 
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bases with operational launch systems, such as bomber aircraft, or on submarines. Non-
deployed warheads are those currently in storage but not ready for use on short notice. Retired 
warheads are those held in storage, awaiting dismantlement.  
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5. Nuclear measurements and assessments  
Measurements on nuclear material are performed in many areas and for many applications. 
This section deals with measurements for non-proliferation, safeguards, and disarmament 
purposes. There are clear distinctions between measurements performed for these different 
purposes, in that there are substantial variations in what techniques that are applicable and 
allowed, what the performance needs are, and what restrictions that govern access to materials 
and facilities. Thus, although the fundamental task to measure and assay nuclear material and 
its properties shows much overlap between the applications, the technical solutions are very 
diverse. The main difference is that in non-proliferation and safeguards, all nuclear material 
should be declared, and there state declarations and book-keeping records are available to the 
inspecting party. Measurements connected to disarmament however involve objects of 
concern to national security, and thus parameters and properties of such objects cannot be 
conveyed to the inspecting party. 
 

5.1. Nuclear non-proliferation measurements apart from IAEA safeguards  
There are several types of measurements and assessments that are performed under nuclear 
non-proliferation that are highly relevant for nuclear disarmament purposes: detection of 
nuclear test explosions, estimating fissile material production and verification and disposal of 
stockpile materials. In addition, measurements and assessments of nuclear material are or may 
be performed in connection to transportation, import and export of nuclear material as part of 
the expert control regime (see Appendix C) or nuclear security. This section relates to 
measurements of undeclared material or activities, as opposed to the next section on nuclear 
safeguards, which deals with the verification of (declared) civilian material and facilities. 
 

5.1.1. Detection of nuclear test explosions 
The International Monitoring System (IMS) of the CTBTO is designed to detect nuclear test 
explosions by seismic, infrasound, hydro-acoustic and radionuclide monitoring. The system 
consists of 337 monitoring facilities placed worldwide, as seen in Figure 2 [92]. The 
monitoring of radionuclides is performed both by collecting radioactive particles on filters 
and by collecting radioactive noble gasses from the atmosphere. In order to verify that an 
explosion originated from a nuclear device, several monitoring techniques must give 
coincident signals and the combined finding must be in accordance with what is expected 
from a nuclear device. For the radionuclide monitoring this means the detectors must measure 
nuclides and nuclide ratios that are unique to the fission process of a nuclear explosion and 
that can be distinguished from both the natural background and from the background from 
civil sources, such as nuclear power and medical isotope production.  
 
In an above-ground nuclear explosion the radioactive signature will be quite large and easy to 
collect even at long distances. Nuclear tests on the earth’s surface will generate large amounts 
of activation products whereas tests higher in the atmosphere will have debris only from the 
exploding device, its fissile and structural materials. For underground explosions, small 
quantities of radioactive material may leak out from the underground test site. Primarily noble 
gases can be detected since these can diffuse out from a test site and enter the atmosphere 
where they become distributed, and eventually transported via wind patterns to a detector 
station. The time it takes for the diffusion to take place as well as the atmospheric transport 
from the test site to the detector will complicate the analysis; i.e., detectors of very high 
efficiency will be required to detect the signal. Should the underground containment fail 
however, more radioactive material may be dispersed, as seen in Figure 3.  
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Figure 2. The monitoring stations part of the International Monitoring System. Image from [92]. 
 
The noble gas acquisition systems of the CTBTO focus on sampling four isotopes of xenon 
from the atmosphere; 131mXe, 133Xe, 133mXe and 135Xe. Radioactive xenon originates from the 
fission process, both as direct fission products and as daughters of iodine isotopes. Measuring 
the ratios of the four isotopes give important information about the source of their release. 
Nuclear explosions will create ratios that serve as a fingerprint for a bomb test and  
since the isotopes have half lives in the order of hours to days a good time resolution is 
possible [93]. The Swedish Automatic Unit for Noble Gas Acquisition (SAUNA, [94]) is a 
xenon measuring system widely deployed in the IMS network of the CTBTO. SAUNA was 
developed by FOI [95] and has been continuously developed from the first version installed in 
2004. Presently, a compact system called SAUNA-Cube [96] is available for both installation 
in remote places and for research and development. The SAUNA-Cube differs from the 
original design in being smaller, more robust and less dependent on maintenance. Detection of 
radionuclides from nuclear explosions is further elaborated on in [97]. 
 

 
Figure 3. An example of a prompt leak from an underground test. Image from [98]. 
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Deducing as much information as possible about the origin and characteristics of detected 
radionuclides is critical to nuclear disarmament. The collected data is combined with 
atmospheric models to determine the origin of the detected signals. This creates a continuous 
flow of very large amounts of data for the membership countries to analyse, a situation that 
opens up the possibilities to use artificial intelligence (AI) and Machine Learning (ML) for 
faster and more reliable analysis. 
 
For the IMS stations, the equipment can be much heavier and use more electrical power 
compared to safeguards or warhead verification systems where portability is a concern.  
Several states including Sweden, the US and UK also maintain special air sampling aircraft to 
search for radioactive debris after a suspected nuclear test.  [99-101]. Samples can be detected 
in real time if signatures are strong enough, or samples can be collected on high volume air 
samplers on filters for in-flight or later laboratory exploitation.  Many of the capabilities 
developed for nuclear test monitoring have been extensively used for civil nuclear 
radiological emergencies. [102] 
 
Gamma-ray spectroscopy measurements of air-borne radioactivity is an established technique 
for estimating the concentration of various radionuclides in the atmosphere. Nuclear 
explosions produce fission products associated with both fission and fusion.  The different 
fission product distributions associated with nuclei fissioned by fission-spectrum neutrons or 
14-MeV neutrons can be used to determine the source of fission and relative amounts of 
fission and fusion in a bomb.  This information can be used to accurately model the design of 
a nuclear device including masses and dimensions. FOI are world-leading experts in this field, 
with a history of performing such measurements that spans several decades [95, 97, 103]. 
Nonnuclear structural materials are also activated by neutrons during the explosion, giving 
more detailed information about the design.  Following an atmospheric test there will be large 
amounts of debris to analyse. An underground test, on the other hand, may release only tiny 
amounts of radionuclides.  For a successful verification, these nuclides must be discriminated 
against a background of radiation emission by civilian nuclear technology.  Using coincidence 
spectroscopy (in which the two or more signatures from the radioactive isotope is measured 
simultaneously, in coincidence), the background level associated with a measurement can be 
significantly reduced. The SAUNA system [94] is an example of a measurement system 
where the coincidence technique is applied. In SAUNA, beta particles and photons emitted 
from radioactive xenon gas are measured in coincidence and analysed, thereby enabling 
confirmation of the fingerprint signals concurring with nuclear explosions. 
 
The techniques used in SAUNA and other IMS radionuclide systems could potentially be 
expanded to develop measurements of other gasses, such as krypton and tritium. Krypton, i.e. 
the isotope 85Kr is associated with nuclear reprocessing and its detection could verify the 
presence of undeclared nuclear reprocessing facilities [104]. Krypton is a noble gas, like 
xenon, but with a half-life of around 10 years there is always a substantial background to take 
into account. Another interesting isotope that could potentially be measured is tritium, 3H, 
which can be released from nuclear reprocessing [105], but is also an important component in 
boosted nuclear weapons. 
 

5.1.2. Estimating fissile material production 
Assessments of produced nuclear material in facilities or in states as a whole is essential in 
evaluations where a state’s nuclear capabilities are analysed. Such evaluations may become 
instrumental in the light of verification under non-proliferation and disarmament treaties such 
as the TPNW or the Fissile Material Cut-off Treaty (FMCT), described in Appendix A, where 
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historical as well as ongoing activities may need to be reported. Also outside of such 
verification regimes, a transparent and objective assessment of historical activities is likely to 
support the confidence in the non-proliferation and disarmament regime. 
 
Assessments of fissile material production (and also consumption) may concern accounting 
for historical, or even dismantled, facilities as well as currently existing facilities and 
operations as in [106-108]. Evaluations can be done on a facility level or on a state level, 
allowing for an analysis of fissile material flow between multiple facilities within a state.  
 
These types of evaluations can be linked to a field which can be referred to as nuclear 
archaeology, where the researcher (much like a historian) tries to reconstruct information and 
data of past production history of fissile material production facilities through the collection 
of information and execution of simulations and calculations. Measurements of available 
objects and samples can then be performed, to support the results from the simulations and 
calculations. Measurements of available objects and samples can then be performed, to 
support the results from the simulations and calculations. The topic of nuclear archaeology 
was also covered by the seminar by Malte Göttsche (section 2).   
 

5.1.3. Verifying and disposing of stockpile materials 
As a result of both civil nuclear power related activities, and military activities, there exist 
stockpiles of nuclear material in a number of states. It is essential that military materials are 
returned to civil applications or irrevocably disposed-of to reduce the risk that new nuclear 
weapons are produced (either leading to proliferation or reversing verifiable disarmament). 
The issue of disposition of nuclear-weapons material is described in more detail in section 6, 
and was covered by the seminar by Malte Göttsche (section 2). 
 

5.2. Nuclear safeguards  
There is a need to ensure that civilian nuclear material, nuclear facilities and sensitive 
technologies are used in accordance with international agreements. These measures are 
typically referred to as nuclear safeguards.  Under the NPT, non-nuclear weapon states are 
obliged not to try to acquire nuclear weapons, and nuclear weapon states promise not to 
disseminate information, capabilities or materials that can help non-nuclear weapon states 
acquire nuclear weapons. Safeguards, applied by the IAEA, seek to ensure that facilities and 
activities included in the nuclear fuel cycle are not misused and that nuclear inventories 
declared by states are correct. Any detection of misused facilities or undeclared activities 
could be an early warning that a state has non-peaceful intentions. Of special concern to 
nuclear safeguards are enrichment facilities and reprocessing facilities, as these constitute 
sensitive parts of the fuel cycle, where isotope or elemental separation is performed.  
 
Many technical measurement techniques and analysis methods have been developed, to assess 
nuclear material and systems. As part of the NPT, states sign nuclear safeguards agreements 
with the IAEA, where they give the IAEA access to civilian nuclear material and facilities so 
that inspectors can verify that these are not misused to produce nuclear weapons. The 
foundation of nuclear safeguards is nuclear material accountancy [109]. IAEA verifies records 
of nuclear material inventories, transfers and processing on a state level as well as on facility 
level. Inspectors visit facilities to verify that declarations are correct and there is no evidence 
of diversion of nuclear material.  
 
In two cases IAEA works with another international body to verify safeguards. In Europe, all 
members of the European Union belong to Euratom. This organisation applies IAEA 



32 
 

safeguards to its member states and coordinates inspections with IAEA [49]. Another 
international inspection regime is the Brazilian-Argentine Agency for Accounting and Control 
of Nuclear Materials (ABACC).  There are historical rivalries between these two states and 
possible weapons programs in the past.  These two states therefore decided to form their own 
verification body and coordinate it with IAEA.  An undesirable outcome of this arrangement 
is that neither state will sign the Model Additional Protocol, claiming that their joint 
safeguards agreement is sufficient [110]. 
 
Many instruments and procedures have been developed and certified to allow the IAEA 
inspectors to verify a state’s nuclear material declaration [111]. The simplest verification is 
item counting. Discrete objects are counted such as fuel rods or assemblies in a storage pond.  
This is usually done using random sampling, and if a pre-determined statistical sample is 
correct, a compete count, of perhaps thousands of fuel rods, is unnecessary. Weighing is 
another simple verification method, that can be applied when the nuclear material is 
accessible. 
 
Measurements of bulk nuclear material is typically more challenging than for itemized 
material. Nuclear material powders of different chemical composition must be chemically 
assayed as well as subjected to nuclear method verification, to ensure that both amounts and 
characteristics of the material matches what is declared. Additional factors such as humidity 
and moisture content must be taken into account.  Materials dissolved in liquids are also 
challenging, as the concentrations of nuclear material and chemical form can vary 
significantly between dissolved materials. Heterogeneous waste, for example in a sealed 
drum, is difficult to measure and requires making assumptions about the material itself, since 
the composition is often unknown or poorly documented. For example, it took the IAEA 
about 20 years to verify about 20,000 drums of mixed waste in South Africa after its 
enrichment program was dismantled. HEU levels ranging from low contamination levels to a 
few grams per drum were an enormous challenge to measure without opening the drums. 
Other challenging measurements are measuring enrichment of UF6 in the field using portable 
instruments.  Traditionally this was done by collecting a small gas sample, chemically 
converting it to a solid and doing mass spectrometry.  More challenging requirements are to 
measure enrichment in real-time such as UF6 gas at low pressure flowing through a metal 
pipe.  Cross-contamination is a major issue in such measurements.  For example, if HEU has 
ever gone through a system it is hard to verify lower enrichments later due to particulate from 
previous activity. 
 
Background radiation can also make a measurement very difficult.  An example is measuring 
the residual HEU in the liquor from a dissolved medical target mixed with fission products. 
Depending on the objective with the measurement and the level of accuracy that is needed, 
the verification measurements can be anything from simply verifying that nuclear material is 
present, to verifying its quantity or properties.  
 
It is essential that verification instruments are robust, reliable, portable and that they provide 
as detailed and accurate information as possible about the object being studied. Based on the 
results of these measurements, the inspectors conclude whether all nuclear material is 
accounted for. In case of questions or inconsistencies, the inspector or analyst has the 
possibility to ask for additional (relevant) data or information [109]. However, possibilities to 
share or distribute that information to third parties is limited, due to proprietary reasons, 
making it challenging for independent researchers to obtain real measurement data.  
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Under INFCIRC/153 safeguards agreement IAEA is primarily looking for the correctness of a 
state’s declaration.  Is the information correct and consistent?  Under the Model Additional 
Protocol, the IAEA is also tasked with trying to verify the completeness of a declaration. That 
allows for the analysis of environmental swipe sampling and member state information 
(intelligence information). More information on environmental sampling can be found in 
Appendix D. This enables the IAEA to investigate whether a state has undeclared activities.  
This authority is limited, in practice, but it gives IAEA more opportunity to question 
undeclared activities.  These might come from another member state’s information or open-
source information. 
 
The IAEA is also accountable for verifying that the physical design and operation of nuclear 
facilities are as declared.  States provide a detailed engineering description of any nuclear 
facility they declare.   This is known as a Design Information Questionnaire or DIQ.  
Inspectors are expected to be familiar with the DIQ and from time-to-time they carry out a 
Design Information Verification (DIV) to determine if the DIQ is still up-to-date.  In practice 
DIVs are a low priority and done at a low level of detail.  It is important to note that 
Safeguards inspectors do not have any responsibility for activities that concern nuclear safety 
in facilities.  This is a common misconception.  IAEA safeguards inspections are strictly 
limited to verification of materials and facilities. 
 
Under the Model Additional Protocol, the inspectors have an extended mandate. They have 
for instance have a possibility to take environmental swipe samples, and they may request to 
inspect any buildings on a nuclear site, even if they are declared as a non-nuclear facility, to 
verify the absence of undeclared activity. The definition of a site can however be 
controversial. It is up to the state to determine the boundaries of a site. Objects adjacent to a 
site are not part of the site and not subject to inspection except through exceptional 
procedures.  Access to any building on a site is limited by rules in the Model Additional 
Protocol. There are no snap inspections contrary to popular belief. The shortest time that is 
allowed between a short notice inspection and compliance is two hours.  
 
Between inspections, seals and surveillance equipment are used to maintain the so-called 
continuity of knowledge (CoK) [112]. This equipment ensures that the verified objects are not 
removed or tampered with. Seals allow the inspectors to verify e.g. that material has not been 
moved, that doors have not been opened or that undeclared access to activities within a 
facility has not taken place. For example, when nuclear material has been verified by 
technical means and placed in a sealed container it is not necessary to re-measure the material 
on subsequent visits, only to check and replace the seal. Some seals are a simple mechanical 
device on a wire with measures to detect tampering.  Other more complex seals may involve 
active fibre optics for example. If the fibre optic is disturbed a real-time signal can indicate 
tampering. 
 
When CoK is maintained, there is a reduced need to perform measurements, as there is no 
ground for assuming that undeclared activities have taken place. In cases where measurements 
are not possible to perform, such as for spent fuel in dry storage, often a thorough 
measurement is required before the fuel is placed in storage [113], and two techniques, such 
as cameras and seals, are applied to ensure CoK even if one technique should fail.  
 
Surveillance cameras provide assurance that objects in a scene are not moved or disturbed 
without explanation.  They also create a huge personnel workload because days may pass with 
nothing happening in a scene. Artificial intelligence and automatic video analysis is extremely 



34 
 

valuable to reduce the workload of the person inspecting the video. Programs to review days-
worth of images can identify changes within a scene and alert a reviewer to only look at 
certain moments of interest. 
 
Tags are used to establish the identify and uniqueness of an item. This is different from seals 
that verify that a door, or a container has not been opened.  Tags can be as simple as a bar 
code that can be read with a simple reader.  They can also be far more complex utilizing 
encrypted  information that can only be read by a specialized associated device.  For example, 
a nuclear material container moving from one location to another would have a tag to 
establish its identity.  It would have a seal to establish it had not been opened.  IAEA uses 
seals for this task when they are not really the best solution.  Seals are easily broken.  
Experience from other arms control agencies, such as those verifying missile components 
under arms limitation can be useful for IAEA to develop more robust and reliable tags and 
seals. 
 

5.3. Verification of nuclear warhead dismantlement 
Nuclear disarmament is a broad area. In this section we focus on verification of nuclear 
warhead dismantlement. In that context, there are two main goals: 
 

1. Ensure that a real nuclear warhead has been removed from service or storage and has 
irreversibly been disabled. 

2. Ensure that 100% of the nuclear material in the warhead has been removed and 
entered into permanent nuclear safeguards by the IAEA (or in other ways permanently 
disposed of). 

 
The first step will necessarily be done by official personnel of the state involved.  There are 
enormous safety and security concerns with removing a warhead from its military means, 
which make independent verification difficult [114].  Observers can be present to see a 
warhead being removed and attach seals to a tamper-proof container.  The container can be 
transported to a warhead factory using tamper-proof tags, seal, GPS beacons and other 
solutions. 
 
At the factory the warhead will be broken down by factory technicians.  High explosives will 
be removed and the pits separated. Secondary assemblies containing nuclear materials of 
unknown enrichments will be disassembled in another location.  Continuity of knowledge can 
be maintained by observing the flow of material and components entering and exiting the 
facility.  
 
Some property measurements can be made on bare pits and secondaries but they may not be 
simple and homogenous, which makes independent verification through measurements 
difficult. Fissile material and other accountable nuclear materials (e.g., natural uranium 
components) will then be taken to appropriate decontamination and dismantling facilities.  
Using tags and controlled access there is a high probability that this process can be traced.  
Finally classified shapes can be melted down, the bulk material can be characterized and 
entered into safeguards accountability. 
 
The verification of the disarmament steps have been studied by the International Partnership 
for Nuclear Disarmament Verification, IPNDV [114], who has developed a 14-step approach 
to disarmament verification. Eduardo Padilla, Jacob Bentz, Glen Warren and Alexander 
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Glaser also covered various parts of the topic of verifying the disarmament of nuclear weapon 
in seminars (section 2). 
 
In the verification of a nuclear warhead, the first step is to ensure that the object being assayed 
is a nuclear warhead, and secondly that it is being dismantled [114]. Since the design, 
materials and masses in a nuclear warhead are sensitive information, a number of approaches 
have been developed based on information that is not sensitive: (i) attribute measurements, 
(ii) template measurements and (iii) absence measurements. 
 

i. Attribute measurements investigate attributes or characteristics that define an object as 
a nuclear warhead. These would certainly include attributes such as the fissile material 
isotopes themselves, HEU enrichment, 240Pu content, physical dimensions and shape.  
These characteristics may rely on sensitive information, but provide results in a non-
sensitive way [115, 116]. The output from the analysis is typically presented in the 
form of a binary yes/no output, which requires a careful selection of the question to be 
answered. Examples of attributes is the presence/absence of elements in the object, or 
if a quantity (such as a mass) is above or below a threshold value. Attributed may also 
concern the presence or absence of highly enriched uranium or plutonium, if the 
enrichment level is a certain threshold or if the plutonium is of a certain quality or 
within a certain mass range. The answer does however not convey sensitive 
information such as isotopic composition, masses or geometrical design information.  
 

ii. Template matching refers to the process of matching features of one object to a 
reference object [116]. In the context of nuclear warhead measurements, the template 
is typically a (trusted) object that the host state claims to be the warhead. The aim is 
then to verify that another object, claimed to be of the same type, is indeed identical to 
the first one - without ever inferring any characteristics of the object. This type of 
measurement is thus sensitive to differences in design and properties between a 
reference object and other objects claimed to be of the same type.  
 

iii. Absence measurements aim at verifying that an object declared as a non-nuclear 
object is indeed such an object [117, 118]. This type of measurement can in principle 
be made using more accurate measurement techniques, since the measurements should 
not be made on any sensitive object, unless a treaty violation occurs. Less sensitive 
measurement techniques can however have an advantage in being able to allow for 
example measurements of non-nuclear object located close to nuclear objects.  
 

With respect to the equipment used in warhead verification, instruments are not trusted until 
both parties have had time to study it and ensure that it does not do anything else than what is 
agreed upon. The fear is that the instrument contains hidden features that secretly collect 
additional information or interferes with the analysis to provide invalid results. For this 
reason, the instrument would be stored by the weapon state, to ensure that the inspecting party 
does not modify it. The equipment is expected to have tamper-proof seals, ensuring that it has 
not tampered with [119]. As a consequence, instruments for warhead verification are ideally 
built to be cheap and simple, as they may have to be left behind when a verification campaign 
is finished.  
 
In order to limit the output or result from a measurement, multiple approaches have been 
researched. One solution is to choose low-resolution measurement equipment, that is capable 
of obtaining the desired information but which is not capable enough to determine any 
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sensitive information[120]. The instrument must however still be sensitive enough to provide 
fundamental information about the object with high confidence, such that both a host state and 
an inspecting party are able to reliably use the equipment. Another solution is a so-called 
information barrier (IB), which efficiently limits the information provided to the user [121]. It 
does so either by not recording the sensitive information at all, or by restricting the user’s 
access to it. For example, performing a gamma-spectroscopic measurement to show the 
resulting gamma spectrum of a nuclear component is not possible, as it could reveal sensitive 
information about the fissile material composition of the warhead. With an information barrier 
in force, the measurement instrument could analyse the spectrum without displaying it.  The 
instrument would then analyse whether it is consistent with a nuclear component or not. The 
user would simply see the output of the consistency analysis - a yes/no answer. A challenge is 
to get all parties to accept the IB and trust (and verify) that it does not measure, store or 
analyse sensitive information. There also needs assurance that all data is irrevocably erased 
after the measurement. 
 

5.4. Commonalities and differences between different verification 
applications 

This section outlines approaches, measurements and assessments associated with verifications 
in non-proliferation, safeguards and for nuclear disarmament. As described, many similarities 
exist between the fields but also several differences. These similarities and difference will 
determine if techniques and equipment developed for one purpose can be adapted to another, 
or if there is a need to start the development from scratch.  
 
Two of the most obvious differences between civil nuclear material and military nuclear 
material is that the information about the military material is classified and that access to it is 
very limited. Civil material is openly declared, and a system is in place to verify it using 
certified equipment. This is not the case for material in the military fuel cycle. Not much 
information can be conveyed or made available about the sensitive materials and objects, 
while instruments in general are developed to learn more about the object being measured. 
Thus, the fundamental question in safeguards is to verify a known, declared object, while in 
disarmament the task is to verify an unknown object, without revealing sensitive information  
 
Attribute measurements for disarmament verification allow the verifying party to determine 
with confidence that the object under measure is consistent with what is expected. A similar 
methodology is also applied in nuclear safeguards, depending on the level of detail required to 
verify declarations. One of the basic measurement concepts used by the IAEA is called gross 
defect verification, where the inspector verifies the presence of declared items, but not its 
mass or quality. This type of verification is considered sufficient to ensure the non-diversion 
of nuclear material in cases where e.g. the physical properties of a nuclear material container 
cannot be modified, but the entire container could be replaced. Hence, techniques for gross 
defect verification may be adaptable to disarmament verification. 
 
In safeguards, it may not be possible to directly measure the fissile material, and the inspector 
must rely on indirect assessments instead. One example is spent fuel verification, where the 
quantity of interest is the fissile material. The detected radiation contains emissions from 
many isotopes, primarily fission products, hides the weak signatures of the fissile material.  
Fission product spectra are used as a secondary indication of declared fuel parameters such as 
burnup (energy extracted through fission) and cooling time (time since discharge from the 
reactor) rather than the fissile material itself [122]. This provides information that the fuel 
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(and the reactor) has been used as declared, and together with CoK measures ensures that no 
material has been diverted. 
 
Spectral measurements to determine fissile material properties in a suspected nuclear warhead 
component depend directly on emanations from the fissile core or other nuclear components.  
Layers of heavy metals and moderators can significantly interfere with spectral measurements 
both active and passive. Furthermore, a warhead may contain several different types of 
nuclear material, making it difficult to assess that the warhead as a whole contains all 
expected material without performing detailed measurements. A schematic of the kinds of 
materials encountered is shown in Figure 4.  
 

 
Figure 4. Schematic of layers and locations of nuclear materials and other important materials. Image 
from [123]. 
 
Comparing the use of CoK in safeguards with the corresponding concept in nuclear 
disarmament, Chain of Custody (CoC), one can note that the overall goal and the techniques 
involved are similar. Through the use of tags, seals and surveillance, it is possible to verify 
that items have not been moved, manipulated or diverted. This helps to build confidence 
between parties and in the procedures, as well as in the operations and activities involved. 
In nuclear safeguards, sensitive material is accounted for by using CoK and in-facility 
inspections where measurements may be performed. A similar situation can be foreseen also 
in the nuclear disarmament setting, following the dismantlement of a nuclear warhead. As 
shown in Figure 2, direct verification of all components in an intact weapon may be 
challenging. Hence, it may be more fruitful to focus on the component after dismantlement, to 
verify both that the material is accounted for, has the expected quality, and that it can be 
confirmed that a warhead has been dismantled. The fissile material and its properties may still 
need to be protected immediately after dismantlement, as they contain sensitive information 
about the design and operation of the weapon, but in principle, existing safeguards measures 
currently applied to ensure the non-diversion of material from the civil nuclear fuel cycle can 
also be applied to nuclear warhead material. After dismantlement, nuclear material can be 
entered into normal IAEA safeguards for civil use or permanent disposal (see section 6.4). 
The equipment used to assay the material will then be the same as that used in safeguards 
today.  
 
For nuclear safeguards, on-site inspections are the main tool to verify that material and 
technology is not being misused. In disarmament verification, on-site inspections will take 
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place under procedures negotiated through the treaty. Several of the seminars presented in 
section 2 dealt with these types of measurements, and showed that many challenges remain, 
and that research is still ongoing. 
 
One technique used in safeguards is environmental sampling, where the presence and 
composition of microparticles of nuclear material at facilities can be used to verify that no 
undeclared activities take place. For disarmament verification, such sampling could reveal 
information about material that is sensitive, hence environmental sampling is likely not an 
option. For CTBT verification, the atmospheric sampling done by the International 
Monitoring System may be considered a form of such sampling, although it is not done at the 
source but at a great distance from the source. However, if the CTBT enters into force, there 
will be possibilities to send inspectors to a suspected test site, opening up the possibility of 
additional environmental sampling near the source. Thus, there is an overlap between 
safeguards and CTBT verification with respect to environmental sampling, although the two 
may look at different isotopes and thus require different sensitivities.  
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6. Managing nuclear weapons materials after disarmament  
The task of disposing of nuclear material from nuclear weapons (NWs) or NW stockpiles may 
be considered to be the final step of the nuclear warhead dismantlement process [114, 124]. 
The goal of this process should be to render weapons-usable material inaccessible, 
unattractive or in other ways no longer useful for nuclear-weapons production. NW material 
held by nuclear-weapons states may either be deployed in active warheads or part of national 
stockpiles of material that could be used in weapons. 
 
Because this topic concerns the final stage of the disarmament process, important lessons may 
be learned from the back-end of the civilian nuclear fuel cycle, which involves spent-fuel 
reprocessing or final storage. Techniques for verification of nuclear material, its storage and 
disposition techniques may to some extent be transferred to the issue of disarmament. There is 
also important overlap between these topics when it comes to wider questions of societal 
acceptance and safety considerations connected to material disposition. Another aspect of the 
civilian nuclear fuel cycle – the worldwide stockpiles of civil plutonium from reprocessing 
activities – also shares common ground with the issue of disposing of NW plutonium. 
 

6.1. Nuclear-weapon materials to dispose of 
A NW contains different types of materials and components which should, if we consider the 
entire disarmament process, be disassembled and disposed of. Naturally, the focus of this 
report is on the nuclear materials that constitute the core of the weapons. Nonetheless, 
disposition of non-nuclear materials is also introduced briefly below. 
 

6.1.1. Nuclear materials 
The nuclear materials to dispose of in a disarmament context is typically uranium and/or 
plutonium (Pu). For the NW pit itself, highly enriched uranium (HEU) or plutonium would 
typically be used. Currently, approximately 1330 tons of HEU (civil- and military-use), 220 
tons of military-use plutonium and 316 tons of civil-use plutonium exist worldwide [125]. A 
nation’s inventory of HEU or plutonium may consist of material in various forms, such as 
assembled weapons pits, metals, oxides or solutions [126, 127]. In this context it should be 
added that materials other than HEU and separated plutonium can be of concern for NW 
production and may therefore also need to be considered for disposal. These include any 
material that may support a self-sustained chain reaction, such as 237Np and 233U. In addition 
to HEU and Pu, 233U, uranium with lower enrichment and thorium also have associated 
significant quantities defined by the IAEA [70]. Notably, 237Np does not have an associated 
significant quantity. Thousands of kilograms of 233U have been separated for military or 
civilian purposes, the disposition of which has been discussed [128]. Finally, it is also worth 
noting that not only HEU can be present in a uranium NW – natural uranium can for example 
be used as a reflector around the pit in a NW. 
 

6.1.2. Non-nuclear materials 
Dismantling NWs results in a number of different types of non-nuclear materials and 
components that need to be taken care of. A number of different methods to dispose of 
chemical high explosives used in NWs have been suggested [129]. In addition, NWs contain 
materials that when recovered and/or recycled are valuable in other (civil) applications. One 
example is lithium, which can be used to increase the yield of thermonuclear weapons [130]. 
The global demand for lithium is currently on the rise, given their use in electrical batteries. 
Modern NWs also contain tritium (3H). Tritium has value in many civil applications such as 
self-powered lighting systems. Tritium decays via beta-decay to form 3He, which is a valuable 
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material for neutron detectors. Therefore, tritium can both be removed for immediate use in 
civil applications, or be removed and decay before being of high value for further use.  
 

6.2. Disposition options: fuel production and immobilisation 
Disposing of NW material can mean different things, but the end result is that the material is 
no longer available in a form or composition directly usable in a NW. What happens in the 
disposition process depends on whether or not the material will be used for anything else, 
such as production of new reactor fuel, or if the intent is to immobilise it before placing it in a 
final repository. Due to the sensitive nature of the NW material, one can also foresee that 
there could be reasons to further process or condition the material in order not to reveal 
information about original composition and masses, or to reduce the material attractiveness of 
the end product [61, 131]. Ideally, one wants the final product to be as unattractive as 
possible. This reduces the risk of it being reused to produce new NWs, but also makes it less 
interesting to steal or divert. Material attractiveness has been evaluated for different 
proliferation purposes [63], and the proliferation attractiveness of various materials can be 
evaluating using parameters such as critical masses, radiation emissions and heat generation 
[63, 67]. 
 
A wide range of options for plutonium disposition was evaluated in a 1994 report by the 
National Academy of Sciences in the United States [67]. These included indefinite storage of 
NW material, production of nuclear fuel, as well as various options for burial, space launch, 
ocean dilution and transmutation in dedicated reactors. This report also describes the so-called 
“spent-fuel standard”, where the plutonium is processed in such a way that it becomes at least 
as unattractive for proliferation purposes as spent fuel from a reactor is. Although this report 
considers the specific case of plutonium disposition, the same disposition mechanisms may 
also be valid for other NW materials. In the conclusion of the report, the authors state that the 
two most promising alternatives for meeting the spent-fuel standard were i) to use the NW 
material in new nuclear fuel for use in a reactor and ii) vitrification, i.e. immobilising  the NW 
material and placing it in permanent storage. These two options will be described in Section 
6.2.1 and 6.2.2. 
 
The spent-fuel standard has been analysed extensively [131, 132]. Different options for 
plutonium disposition have also been studied elsewhere, see for example [133-137]. It is 
worth noting that there is still no clear consensus about the validity of the spent-fuel standard 
in terms of ensuring non-proliferation, nor on which disposition method would be most 
successful in reducing proliferation concerns [138]. Therefore, future work on the topic could 
focus on finding a combination of disposition methods that fulfils the numerous requirements 
of safe and secure NW material disposition. Combining different disposition methods has 
been suggested for the considerable civil plutonium stockpiles in the United Kingdom [134]. 
 
Although there are material and isotopic differences between stockpiles of military-use 
HEU/Pu and civil-use HEU/Pu [139], there exist similar questions in terms of disposition. 
The nuclear fuel cycle looks different in different countries. Some countries have performed 
extensive uranium enrichment or reprocessing activities, resulting in considerable stockpiles 
of civil-use HEU or Pu. These countries are now facing questions on methods for reducing 
these stockpiles [140-142]. 
 
In this section, two candidate disposition methods will be described further: i) using the NW 
material to produce fresh fuel for use in reactors or ii) immobilising and disposing of the NW 
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material. These were the two plutonium disposition methods recommended in the conclusions 
of [67]. 
 

6.2.1. Fuel production 
From a physics point of view, it is relatively straight-forward to eliminate HEU from NWs, 
since the difference between HEU and the low-enriched uranium (LEU) typically used in 
nuclear fuels is the enrichment level (i.e. the percentage of 235U in the uranium). By mixing 
HEU with uranium enriched to very low levels (so-called blendstock LEU), it is possible to 
achieve enrichment levels typically used in nuclear power (<5%). By manufacturing nuclear 
fuel from the resulting LEU and using it to fuel nuclear reactors, the concentration of fissile 
material is reduced and the properties of the resulting spent fuel clearly match the spent-fuel 
standard. Because LEU fuels are used in most commercial reactors today, the required reactor 
infrastructure for this disposition path already exists worldwide. This is also the approach 
taken during the successful "Megatons to Megawatts" HEU disposition program (see Section 
6.3.1). 
 
Plutonium, in contrast to uranium, cannot be down-blended to reach unattractive levels from a 
non-proliferation point of view. This means that the route to dispose of it is more difficult as 
compared to HEU. This does not mean that plutonium from nuclear weapons cannot be used 
in nuclear fuel, however. Several options for this disposition path were evaluated in [67]. 
These included the fabrication of mixed-oxide (MOX) fuel for use in light water reactors 
(LWRs). For this option, the reactor infrastructure to a large extent already exists, although 
there are differences between operating an LWR fuelled with uranium oxide (UOX) and 
MOX [143]. The feasibility of several variations of this option has been considered [144-146], 
including in Russia where large plutonium stockpiles exist [147]. Fabrication of MOX fuel 
requires additional facilities for handling separated plutonium, facilities that exist in countries 
currently reprocessing spent fuel for MOX production. Notably, the U.S. is not among those 
countries. While the use of plutonium from nuclear weapons in MOX fuel and its subsequent 
irradiation in LWRs does not allow for a complete consumption of the plutonium, it will 
result in the build-up of heavier plutonium isotopes and thus make the material less attractive 
for use in weapons. 
 
Another option for plutonium disposition is fabrication of MOX fuels for different types of 
fast reactors, which was examined in [67]. This has perhaps been most studied in a Russian 
context [147, 148], given their overall interest in constructing fast-spectrum reactors. 
Reference [147] states that fast reactors can be fuelled with MOX fuel with varying plutonium 
vectors, meaning that there is potential for exchanging MOX fuel manufactured with reactor-
grade plutonium with MOX fuel manufactured with weapons-grade plutonium without the 
need for large modifications to the facility design. Reference [148] concludes that irradiation 
of plutonium from nuclear weapons is a viable option in BN-600, and could be done by 
replacing enriched uranium fuel assemblies with MOX fuel assemblies, resulting in a full 
MOX core. It can be noted that in a fast reactor, the plutonium can be consumed to a higher 
degree than in LWRs, because remaining plutonium in the spent fuel can be recycled and used 
again in a new MOX fuel. This may in theory be repeated until all plutonium has been 
consumed, which would in the end completely eliminate all weapons-grade plutonium. 
However, the fast neutron spectrum does not result in a degradation of the plutonium vector 
as in the case of LWRs, which means that all remaining plutonium remains weapons-grade, 
albeit at decreasing and finally vanishing quantity.  
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Also other reactor types have been considered for the disposal of plutonium from nuclear 
weapons. These include molten salt reactors [149], thorium-fuelled reactors [150] and heavy 
water reactors [151]. For each of these reactor types, a combination of neutronics and safety 
parameters, plutonium loading capacity and the proliferation risk of the associated fuel cycle 
has to be evaluated, similar to the analysis of [67]. 
 
Civil nuclear power is viewed very differently across the world. Some countries have strong 
ambitions in civil nuclear power, including plans to construct fast reactors, use MOX fuel, 
reprocess spent fuel and close the nuclear fuel cycle. In other countries, the ambitions are less 
clear, and the public opinion is more divided or even oppose nuclear power. Factors such as 
these may affect the willingness of different countries to, for example, manufacture and use 
MOX fuel produced from NW Pu. Such fuel could be viewed either as an asset or a burden, 
depending on the country. Generating additional spent fuel might also be problematic for 
countries currently struggling with the task of spent-fuel disposal. 
 

6.2.2. Immobilisation 
Another potential disposition path is immobilisation of the NW material in a glass or ceramic 
matrix, resulting in "logs" which can ultimately be placed in permanent geological storage 
[67]. This way, the material is deemed to be rendered as inaccessible as spent fuel (the 
manufacturing process can also involve including fission products in the mixture, to increase 
the radiation barrier), thereby fulfilling the spent-fuel standard. In some respects, this option is 
similar to the task of final disposal of spent fuel, an issue which is highly relevant in Sweden 
today. For the immobilisation, a number of types of glass or ceramics have been or are being 
considered [152, 153]. The path of immobilisation is typically discussed in the context of 
plutonium disposition, because of the inherent difficulties with that compared to HEU 
disposition. 
 
As discussed in [153], more research is required before adopting plutonium immobilisation on 
a commercial scale. Issues requiring further research include the chemical properties of the 
Pu-matrix mixture as well as the long-term safety of the immobilised waste (for example, 
material stability and radiation damage). Again, there are overlaps between these questions 
and those concerning spent-fuel geological disposal. 
 
It is important to emphasize that not all HEU or plutonium materials can be converted into 
reactor fuel, some of it needs to be treated as waste. This has been highlighted in connection 
to disposition of the United Kingdom's civil plutonium stockpile [154]. Understanding the 
material properties of the end product – be it oxide powder, fuel pellets, glass or ceramics – is 
important when considering the cost, proliferation resistance, public acceptance and suitable 
verification techniques.  
 

6.3. Agreements on and experiences of NW material disposition 
There have been two important treaties governing international agreements involving NW 
disposition – one targeting the disposition of highly enriched uranium and one targeting the 
disposition of military plutonium. Unfortunately, neither of them is currently in force. 
However they may serve as templates for future negotiations and agreements, and have 
resulted in important experiences and lessons learned. The agreements are: 
 
• The Agreement between the Government of the Russian Federation and the Government 

of the United States of America Concerning the Disposition of Highly-Enriched Uranium 
Extracted from Nuclear Weapons [155] (commonly known as the “Megatons to 
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Megawatts” programme or the United States-Russia Highly Enriched Uranium Purchase 
Agreement), which covered HEU. 
 

• The Agreement between the Government of the United States of America and the 
Government of the Russian Federation Concerning the Management and Disposition of 
Plutonium Designated as No Longer Required for Defense Purposes and Related 
Cooperation [156] (commonly known as the “Plutonium Disposition Management 
Agreement” or “PDMA”), which covered Pu. Although signed by the United States and 
Russia, the agreement was unsuccessful and suspended in 2016.  

 
The Megatons to Megawatts program, agreed upon in 1993, served to reduce the Russian 
stockpile of HEU by production of fuel for American light water reactors. The Plutonium 
Management and Disposition Agreement, agreed upon in 2000 but never completed, served to 
reduce both Russian and American excess stockpiles of plutonium. 
 

6.3.1. The Megatons to Megawatt programme 
The Megatons to Megawatts agreement was signed in 1993 by the United States and the 
Russian Federation [155]. The purpose of this agreement was to dispose of Soviet-era nuclear 
warheads and reduce stockpiles of HEU by selling the material to the United States, for 
production of light water reactor fuel for use in American reactors.  
 
The Megatons to Megawatt programme, which ended in 2013, successfully disposed of 500 
metric tons of 90% enriched uranium and provided valuable information on both legislation, 
possible viewpoints of nuclear-weapons states, schemes for verification and also appropriate 
instrumentation and verification techniques. 
 
The Megatons to Megawatts agreement followed a series of processing and verification steps 
in both Russia and the United States [157-160]: 
 

 
Figure 5. Flow chart of the steps involved in the Megaton to Megawatt programme. 
 
Figure 5 shows an overview of what was done in the Megaton to Megawatt programme. On a 
more detailed level, the steps involved were: 
 

1. HEU was obtained from Russian warheads at weapons-dismantlement sites in Russia. 
The HEU was chipped and placed in sealed containers. 

2. The sealed HEU containers arrive at chemical plants in Russia, where the HEU is 
burned to produce oxide. At the point of arrival, American verification of the 
enrichment in the sealed containers was performed using gamma-ray spectrometry 
with a sodium iodide detector [161]. American inspectors were also allowed to 
observe the oxidation process and apply seals to oxide canisters. 

3. The oxide is converted to uranium hexafluoride (UF6) gas, also at Russian plants. By 
mixing the gas with UF6 from LEU with an enrichment of approximately 1.5% (i.e. 
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blendstock LEU), LEU suitable for use in a commercial light water reactor is 
produced. The resulting UF6 was then shipped to the United States. The down-
blending process was monitored by the United States using the Blend Down 
Monitoring System [162, 163], which combines a fissile mass flow monitor with an 
enrichment monitor. 

4. The down-blended UF6 was used to produce uranium oxide (UOX) fuel pellets in the 
United States. Prior to sending the UF6 to a fuel factory, it was sometimes further 
down-blended to fit a customers requirements. Russian inspectors were allowed to 
monitor the process, to ensure that uranium was not re-enriched [160, 164]. 

5. The UOX was used to manufacture fuel assemblies in the United States. Russian were 
allowed to monitor the fuel fabrication process. The fuel was then used in American 
light water reactors [160]. After irradiation in a reactor, this fuel is treated as any spent 
fuel. 

 
Throughout this process, transparency was vital. In order to verify the Megatons to Megawatts 
program, techniques used by American specialists verifying the Russian plants and vice versa 
were developed and agreed upon by all parties. Both American and Russian inspections were 
performed in the framework of the HEU Transparency Program, established by the 
DOE/NNSA in the US and Rosatom in Russia [165]. It is important to stress that the 
verification process commenced only when sensitive information about weapon construction 
and geometry was eliminated and the HEU kept in sealed containers. Throughout the process, 
documentation such as facility and shipping declarations were shared between the United 
States and Russia, to facilitate trust in the process [164]. 
 
Verification technologies used during the Megatons to Megawatts are of obvious interest also 
for future efforts related to nuclear disarmament and disposition of warhead materials. The 
Blend Down Monitoring System for UF6 enrichment monitoring is based on densitometry, 
where the transmission of radiation from a source through piping with UF6 is measured with 
gamma-ray spectrometry [163]. Other techniques successfully used for enrichment 
monitoring of gaseous UF6 also use gamma spectrometry, either in combination with X-ray 
fluorescence [166, 167] or pressure sensors [168]. The densitometry technique has also been 
used in the Advanced Enrichment Monitor [169], a later development. Although not 
developed explicitly for disarmament verification, the On-Line Enrichment Monitor, used in 
enrichment monitoring in Iran under the Joint Comprehensive Plan of Action [170] can also 
be mentioned as a recent development. It combines gamma-ray spectrometry with 
measurements of gas temperature and pressure to continuously monitor and verify uranium 
enrichment levels [171]. 
 

6.3.2. Plutonium Disposition Management Agreement 
The Plutonium Disposition Management Agreement (PMDA) was signed in 2000 and 
amended in 2010 by the United States and the Russian Federation [156]. The purpose of the 
agreement was to reduce the stockpiles of excess plutonium in both the United States and 
Russia.  
 
The PMDA allowed plutonium disposition by use in several types of reactors [156]: 

• American LWRs, 
• Russian sodium-fast reactors (BN-600 and BN-800), 
• Any Gas Turbine Modular Helium Reactor (GT-MHR), 
• Any other reactor type agreed upon. 
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In addition, the agreement stated the intentions by U.S. and Russia to cooperate on possible 
immobilisation techniques.  
 
The agreement was – in contrast to the Megatons to Megawatte programme - ultimately 
unsuccessful, and was suspended in 2016 [172]. The failure of the agreement can be attributed 
to a number of factors [173]. One issue was uncertainty about the best method of plutonium 
disposition, where Russia proposed to dispose of it in fast nuclear reactors and the U.S. 
proposed to fabricate MOX fuel and use that in light water reactors. With time, the U.S. faced 
mounting costs for the construction of the MOX fuel fabrication plant [174]. There were also 
fundamental differences in the Russian and American views on material attractiveness after 
disposition, with Russia advocating a change in the plutonium isotopic composition (i.e. 
changing the relative concentrations of different plutonium isotopes in the material) and the 
US advocating the spent-fuel standard (described in section 6.2) [175]. Furthermore, the 
concept of producing MOX fuel went against a long-standing policy in the United States 
[176]. The United States have still considered possibilities for unilateral excess-Pu disposition 
[174], whereas no such plans have been announced by Russia [177]. 
 
It is worth pointing out that any new plutonium disposition agreement could take into account 
newer developments of both reactor techniques (such as so-called Generation IV systems) and 
immobilisation techniques. Leading up to such an agreement, the safety, security and 
safeguards consequences of current disposition techniques should be evaluated, preferentially 
reaching common ground on the best way forward. Such an evaluation could very well be 
connected to current analyses of future nuclear safeguards and the non-proliferation 
implications of closing the nuclear fuel cycle. 
 

6.4. NW material disposition and international safeguards 
Regardless of which disposition method is chosen, nuclear material will remain in the end 
product, whether it is (reprocessed) spent fuel, immobilised plutonium or something else 
[178]. As discussed in e.g. [67], the proliferation risks of a chosen disposition method will 
have to be carefully evaluated. For this reason, mechanisms for ensuring the non-proliferation 
of the disposed material should be in place. Naturally, there could be significant overlaps 
between NW material disposition and international nuclear safeguards. As described in 
section 5.2, a number of measurement techniques used in nuclear safeguards can be relevant 
also for disarmament verification. This also includes final disposition, where techniques for 
monitoring e.g. spent nuclear fuel storages currently exist and could be used also for 
monitoring disposed NW material under international safeguards. Of course, these techniques 
may need to be adapted to the form of the disposed material (for example might immobilised 
plutonium require different monitoring techniques compared to MOX fuel). 
 
One option that has been suggested for ensuring non-proliferation after NW disposal is to 
place the final material under permanent international nuclear safeguards. In 1996, Russia, the 
USA and the IAEA launched the Trilateral Initiative to examine the possibility of extending 
IAEA safeguards to weapon-origin fissile materials [179]. This cooperative project 
established a Joint Working Group to address the related financial, technical, and legal issues. 
Over the period of six years, the project made progress on developing verification solutions 
that avoided the disclosure of sensitive NW-related information to inspectors. It also produced 
a draft model verification agreement as a basis for potential future agreements between the 
IAEA and states wishing to remove fissile materials from military use. [180]. The agreement 
ultimately did not come into force, but could provide a starting point for future work on an 
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international agreement on NW material disposition involving international safeguards and 
the IAEA [181]. 
 
Another overlap with international safeguards exists in the use of operator declarations from 
nuclear power plants. If the chosen method of disposition is by use in a nuclear reactor, 
documentation on how the fuel has been used in the reactor will be important to verify that the 
disposition has taken place, since that can be compared with measurements on the resulting 
spent fuel. Special care may have to be taken to verify the amount of spent fuel, because small 
discrepancies in e.g. the amount of MOX fuel might hide un-declared stockpiles of plutonium. 
 

6.5. Time scales for dismantlement and disarmament 
Although the processes of NW dismantlement and disarmament clearly involve a number of 
steps before final disposition of NW materials, a discussion on the time scales involved in the 
entire process is appropriate at this point. For this discussion, it is relevant to first consider the 
TPNW, an international disarmament treaty in force since early 2021. The TPNW gives States 
30 days to submit a declaration of nuclear weapons holdings and then to immediately remove 
them from military readiness and destroy them on a schedule to be determined [182]. This 
might be hard to achieve in practice, not least from a logistical point of view. Definitions of 
dismantlement will also vary from country to country (depending on the NW technologies 
used) and the definitions may not be the same as the envisioned TPNW terms. If fissile 
materials are to be permanently removed from weapons and introduced into the civil fuel 
cycle as compounds of heavy metals, there are many steps to follow. This will likely take 
decades based upon 21st century experience. There are several data points that are useful in 
estimating how long a TPNW dismantlement might take if the goal is total destruction of NW 
components. 
 
First, the Megatons to Megawatts operation described in Section 6.3.1 took 20 years to 
complete. In this program, 500 tons of Russian HEU were recovered [159]. The same 
reference estimates that this corresponds to 20,000 warheads. However, this could very well 
be an overestimate if the HEU came from dismantled thermonuclear NW secondaries instead 
of single-stage warheads. An HEU secondary would typically weigh more than 25 kg (the 
single-pit weight giving a total of 500 tons if 20,000 warheads were dismantled) [183]. If this 
is the case, it is more likely that 10,000 or fewer warheads were dismantled to provide HEU 
secondaries for down-blending. The 20 years do not include the time to remove the uranium 
components from actual weapons and delivery them to the down-blending facility. At these 
rates it may take several decades for a stockpile the size of Russia’s to be dismantled.  
 
Second, the PMDA also demonstrates pitfalls in dismantlement, as described in Section 6.3.2. 
Both Russia and the United States planned to dispose of 34 tons of WG-Pu each, with the goal 
of turning it into MOX fuel at a rate of 2 tons per year, meaning that 17 years would be 
required for the 34 tons to be fully produced. This demonstrates that the dismantlement and 
disposal of NW materials is a long-term commitment. Also, the project ultimately failed for 
several reasons, including disagreements between different groups in society about cost 
increases, proliferation risks and environmental concerns. NW dismantlement and material 
disposition can face obstacles even within the non-proliferation community. Finally, limited 
data on NW dismantlement rates exist. A 2013 newspaper article reported that the United 
Kingdom dismantles three nuclear warheads per year from its Trident submarine program 
[184]. The United States dismantles NWs at the PANTEX site in Texas. From 2015 to 2020 
PANTEX dismantled between 109 and 354 nuclear warheads per year, for an average of 239 
warheads per year [185]. Given the current U.S. NW stockpile of 3,750 warheads, over 15 
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years would be required just for dismantlement of active warheads. These 3,750 warheads do 
not include retired and inactive warheads also awaiting dismantlement. These numbers 
suggest that dismantlement alone requires several years, given today's stockpile sizes 
worldwide. It is also worth noting that the definition of a “dismantled warhead” can be a 
warhead simply reduced to its component parts. Warheads at PANTEX are simply taken apart 
but the plutonium pits and HEU components need further destruction to achieve the goals 
final NW disposal. This can add many years to the disposition process. 
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7. Interdisciplinary research and development in nuclear disarmament  
There are several areas of interdisciplinary research that concern nuclear disarmament, but not 
all of them clearly involve the technical aspects of the disarmament process. However, when 
scratching the surface, it becomes clear that there are always areas where social and natural 
sciences need to collaborate and exchange ideas and methods. 
 
The term interdisciplinary (or cross-disciplinary) means an activity that involves two or more 
academic disciplines and draws on knowledge, methods, analysis and/or skills from them. 
Transdisciplinary research, on the other hand, is research that exists in the border between 
other subjects, common examples are biomedicine and biochemistry. Often, interdisciplinary 
research is mistaken for having to be transdisciplinary, which leads to the exclusion of 
scientific fields as they do not, at first glance, seem to have anything to do with the area of 
interest. One such example is the inclusion of natural science in gender studies; there might 
not be natural subject border between i.e., physics and gender studies, but this does not mean 
it is impossible to include skills and methods from the two fields for mutual benefit. 
 
In nuclear disarmament research around the world, research groups are working on several 
fields which are interdisciplinary: 
 
• Gender, race and disarmament 

The main reason for wanting to disarm nuclear weapons is that they are a risk to human 
lives and health. However, research show that the risk is associated with gender, i.e. 
women and girls are at larger risk of being harmed in (all) conflicts, at the same time as 
they are underrepresented in all fora dealing with armament, manufacturing of weapons, 
military and civil control of weapons as well as disarmament. It is also known from many 
studies that there are gender differences in medical attention and treatment. [186] 
 
Nuclear weapons are surrounded by a highly masculine discourse where women are often 
excluded. In international meetings on nuclear weapons, the share of women is less that 
25% [187].  
 
One way of addressing the problem of inequality in the disarmament talks, is to aspire to 
level out the gender imbalance in the educational systems. However, as long as there is an 
imbalanced power distribution between men and women, the inequality is likely to 
remain. There is however progress being made, the newly negotiated TPNW addresses 
gender and nuclear weapons and specifically stresses disproportionate impact of women in 
international weapons treaties. [188] 
 
It would be an important step forward to research the possibilities for women to act as 
technical experts in the field of verification and disarmament. How are the possibilities 
and credibility for female technical inspectors and experts when working in the field? This 
is an example of a concrete interdisciplinary research question.  
 
The history of nuclear weapons is closely linked to colonialism and the idea of white 
supremacy. Just as women are disproportionately affected by the effects of nuclear 
weapons while being underrepresented by those with power, so are indigenous people and 
people of colour. [189]  
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• Climate change and disarmament 
Climate change is expected to lead to increased risk of conflict including a new arms race, 
and an arms race will increase the emission of climate gasses. Hence, the idea of fighting 
climate change can be beneficial to nuclear disarmament. [190]. 
 
In addition, one of the challenges of tackling climate change is to agree internationally on 
how to measure and quantify emissions, and how to find physical signatures from them. 
The difficulty is often illuminated by media as scandals are revealed where companies or 
countries do not measure and account for their true emissions, one example is the 
Volkswagen diesel scandal in 2017.  This situation is somewhat similar to the problem of 
verifying emissions and adherence to agreement in the nuclear disarmament regime. In 
both cases, a large number of countries needs to find agreement on verification 
techniques, and also build agreements on what is technically possible.  
Another aspect of nuclear disarmament and climate change, is the direct climate impact of 
nuclear weapons This, and choice of disarmament. If fissile material from weapons can be 
used as fuel in energy-producing nuclear reactors, that will decrease the demand for newly 
mined uranium, as well as the demand for fossil fuel. This has been demonstrated by the 
"Megatons to Megawatts" programme (see section 6.3.1).  

 
• Environmental research and nuclear disarmament 

There are many aspects of environmental research that is linked to nuclear disarmament 
research. Everything that has to do with manufacturing of special nuclear materials and 
their eventual uses can be subjected to life cycle assessments to calculate the integrated 
effects on the environment. One example is the handling of material from dismantled 
nuclear weapons stockpile which must either be stored in some manner or put to new uses 
e.g., as adapted reactor fuel (see section 6.2.1).  
 
Research in the areas of nuclear archaeology or nuclear forensics, as well as of safeguards, 
that try to track and map special nuclear materials can to some extent make use of 
radioecological markers. One example is the mapping of 129I and 36Cl in the North Sea 
that has been shown to move with water currents from the Sellafield and La Hague 
reprocessing plants [191]. Such mapping is an example of the use of methods developed 
for geological and biological sciences that can also be used to track and/or find sites that 
work with nuclear reprocessing. Simultaneously, mapping of radionuclides in natural 
processes can also contribute to research on climate change, as there are dependencies 
between climate and sea water current and atmospheric wind patterns. In the latter respect, 
nuclear facilities open a tool box for mapping natural processes with the help of 
anthropogenically released radionuclides. This has been demonstrated i.e. by tracing deep 
sea currents outside Norway with the help of radioisotopes from Sellafield, UK [192]. 

 
• Transdisciplinary physics-chemistry research on verification of high explosives and 

special nuclear materials 
One important part of a nuclear weapon is the chemical high explosive (HE) part. The 
IPNDV [54] gives a lot of attention the techniques for detecting and verifying the 
presence or absence of HE, and though some techniques are the same as the ones to detect 
and verify special nuclear materials, some are unique and come from basic chemistry 
methodology. In order to take the full warhead into account, both expertise in nuclear 
physics and chemistry are needed. 
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• Policy challenges 
The policy and diplomatic communities working on “designing” modalities of verification 
of any disarmament treaty will, in essence, have to make a set of basic “design decisions” 
that are not at all technical in nature but will guide the technical solutions to be applied to 
the treaty verification. Such decisions have to be taken in sequence (see Figure 6). The 
first decision is whether the treaty should have verification provisions, or, possibly, be 
verified by participating nations individually, using “national technical means of 
verification”. (This term was first used, but not defined, in the Strategic Arms Limitation 
Treaty (SALT) between the US and USSR. In contemporary usage it broadly means any 
intelligence capabilities available to a state). For example, the “designers” of the TPNW 
made their decision to include the verification requirements and provisions into the 
Treaty’s articles 2, 3 and 4.  

 
If the decision to develop and implement the treaty verification provisions has been taken 
in principle, the second decision point is definition of the verification’s scope. In other 
words, the question “What should the treaty verify?” has to be answered as precisely as 
practically achievable at this stage. It could be helpful for future implementation to 
provide as much as possible of that answer in the treaty and its annexes, but that is not 
always politically feasible, especially in a multilateral context. [192] In a number of cases, 
the definition of a treaty’s scope is “outsourced” to other documents or organisations. For 
example, the Article III of the NPT outlines the verification scope quite generally, and 
refers to the IAEA Statute and safeguards system for specific details.  

 
Verification will most likely have to commence with states parties providing initial 
declarations. The scope of the verification regime defines what information should be 
included in such baseline inventory declarations. Depending on a treaty, its verification 
regime’s scope will have to include some combination of nuclear materials, nuclear 
facilities, nuclear warheads, as well as, possibly, specialized materials (e.g. tritium) and 
knowledge associated with them.  

 
In addition, the scope will need to define if verification should only concern current and 
future activities (e.g. verification of non-production of fissile material or nuclear weapons 
after a certain point in time) or verification of the whole history of that material or item 
production. For example, this particular dimension of the treaty scope has remained a 
“bone of contention” at the Conference on Disarmament in Geneva since 1995 in the 
FMCT negotiation process. In March 1995, the “Shannon Mandate” (CD/1299) 
established an Ad Hoc Committee on a “ban on the production of fissile material for 
nuclear weapons or other nuclear explosive devices.” The same document discusses 
whether the scope of the proposed treaty should include past production in addition to the 
future production of fissile materials. [193] 
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Figure 6. Disarmament treaty verification design decisions 

 
The next “design decision” beyond definition of scope is what functional requirements in 
terms of cost, timeliness and performance should be expected from the verification 
regime. Clearly, a sensitive and fast verification system can not be cheap, so the 
combination of the functional requirements will always have to be chosen to balance 
verification needs against political and monetary costs needed to build and maintain such 
a system. For example, as noted above, the NPT “outsourced” specifics of its verification 
to the IAEA safeguards system, and the IAEA has developed a so-called “Comprehensive 
Safeguards Agreement” (INFCIRC/153) for that purpose. That document defines the 
objective of safeguards as “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”. [194] In the 1970s the IAEA Standing Advisory 
Group on Safeguards Implementation (SAGSI) parsed that statement into measurable 
physical parameters (significant quantity, detection time, detection probability, false alarm 
probability) that would be used as a technical foundation of safeguards procedures, such 
as frequency of inspections, etc. SAGSI also assigned specific values to those parameters. 
The values were chosen taking into account technical considerations, as well as political 
expediency and cost factors. [195] 

 
In other words, the IAEA safeguards based on INFCIRC/153-type agreements is tailored 
for the NPT purposes. Any new process of design of a verification system for a new 
disarmament treaty will have to go through the same set of decisions described above 
“from scratch” in order to ensure that its verification system is indeed fit for purpose. 
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8. Education and teaching on nuclear non-proliferation and 
disarmament  

There are many aspects of education on non-proliferation and disarmament (NPD). Not only 
does NPD involve many fields of work and different activities, but there are also many 
different prospective target groups for education and training. On a general level NPD 
education may be a valuable tool for raising public awareness of future students and 
professionals, for whom the cold war and the ever-present threat of nuclear war is history, in 
order to motivate and empower them to maintain nuclear disarmament and non-proliferation 
on the agenda. On a more specific level education may be aimed at providing professionals 
and future professionals with education about different fields of NPD-related subjects, e.g., 
nuclear safety and security, safeguards and verification etcetera in order to enable people to 
take on tasks or even lead them on to careers within NPD. 
 
The importance of education as a tool for maintaining and developing professional 
communities has long been acknowledged in general and also specifically within NPD. In this 
respect education is also a significant and effective instrument for strengthening the nuclear 
non-proliferation regime. In 2000 a group of governmental experts was nominated and tasked 
by the UN General Assembly to conduct a study on disarmament and non-proliferation 
education [196], which after its publication in 2002 has become a milestone document for 
NPD education in the decades that followed. The report presents thoughts and ideas on (then) 
current perspectives as well as recommendations for approaches to disarmament and non-
proliferation education summarized in a list of 34 recommendations. It is difficult to 
quantitatively assess the impact of the document. However, in 2017 United Nations Office for 
Disarmament Affairs (UNODA) published an Occasional Paper [197] where it was concluded 
that the document has done much to further education within NPD and provided motivation 
for many regions/countries to establish networks and training centres inspired development of 
teaching resources, e.g., textbooks and that it remains relevant and comprehensive. The 
UNODA Occasional Paper contains some recommendations on improving the implementation 
of the 2002 study. One such recommendation is to that in addition to providing education and 
training to existing and future professionals within the field of NPD one should further 
promote train-the-trainers and educate-the-educators programs. Such programs and courses 
can be organised by universities in collaboration with national and international competence 
centres. 
 

8.1. Non-proliferation and disarmament education resources 
In the report Mapping non-proliferation and disarmament Education in Europe [198] a 
thorough and overview of European NPD educational resources is given. It is noted that 
several universities, research institutes and think tanks provide education on NPD issues in 
the form of educational programs, courses, workshops and mentoring programs. It is however 
pointed out that there is a dominant political-science focus and also a lack of (geographic) 
accessibility since the majority of the educational organisers are based in countries that either 
possess or hosts nuclear weapons. There is also a lack of multidisciplinarity for example 
within universities where education is often bounded to a certain discipline. Collaboration 
between universities, departments within universities and research institutes could improve 
the situation.  
 

8.1.1. International Networks 
There are international networks that are tasked with NPD education or related subjects. 
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Within the United Nations the United Nations Office for Disarmament Affairs (UNODA) 
organises a broad range of NPD learning opportunities, online as well as in-person. UNODA 
also maintains the Disarmament Education Dashboard [199], a comprehensive overview of 
educational activities, including those of the Non-Proliferation Education Partnership. 
 
IAEA partners with several educational and research institutions within the International 
Nuclear Security Education Network (INSEN), where member organisations cooperate to 
promote sustainable nuclear security education. Examples of key activities within this 
network includes development of peer-reviewed textbooks, instructional material, computer-
based teaching tools, and exercises and materials for laboratory work that are made available 
to other members of the network. A significant effort is made to reach out to nuclear-
newcomer countries with members of INSEN providing faculty development courses, faculty 
exchanges and joint development and implementation of nuclear security education programs 
or courses. The network, which was established in 2010 is considered a success and could 
serve as a template for collaboration within the field of (nuclear) NPD. 
 

8.1.2. Available education programs, courses and summer schools 
Because NPD is concerned with such a broad range of subjects, it is almost impossible to 
provide an up-to-date directory of available educational resources. Nevertheless, the UNODA 
Internet portal is one example of such a directory [199]. It appears that courses are sometimes 
provided intermittently, or on a more or less ad-hoc basis, depending on availability of 
expertise, funding, infrastructure and not the least, student interest. 
 
NPD educational programs with a focus on science, technology, engineering and mathematics 
(STEM) are rare. One example is the Master of Arts program in Nonproliferation and 
Terrorism Studies [200] at Middlebury Institute of International Studies. The program targets 
not only nuclear weapons, but also other types of weapons of mass destruction. An example 
of an on-line Graduate Certificate program focused on nuclear NPD is the program on 
Nuclear Deterrence [201] offered by Harvard Extension School. This program is non-STEM. 
 
While there are several single-subject or short courses available on political and legal aspects 
of NPD in general, courses that target STEM aspects of nuclear NPD are rare. The Ph.D. 
course Verification of Nuclear Explosions that will be provided during the autumn semester 
2022 within AMC in a collaboration between Uppsala University and the Swedish Defence 
Research Agency (FOI) is one example. Examples of NPD related summer schools with a 
STEM focus are the course Nuclear Non-proliferation Safeguards and Security in the 21st 
Century [202] hosted by Brookhaven National Laboratory and the ESARDA course on 
Nuclear Safeguards and Non-proliferation [203]. 
 
There is a plethora of single subject or short courses targeting specific subjects that can be 
considered to be NPD related, e.g., courses on nuclear safeguards, nuclear security, nuclear 
forensics, Monte-Carlo methods for particle transport, etcetera. In Sweden such courses are 
offered primarily by Chalmers, Royal Institute of Technology and Uppsala University. 
 
One last think worth pointing out is that there is openly available material that may be used in 
teaching, including infographics, videos, books, databases, tutorials, teaching tools, games 
etc. More information about this can be found in [204-206]. 
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9. Preparing for future challenges 
This report has described a number of areas and topics relevant for non-proliferation, 
safeguards and nuclear disarmament. The objective has been multifold; to highlight the 
relevance of these topics in an AMC setting and especially a WG4 context, to explain the 
current status and also to point out needs for further research and development that can be 
pursued within AMC. 
 
Nuclear disarmament by its very nature includes scientific, technical, social and political 
dimensions, and therefore can only be tackled through a collaborative effort of policy-makers, 
diplomats and technical researchers. That applies to development related to negotiations and 
ratification of new agreements and treaties (such the TPNW, FMCT, Tritium freeze etc) and 
require both a setup of an organisation tasked to ensure the adherence to the treaty and the 
fulfilment of state obligations. This part of the report outlines promising areas for such a 
collaboration from technical perspectives.  
 
Most areas pointed out in this report are of a technical nature, and concern the use of technical 
approaches, tools, and analysis techniques to draw conclusion on the object or sample under 
study. Of specific interest to WG4 is to contribute to assessments related to non-proliferation 
and safeguards. Within non-proliferation, there is a specific interest to engage in research 
efforts related to improved detection capabilities of radionuclides for nuclear test verification 
purposes. Such efforts typically concern improved sensitivity of a system (the sampling, the 
detection and the subsequent data analysis), as well as better use of available data (large 
amounts of data) using machine learning and artificial intelligence. There may also be an 
advantage to look into the detection and quantification of additional isotopes, such as krypton 
or argon, for increased capabilities. Detection of new isotopes will also require development 
of a highly efficient and robust sampling and measurement system. An area of active research 
within WG4, regarding such measurement systems, is the use of segmented gamma-ray 
detectors for coincidence spectrometry. Electronically segmented germanium detectors are 
nowadays used in fundamental physics research, but have not yet found their use outside of 
this area. The use of such detectors for coincidence spectrometry have the potential to 
significantly reduce the lowest activity level of radionuclides that is practically detectable. 
However, research and development is called for in order to adapt the technique to specific 
needs in treaty verification. 
 
Another relevant non-proliferation topic concerns assessments of current and historical 
nuclear material production in facilities, stockpiles and states. This can help identifying 
situations where declared activities and estimated production do not agree or support 
conclusions drawn on material inventories and production rates, and highlight the need for on-
site inspections or additional verification measures. However, such analyses rely either on 
information about the historical use of facilities, or on the operation of currently existing 
facilities in a state. Such information may be difficult to obtain, and accordingly it would be 
advantageous to involve external experts for such assessments. Related to this, evaluations of 
material properties and material attractiveness of different forms of nuclear material in use or 
in storage, as well as assessments of proliferation risks associated with the handling or 
management of such material would be highly relevant to perform. Such analyses also relate 
to options regarding the disposition of nuclear weapon material (in e.g. nuclear reactors), as 
they offer a solution to get rid of nuclear weapon material in a peaceful way.  
 
Nuclear safeguards was created as a measure to deter from proliferation of nuclear weapons, 
and to ensure the timely detection of misuse of civil facilities, materials and processes if it 
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would occur. Safeguards research is thus of high relevance to nuclear disarmament, as it may 
serve as an early warning if something is not right. In addition, much research and 
development has been done to ensure to develop and implement procedures, instruments and 
analysis techniques that can be used also for disarmament purposes. However, although 
detection techniques, instruments and analysis techniques in non-proliferation, safeguards and 
nuclear disarmament appear to share common goals, they each feature different requirements. 
A measurement instrument used in one field is therefore not likely to be applied in another 
field, although the underlying physics in the same and the same measurement technique may 
be used. This calls for research and development on measurement techniques, instruments and 
analysis methodologies that are inspired and “proven in the field”, but adapted to the specific 
needs and requirements determined by a certain application. In nuclear disarmament 
applications, there is a general need for simple, trustworthy instruments that are sufficiently 
sensitive to be useful, yet limited enough to not convey classified information. No general 
agreement yet exists that lists acceptable instruments, measurement techniques or what 
information the analysis should yield. Instead this is to be agree upon in specific collaboration 
and a pre-determined setting. Thus, there is a need to investigate multiple strategies and 
solutions to choose between. There is also a need to study measures to ensure CoK/CoC 
mechanisms to track the nuclear material (and other nuclear components) throughout the 
entire nuclear disarmament chain of activities. Although the verification of the nuclear 
warhead itself lies at the core of this process and may to an outsider appear to be the most 
important verification to perform, the difficulty associated with getting access to data and 
information needed to perform such research should not be underestimated. For this reasons, 
much of this research is done by nuclear weapon states in dedicated nuclear weapons 
laboratories, or in collaboration with researchers from such institutes.  
 
Hopefully, new treaties and agreements are associated with new requirements, or possibilities, 
to perform verification using technical equipment and tools. Also, related to interdisciplinary 
research is the common use of approaches or analysis techniques between different fields. We 
hope that the future collaboration within AMC can inspire cross-disciplinary research.  
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Appendix A – Overview of treaties 
 
Brief description of non-proliferation and disarmament treaties that are referred to in this 
work: 
 
Treaties currently in effect 
 
Treaty on the Non-Proliferation of Nuclear Weapons (NPT) 
The treaty signed in 1968, and entered into force in 1970. The treaty has three goals: to 
prevent the spread of nuclear weapons and weapons technology, promote cooperation 
involving the peaceful uses of nuclear energy and to achieve nuclear disarmament.  
 
191 states have joined the treaty, including the five nuclear-weapon states. The IAEA was 
founded to establish the nuclear safeguards system and to verify the compliance of states with 
the NPT. Since 1995, the NPT is extended indefinitely. 
 
Additional Protocol (AP) 
The protocol was approved in 1997 and strengthens the implementation of the IAEA 
safeguards by increasing the capabilities of the organisation to detect undeclared nuclear 
material and activities in states. It is the AP which enables the IAEA to perform for instance 
environmental sampling and to use satellite imagery, and that gives the IAEA information 
about and access to, all parts of the signatory states nuclear fuel cycles. 
 
Treaty on the prohibition of nuclear weapons (TPNW) 
The TPNW is the first legally binding agreement that prohibits nuclear weapons. The treaty 
prohibits all activities relating to development, manufacture, testing, transfer and use of 
nuclear weapons, as well as assistance and encouragement to contribute to such activities. The 
treaty opened for signatures in 2017 and entered into force in 2021. The treaty currently has 
61 parties, and the treaty has been ratified by 58 states. No nuclear-weapon states have signed 
or ratified the treaty. 
 
Treaties not in effect that that could strengthen non-proliferation and disarmament 
Comprehensive Test-Ban Treaty (CTBT) 
The CTBT prohinits all signatory states from conducting nuclear weapon test explosion or 
any other nuclear explosions. The CTBT opened for signatures in 1996, and has today been 
ratified by 172 states. The CTBT has however not come into effect, as it needs the ratification 
of 44 specific states, including China, Democratic People’s Republic of Korea, Egypt, India, 
Iran, Israel, Pakistan and the United States. In preparation for the CTBT to come into effect, a 
global network of 321 monitoring stations and 16 laboratories built and deployed to detect 
any signs of nuclear explosions.  
 
Fissile Materials Cut-off Treaty (FMCT) 
If an FMCT were to be approved its first job would be to determine all sources of weapons 
material production, largely reactors for plutonium and uranium enrichment.  This is  a large 
data gathering exercise that is very different from the IAEA.  In fact, IAEA completely 
ignores numerous reactors and enrichment activities in non-NPT states on the basis that they 
are not declared.3 

                                                 
3 Shannon N. Kile and Robert E. Kelley, Verifying a Fissile Material Cut-Off Treaty, Technical and 
Organizational Consideration, SIPRI Policy Paper 33, August 2012 
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A second mission would be to verify that material production facilities are either dismantled 
or provably given over to civil use only.  This is a field activity, not an accounting activity. 
Note there is no agreed version of an FMCT.  In one view it will only be focused on the 
preventing the future production of nuclear materials.  In a broader version it would also 
include verifying past production of nuclear materials and verifying their disposition.  IAEA 
has important skills in the later version.  An expanded CTBTO mandate would focus on 
detecting radioactive products of material production in the atmosphere. In 2021 it is 
necessary to recognize that there are weapons-usable Special Nuclear Materials other than 
plutonium, uranium and thorium. 
 
Tritium cut-off treaty (TCOT) 
A treaty to ban the production of tritium for military purposes would begin arms reductions 
immediately unlike the FMCT which only freezes existing stockpiles at current levels.  It is 
not yet a mainstream idea.  Were it to be ratified there would need to be a discovery phase 
identifying all tritium sources similar to an FMCT on fissile materials.  Those sources would 
be closed, and the IAEA could begin verifying legal civil tritium inventories just as it now 
monitors fissile materials under the NPT.  IAEA’s mandate would have to be expanded to 
account for this new category of weapons-usable material.  CTBTO does not have tritium 
sensors yet.  They could be added to the existing radionuclide stations worldwide.  The 
network for data transmission and collection from all over the world exists in CTBTO and 
could be a vital capability – if the mandate were added to its test monitoring role.  It is 
reportedly about an existing $1 billion investment that needs to be preserved and used. 
  



72 
 

Appendix B – About the CTBTO 
In 1958 both the Soviets and US were under heavy pressure from environmental groups to 
stop polluting the atmosphere with radionuclides.  There was a hasty effort to deal with this 
called the Voluntary Test Ban Moratorium.  It was a bilateral agreement without the force of a 
treaty but for 3 years both sides refrained from testing until the Soviets staged a breakout of 
several tests over a few days followed by a similar US response.  The huge Czar Bomba, 50 
megaton test was in this series. 
 
This led to the 1963 Limited Test Ban Treaty that banned tests in the atmosphere, underwater 
and in outer space.  Only underground tests were allowed.  The treaty was signed and ratified 
only by three counties, The Soviet Union, the UK and the US.  Then it was closed for 
signature in 1963. After 1963 States could accede to the LTBT and 125 states have done so.4 
 
The next formal step was the 1974 Threshold Test Ban Treaty, a bilateral treaty between the 
US and Soviets.  It limited tests to less than 150 kt yield which was a significant step in 
reducing the vertical proliferation of large strategic weapons.   
 
In the early 1990s all five weapons states stopped testing voluntarily.  Barriers to testing 
suspension largely revolved around the issue of whether very small tests could be verifiably 
detected.  There was also an issue as to whether very small tests were useful and represented a 
strategic advantage to a cheating state.  Politicians, not nuclear weapons scientists, concluded 
that suspending testing did not threaten national security.  This was despite the CTBT and not 
because of the CTBT.  India, Pakistan and DPRK have all tested nuclear weapons in defiance 
of the voluntary suspension by the NWS. 
 
The CTBT is a true multi-lateral treaty with dozens of signatories.  But with a poison pill in 
the ratification process that ensures it will never be ratified.  The Comprehensive Test Ban 
Treaty Organization is a provisional secretariat managing the resources that would be fully 
used if the CTBT were ever fully ratified.  The CTBTO is well-funded and has built an 
impressive worldwide network of sensors and data collection systems that relay data from all 
over the world to a Data Management Centre in its Vienna Headquarters. 
 
The CTBTO is always under threat to its mandate and funding.  Over a quarter century from 
signatures, it has still not been ratified by the required states.  The CTBTO is a powerful 
technical organization with an investigative function but only after a suspected nuclear test 
and not before.  Its mandate does not direct it to be predictive, such as: “Who will conduct the 
next nuclear test or where are there suitable test sites?”  Its missions focus on detecting signs 
that a test has occurred.   
 
It has a number of powerful tools for detection.  The very appropriate one for supporting 
nuclear weapon elimination is its extensive worldwide network of radiation samplers.  These 
samplers detect trace amounts of radionuclides in the air and supply the data to atmospheric 
models in an attempt to pinpoint sources. This would be a powerful adjunct to verifying 
absence of nuclear material production (FMCT), eliminating nuclear weapons (TPNW) and 
monitoring traces of tritium in the atmosphere (TCOT).  To do this would require a 
substantial international commitment to increase the mandate of CTBTO. 
  

                                                 
4 Treaty banning nuclear weapon test in the atmosphere, in outer space, and under water. Available from: 
https://2009-2017.state.gov/t/avc/trty/199116.htm  

https://2009-2017.state.gov/t/avc/trty/199116.htm
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Appendix C – Export control 
 
This brief information is taken from eCustoms5. 
  
In addition to material under safeguards by the IAEA, there exists four multilateral export 
control regimes that contribute to nonproliferation of nuclear weapons by controlling and 
limiting the trade of transfer of sensitive dual-use goods and technology.  
 
Goods of sensitive nature such as equipment, materials, softwares and technologies are listed 
and controlled, and in addition all states are required to “take and enforce effective measures 
to establish domestic controls to prevent the proliferation of nuclear, chemical, or biological 
weapons and their means of delivery, including by establishing appropriate controls over 
related materials and to this end shall: establish, develop, review and maintain appropriate 
effective national export and trans-shipment controls over such items, including appropriate 
laws and regulations to control export, transit, trans-shipment and re-export …” 
 
There are four multilateral export control regimes, and three of them are directly or indirectly 
related to nuclear weapons. The Nuclear Suppliers Group (NSG) implements guidelines for 
control of nuclear and nuclear-related exports, which are implemented by states according to 
their national laws and practices. The Missile Technology Control Regime (MTCR) targets 
the nonproliferation of unmanned delivery systems capable of delivering WMD; and the focus 
of the Wassenaar Arrangement (WA) is the transparency and responsibility in transfer of both 
conventional weapons and sensitive dual-use goods and technology. 
  

                                                 
5 Trade compliance resources, Multilateral Nonproliferation (Export Control) Regimes and Arrangements. 
Available from: https://ecustoms.com/about-us/visual_trade_compliance_resources/multilateral-
nonproliferation-export-control-regimes-arrangements/  

https://ecustoms.com/about-us/visual_trade_compliance_resources/multilateral-nonproliferation-export-control-regimes-arrangements/
https://ecustoms.com/about-us/visual_trade_compliance_resources/multilateral-nonproliferation-export-control-regimes-arrangements/
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Appendix D – Environmental Sampling and age dating 
 
Environmental sampling particles 
Environmental particle sampling is a powerful tool in the verification of nuclear activities or 
the absence of nuclear activity in a prohibited context. The process is well-developed. It is 
also very expensive and time consuming. Any ability to reduce time and costs would be 
welcome. Particle sampling for non-proliferation has only been developed for radioactive 
species. Uranium in particular is the most common use. Other elements, such as plutonium 
and fission products produce enough gamma radiation that they often can be detected without 
extensive nano-particle sampling.  Uranium associated with enrichment and fuel handling is a 
very important indicator of nuclear activity. 
 
Wipes collected for radionuclide detection could, in theory, be used to sample for other 
elements and chemical compounds.  This is a problem for two reasons.  The first is that 
organizations like the IAEA have limited funds and laboratory capability.  The radionuclide 
task is its main mission.  The second is that samples taken by the IAEA should not be used to 
discover trade secrets outside the IAEA mandate.  If IAEA wipe samples were used in a 
biotechnology setting, serious development espionage could take place.  Member states of the 
IAEA expect that exploitation of wipe samples will be limited to it nuclear mandate.  Note 
how this limits cooperation with organizations like OPCW or WHO. 
 
There are two areas in environmental sampling that need to be observed. The first is sample 
integrity and CoC.  Environmental sampling is extremely sensitive.  Cross-contamination is a 
major problem.  Samples need to be collected under sterile conditions.  The IAEA has 
evolved procedures to limit cross-contamination.  It has caused some important failures in the 
past.  Proper sampling is done by two persons using a sterile sampling kit packed in advance.  
In the kit are several small cotton wipes, plastic “sandwich bags” that can be sealed and 
sampling forms.  Even the pen used to enter data is in the sterile package. 
 
Both the inspectors wear new sterile lab coats and clean gloves. One person acts as the “dirty” 
inspector.  Their job is to take sterile materials handed to them, take a wipe on a surface to be 
examined, and to deposit the samples into a clean sandwich bag without touching anything 
else.  Typically, there will be about five wipes all from the same general area of interest. 
The second inspector is the “clean” inspector, who is expected not to touch any surfaces in the 
work area and only to close and seal the bags and record sampling data.  Inspected parties are 
often surprised at the lab coats and procedures.  They believe the workplace is clean and that 
inspectors are worried about contaminating themselves.  They do not realize that the 
inspectors are preventing cross-contamination. 
Both inspectors take another wipe of their hands and outer clothing at the beginning of the 
procedure.  This provides a background of what they might be adding to the samples. 
 
For forensic reasons, the inspected party is offered to choose one of the several wipe bags at 
random to retain in case there are problems with results later. 
 
In the IAEA laboratory the samples are divided up.  Often the wipe is cut into several pieces 
to be sent to a network of laboratories to provide for several independent analyses.  The 
sample number from the field is replaced with a new number.  This is to ensure that the 
sample is “double-blinded” and the investigating laboratory should not know the source of the 
sample and inserting a bias. 
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Processing of samples can be quite complex.  For most radionuclides the samples are simply 
screened for gamma radiation from a range of isotopes.  For uranium the procedure is far 
more complex.  Man-made samples might have a sufficient gamma signature to detect a lot of 
uranium particles above background.  In the search for nano particles this is not enough.  
Technicians scan wipes in an electron microscope.  Particles that appear to be possible 
uranium are removed and placed on a Lexan plate and irradiated in a reactor.  Particles 
containing 235U will fission and the fission products leave fission product tracks in the 
Lexan.  Particles that produce fission tracks are then separated manually and examined in 
SIMS and TIMS to determine more about their isotopic composition and origin. 
This process is obviously person-power intensive and time consuming.  It is hard to speed it 
up given the reactor irradiation step.  Samples may cost several thousand $US each. 
 
There are several technical uncertainties.  The first is clearly cross-contamination.  IAEA 
inspectors, in particular, work in contaminated environments and have traces of radionuclides 
on their body and clothes.  There have been a number of cases where an inspected party was 
accused of prohibited activities only to find that cross-commination was the cause for 
derogatory findings. As second problem is not accounting for background at the selected 
location.  If the samples contain particles not significantly above background, they have no 
forensic value.  Worldwide fallout from nuclear testing is a background factor that must be 
taken into account.  Due to the cost of each sample, it is tempting not to take enough 
background measurements. 
 
Particles are forever.  If a prohibited activity took place in the past but is no longer going on 
there may still be evidence of the past.  Positive results are only useful if the past history is 
complete.   
 
There is a common misconception that inspectors take “soil samples” when searching for 
uranium.  This is absolutely wrong, but it persists.  Natural soil in most places has a 
significant component of uranium as a trace element.  A soil sample will have large numbers 
of natural uranium particles that will make it impossible to detect trace numbers of man-made 
particles of interest. 
 
Age Dating 
An important measurement in disarmament studies is the dating of nuclear material especially 
plutonium or uranium.  If the date of last chemical processing can be determined it is very 
useful to identifying the history of a batch of material, its source and age.  This is vital to 
reconstructing declarations as to the history of a claim. Plutonium is relatively easy to date 
because of the short half-life of Pu-241.  If the entire isotopic makeup of a sample is known, 
then the quantity of 241-Pu and its short half -life daughter Am-241 can provide a 
radiochemical solution. Uranium is much more difficult to date because most of the major and 
minor isotopes have very long half-lives.  An improvement in dating processes is always 
useful. 
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