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The International Panel on Fissile Materials (IPFM) was founded in January 2006. It is 
an independent group of arms-control and nonproliferation experts from seventeen 
countries, including both nuclear weapon and non-nuclear weapon states. 

The mission of the IPFM is to analyze the technical basis for practical and achievable 
policy initiatives to secure, consolidate, and reduce stockpiles of highly enriched ura-
nium and plutonium. These fissile materials are the key ingredients in nuclear weap- 
ons, and their control is critical to nuclear disarmament, halting the proliferation of 
nuclear weapons, and ensuring that terrorists do not acquire nuclear weapons. 

Both military and civilian stocks of fissile materials have to be addressed. The nuclear 
weapon states still have enough fissile materials in their weapon stockpiles for tens of 
thousands of nuclear weapons. On the civilian side, enough plutonium has been sepa-
rated to make a similarly large number of weapons. Highly enriched uranium is used 
in civilian reactor fuel in more than one hundred locations. The total amount used for 
this purpose is sufficient to make about one thousand Hiroshima-type bombs, a design 
potentially within the capabilities of terrorist groups. 

The Panel is co-chaired by Professor R. Rajaraman of Jawaharlal Nehru University in 
New Delhi and Professor Frank von Hippel of Princeton University. Its members inclu-
de nuclear experts from Brazil, China, France, Germany, India, Ireland, Japan, South 
Korea, Mexico, the Netherlands, Norway, Pakistan, Russia, South Africa, Sweden, the 
United Kingdom and the United States. Professor José Goldemberg of Brazil stepped 
down as co-chair of IPFM on July 1, 2007. He continues as a member of IPFM. Short 
biographies of the panel members can be found at the end of this report. 

IPFM research and reports are shared with international organizations, national go-
vernments and nongovernmental groups. It has full panel meetings twice a year in ca-
pitals around the world in addition to specialist workshops. These meetings and work-
shops are often in conjunction with international conferences at which IPFM panels 
and experts are invited to make presentations. 

Princeton University’s Program on Science and Global Security provides administra-
tive and research support for the IPFM. 

IPFM’s initial support is provided by a five-year grant to Princeton University from the 
John D. and Catherine T. MacArthur Foundation of Chicago. 

About the IPFM  
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Over the past year, the importance of charting a new common ground for reducing and 
eliminating stockpiles of the key nuclear weapon materials—plutonium and highly 
enriched uranium—has grown. It is not merely that the Fissile Material Cutoff Trea-
ty, which would stop all production of fissile materials for weapons, has returned to 
the top of the international nuclear disarmament agenda, with the United Nations 
Conference on Disarmament agreeing this year to begin talks on such a treaty. More 
important, the entire project of nuclear disarmament has undergone a renaissance. 
Notably, President Barak Obama called in his speech in Prague on April 5, 2009 for a 
world without nuclear weapons. The idea of not merely reducing the number of nuclear 
weapons but of eliminating them entirely is getting more serious consideration than at 
any time since President Truman proposed the Baruch Plan to the UN to achieve this 
end in 1946.

It is in this new context, which is the focus of the present report, that the work of 
the International Panel on Fissile Materials is playing an indispensable role. Suddenly, 
people in government, in academia, and in society at large are asking, in more detail 
than ever before, what a world with very few or no nuclear weapons might actually 
look like. The difficult and still-important question of how to get to such a world is now 
accompanied by the perhaps even more difficult and even more important question of 
what precisely the arrangements in such a world would be and how these would work. 
The process of getting rid of nuclear weapons (if it really happens), after all, will take 
only a limited time; but the nuclear-weapon-free world will have to last forever. Harder 
than getting to zero will be staying there.

The number of nuclear weapons in the world has declined from a peak of more than 
60,000 at the height of the Cold War to about a third of that today. If current talks 
between the Obama administration and the Russian government are successful, these 
numbers will decline further over the next few years, to about ten thousand opera-
tional warheads, including short-range and reserve warheads, plus perhaps another 
thousand in the arsenals of the world’s other seven nuclear powers, with further re-
ductions to follow. As the number of weapons declines, the importance of materials 
increases, especially if governments are taking the new goal of zero weapons seriously. 
In such a world, the immediate fear of nuclear war wanes, and the fear of the return of 
nuclear weapons takes its place. Attention turns away from warheads and ballistic mis-
siles and toward uranium enrichment and plutonium separation facilities, plutonium 
and tritium production reactors, highly enriched uranium stockpiles for naval reactors, 
civilian stockpiles of plutonium and the like. 

Foreword
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The 2009 Global Fissile Material Report, in conjunction with its predecessors, places dis-
cussion of these matters, more comprehensively and in greater depth than anywhere 
else, on a solid technical foundation. It moves the debate out of the realm of slogan 
and heartfelt wish into the cool light of scientific reality. We come to understand that 
underlying the weapons systems is the more fundamental fact of nuclear technology 
and that underlying that is the root of the whole dilemma, the scientific knowledge 
that makes the weapons and materials alike possible. Since the fundamental knowledge 
is destined to survive even the abolition of the weapons, it is necessary to ask, as the 
experts who have written this report do in myriad ways, how, over the long run, we 
can live with it. 

The questions that then move to the fore are such matters as: By what exact routes 
might a cheater on an abolition agreement proceed to rebuild nuclear weapons? What 
safeguards might the world deploy to protect itself against such a cheater? What 
measures of verification can give warning of such an attempt? Which nuclear-power 
technologies lend themselves to cheating, and how might they be circumscribed or 
eliminated? We are invited to school ourselves in “nuclear archeology” (the history of 
nuclear production facilities, fathomed through isotopic analysis and other means), 
in the possible “mining” of nuclear wastes (the danger that a nation will process these 
wastes to obtain plutonium), and in the “stuffing” or crushing of the plutonium pits at 
the heart of nuclear weapons to disable them while they await dismantlement. 

Of course, acquiring control over fissile materials—by stopping their production for 
military purposes, by producing a detailed inventory (now woefully incomplete) of 
their existence, by inspecting that inventory—is not useful solely for abolition. It is 
also immediately useful for nuclear arms reduction and for reining in nuclear prolifera-
tion. If the world’s grip on its fissile materials and technology were ever to become fully 
secure, then nuclear proliferation, especially to sub-national groups, would almost be 
a dead letter. There is no conflict here between the long and the short run. The infor-
mation and recommendations presented in this report are therefore as immediately 
urgent as they are fundamental in the larger scheme of things. They are the guts of 
nuclear disarmament—a goal that this report represents with new clarity and brings 
closer to achievement. 

Jonathan Schell
New York, September 2009
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The goal of complete elimination of nuclear weapons has returned to the center of 
international debate. It is a goal as old as the nuclear age. The first resolution of the 
United Nations General Assembly in 1946 called for plans “for the elimination from 
national armaments of atomic weapons and of all other major weapons adaptable to 
mass destruction.” It was already understood that central to the challenge would be 
the control of highly enriched uranium (HEU) and plutonium, the fissile materials 
that had been used respectively in the bombs that had destroyed the Japanese cities of 
Hiroshima and Nagasaki five months earlier.

The focus of Global Fissile Material Report 2009 is on nuclear disarmament as seen 
through the lens of fissile material policy. If nuclear weapons are to be eliminated, 
the plutonium and HEU in the nuclear-weapon complexes, the HEU used to fuel the 
nuclear reactors that power over a hundred ships and submarines and over a hundred 
nuclear research reactors around the world, and the stock of civilian plutonium sepa-
rated from nuclear-power-reactor spent fuel will have to be secured, placed under in-
ternational monitoring and, to the extent possible, eliminated. The following chapters 
therefore discuss the fissile-material dimension of achieving and sustaining a world 
free of nuclear weapons.

Chapter 1, IPFM’s annual review of global stockpiles, production and elimination, pro-
vides the context. Put simply, ending the threat from nuclear weapons will involve 
securing, safeguarding and eliminating the current worldwide stockpile of about 1600 
tons of highly enriched uranium and 500 tons of separated plutonium. Large steps in 
that direction also will be required to support the deep cuts in nuclear arsenals that 
will be part of the nearer-term nuclear-disarmament process. 

As part of this assessment, for the first time we include an appendix (at the end of this 
volume) listing sites worldwide where there is reason to believe that nuclear weapons 
probably are deployed or stored, and those where weapons and their components are 
designed, fabricated and assembled, or dismantled. 

Chapter 2 surveys some of the challenges to eliminating nuclear weapons in a world 
where nine states have nuclear weapons and increasing numbers of others are acquir-
ing the capability to produce them. A central issue is whether nuclear disarmament 
is to be pursued through a series of agreed steps laid out in advance in some kind of 
framework treaty or by continuing the step-by-step approach that emerged during the 
Cold War and continues today. There is also inevitably the question of reversibility. 

Overview
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Former nuclear weapon states will have legacy fissile materials and weapons-design, 
production and delivery capabilities not available to non-nuclear-weapon states. These 
legacy fissile material stocks and production capabilities will have to be subject to in-
ternational control and used for peaceful purposes or eliminated. 

Declaring fissile material and nuclear warhead stocks and production. Non-weapon 
states routinely provide detailed information on their nuclear-material stocks and ac-
tivities to the International Atomic Energy Agency (IAEA). In the 1990s, the United 
States and United Kingdom produced reports on their fissile material stocks and the 
history of their production and consumption. To provide a basis for very deep cuts in 
the U.S. and Russian arsenals, detailed declarations may be required from Russia as 
well. Eventually, all weapon states will have to make such declarations as they join the 
effort to eliminate nuclear weapons.

Chapter 3 discusses how warhead and fissile-material declarations could be organized, 
and the challenges, more than six decades into the nuclear era, of producing compre-
hensive historical declarations. At some point in the disarmament process, all nuclear 
warheads, weapon components, and containers of fissile material will have to be de-
clared, identified and tagged, and thereafter subject to international monitoring until 
they are eliminated. National and facility-level production and disposition records will 
have to be made available for verification. An appendix to Chapter 3 describes the ori-
gin, evolution, and capabilities of the Nuclear Materials Management and Safeguards 
System (NMMSS), which was used to generate the U.S. declarations of plutonium and 
HEU production, acquisition and utilization from the beginning to the mid-1990s. 

Nuclear archaeology. After South Africa decided to eliminate its nuclear weapons and 
join the Nonproliferation Treaty as a non-weapon state, the IAEA conducted a long 
investigation to determine that South Africa’s HEU declaration was consistent with 
the physical evidence remaining at its uranium enrichment plants. More recently, as 
part of an agreement to end North Korea’s nuclear weapon program, the United States 
proposed to check North Korea’s plutonium declaration with a detailed study of the 
available physical evidence in its plutonium-production complex. The same type of 
investigation will have to be done in the fissile-material production complexes of each 
of today’s nuclear-weapon states. The sooner all weapon states make such declarations 
and the investigations begin, the more physical evidence of past production activities 
there will be to examine. 

This type of investigation has been dubbed “nuclear archaeology” and is the subject of 
Chapter 4. One powerful tool that has already been developed is the graphite isotope-
ratio method to determine cumulative production of plutonium in graphite-moderated 
production reactors (reactors used for producing weapons plutonium by the United 
States, the United Kingdom, Russia, France, China and North Korea). Studies should 
be mounted to see whether a similar approach could be developed to estimate past 
plutonium production in heavy-water-moderated reactors, in use by India, Israel and 
Pakistan even today. Checking declarations of HEU production would require measure-
ments of the isotopic composition of samples of the HEU as well as the depleted urani-
um waste from the enrichment process. In some weapon states, uranium was used first 
in reactors to produce plutonium and then enriched to make HEU. The processing of 
materials at the various facilities left isotopic traces in the material that could be used 
to make consistency checks between plutonium and HEU production declarations. 
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Verified warhead dismantlement. A critical verification challenge will be to ensure 
that, once a state has declared its nuclear-weapon and component stockpiles, none of 
their contained fissile materials go astray before the fissile materials are converted to 
unclassified forms and placed under international monitoring pending disposition.
 
Chapter 5 reviews and builds on a 1990s U.S.-Russian “lab-to-lab” project that attempt-
ed to devise minimally intrusive approaches to verifying warhead dismantlement. A 
key addition is the early selection by international inspectors at deployment and stor-
age areas of a random sample of warheads and components of each declared type as 
templates to provide radiation “fingerprints” for comparison with warheads and com-
ponents declared later to be of the same types. This allows warheads to be identified 
without revealing detailed nuclear weapon design information. The chapter also finds 
that the verification of nuclear-weapon dismantlement could be greatly simplified if 
the quantities and isotopic compositions of the plutonium and HEU in each type of 
nuclear warhead were declassified. 

Disposition of HEU and plutonium stocks. Nuclear disarmament would release about 
900 tons of HEU and 150 tons of plutonium currently in nuclear warheads and the as-
sociated production complexes. If the United States, Russia and the United Kingdom  
were to follow France’s example and convert their naval-propulsion reactors to low-en-
riched uranium fuel, an additional 200 tons of HEU in naval reserves—enough to make 
8,000 nuclear weapons—could also be eliminated. Chapter 6 discusses the challenge 
of doing so.

There is ample precedent for the disposition of HEU from weapons. In the 1990s Rus-
sia and the U.S. together declared excess for military purposes about 700 tons of HEU. 
Almost 500 tons of this excess HEU, mostly Russian, has been down-blended to make 
low-enriched uranium (LEU) to fuel nuclear power reactors and the rest will be. In con-
trast, none of the about 90 tons of weapon-grade plutonium declared excess by Russia 
and the United States has yet been eliminated. Plans to use this plutonium to fabricate 
mixed plutonium-uranium oxide (MOX) for reactor fuel have made little progress while 
costs have dramatically increased in both states. It is time to suspend this effort and 
to consider alternative disposition options that would cover both current and future 
plutonium declared excess. In the meantime, all excess HEU and weapons plutonium 
stocks and associated disposition facilities should to be put under IAEA monitoring. 
This would establish a basis for arrangements that could apply to other weapon states 
when they declare fissile material excess and dispose of it.

Two hundred and fifty tons of separated civilian—but still weapon-usable—plutonium 
also have to be disposed of to make nuclear disarmament more irreversible. The United 
Kingdom, which owns about one third of this separated civilian plutonium, has just 
begun to discuss how to dispose of it. The United Kingdom should end efforts to get 
its troubled reprocessing plant back into operation since success would only make its 
plutonium disposition problem larger. 

Verification of a ban on the production of fissile material for weapons. A verifiable 
Fissile Material Cutoff Treaty (FMCT) that ends all production of fissile material for 
weapons would be an essential building block for a nuclear-disarmament regime and is 
likely to be the first international agreement along that path. A detailed discussion of 
both the scope and verification of a Fissile Material Cutoff Treaty was the centerpiece 
of Global Fissile Material Report 2008, with the main ideas of that report summarized 
here in Chapter 7.
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Effective verification of an FMCT will, at the least, require international monitoring of 
all reprocessing and enrichment plants, and also universal adherence to the Additional 
Protocol to the safeguards agreements with the IAEA that many non-weapon states 
have agreed to. The Additional Protocol requires states to declare all their nuclear- 
energy-related activities and gives the IAEA increased authority to look for undeclared 
activities related to nuclear-material production.

Nuclear energy and nuclear disarmament. In a nuclear weapon-free world, the major 
threat of breakout would be associated with the fuel-cycle facilities and fuels associated 
with nuclear power reactors. It is clear that controls on such facilities would have to 
apply equally to all countries. 

If countries are allowed to separate plutonium from spent power-reactor fuel—as is 
done today in France, India, Japan, Russia, and the United Kingdom—they could use 
this plutonium to make nuclear weapons within weeks. Countries with large national 
enrichment plants could similarly quickly begin to make large quantities of HEU for 
weapons. 

The breakout times would be longer in a world without reprocessing and where states 
lacked national enrichment plants. But a state with nuclear reactors still could build a 
“quick and dirty” reprocessing plant and recover plutonium from spent power reactor 
fuel within six months to a year. This would still be true if a state abandoned nuclear 
power but retained spent fuel under national control in long-term storage or in a geo-
logical repository. 

Of course, with enough effort, even states without any nuclear-power infrastructure or 
legacy could develop nuclear weapons. The United States managed to develop nuclear 
weapons starting with no nuclear infrastructure in three years (1942–1945). A differ-
ence between a warning time of years or weeks could be critical, however, to the ability 
of the international community—or in some cases, a country’s internal political pro- 
cesses—to deal with the threat.

Societal verification. In a nuclear-weapon-free world, a robust international verifica-
tion system based on safeguards and other technical measures would be necessary but 
not sufficient. Such traditional verification would have to be complemented by a sys-
tem where individuals with knowledge of suspicious activities in their countries could 
and would alert the international community. The final chapter in this report discusses 
the elements of such a system of “societal verification.” Most of the international com-
munity would welcome such citizen reporting today in states aspiring to nuclear weap-
ons. But citizens are unlikely to turn against their own government if it is simply trying 
to develop the same capabilities that nuclear-weapon states already have and claim as 
vital to their national security. It therefore is reasonable to expect that, only when all 
states have convincingly committed to nuclear disarmament, will the citizens of states 
engaged in clandestine nuclear activities be willing to “blow the whistle” on their own 
governments.
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1  Nuclear Weapon and Fissile Material 
Stocks and Production
In mid-2009, the global stockpile of highly enriched uranium (HEU) was about  
1600 ± 300 tons,* enough for more than 60,000 nuclear weapons. The large uncer-
tainty is due to Russia not declaring how much HEU it produced before it ended pro-
duction in the late 1980s. The United States, which ended production in 1992, and has 
the second largest HEU stockpile, has made public the history of its HEU production 
and utilization. 

The nuclear weapon states as a whole account for over 99 percent of the global HEU 
inventory. The HEU held by non-weapon states, only ten tons today—but still enough 
to make hundreds of nuclear weapons—is falling because of an international effort to 
return the HEU to the United States or Russia as civilian research reactors shut down 
or are converted to LEU fuel. So far, sixty-eight reactors have been converted, with 40 
more planned for conversion in the next five years. 

There are currently uranium enrichment plants operating, under construction or 
planned in twelve states. Pakistan and India, however, are today the only states that 
continue to produce HEU for weapons and naval fuel, respectively. The enrichment 
plants in other countries are producing low-enriched uranium for power-reactor fuel.

The global stockpile of HEU is being reduced because Russia and the United States are 
down-blending HEU at a greater rate than Pakistan and India are producing. Most of 
the down-blending is taking place in Russia of HEU from excess Cold War weapons. 

In 2009, the global stockpile of separated plutonium was about 500 ± 25 tons, roughly 
half produced for weapons and half produced in civilian nuclear power programs. Thus, 
there is about one third as much plutonium as there is HEU. Since the critical mass of 
plutonium is about one third that of HEU, however, the global stockpile of plutonium 
also is sufficient for more than 60,000 first-generation nuclear weapons. 

Russia and the United States together hold most of the weapons plutonium. The main 
uncertainty here also is because Russia has not declared its plutonium stockpile. Only 
ten other countries hold stocks of separated plutonium, three of them non-weapon 
states. The four largest stockpiles of civilian plutonium are held by three weapon states 
(the United Kingdom, France and Russia) and Japan. 

*  Throughout this report, tons refer to metric tons. One metric ton corresponds to 1000 kg or about 2205 lb.  

A glossary of technical terms used in this report is available at www.ipfmlibrary.org/glossary.
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North Korea announced in April 2009 that it had ended the suspension of its pluto-
nium production that it had agreed to in 2007 and had resumed reprocessing. India 
and Pakistan continue to produce plutonium for weapons and Israel may be producing 
as well. Pakistan is building two new plutonium production reactors in addition to the 
one that it currently has in operation and has been expanding its reprocessing capacity 
to be able to recover the plutonium from their fuel.

On the civilian side, China began testing a new pilot-scale reprocessing plant in 2009, 
but civilian plutonium programs in Japan and the United Kingdom encountered prob-
lems. Japan delayed startup of its Rokkasho commercial reprocessing plant and does 
not expect commercial operations to begin till late 2010 at the earliest. In June 2009, 
the United Kingdom’s troubled THORP reprocessing plant was shut down by equip-
ment problems again till at least the end of the year.

The goal of nuclear disarmament was given renewed prominence in 2009 by the incom-
ing Obama administration in the United States. The United States and Russia agreed 
to negotiate by the end of 2009 a reduction to 1500–1675 deployed strategic warheads 
each, and to discuss still further cuts thereafter. They currently have total stockpiles, 
including warheads awaiting dismantlement, of about 10,000 warheads each. Whether 
the fissile material in the weapons to be withdrawn from the Russian and U.S. arsenals 
will be added to that material previously declared excess has not been announced. Brit-
ain and France, which have also announced cuts in arsenals in recent years, have not 
revealed whether they plan to declare excess the fissile materials in the weapons they 
have taken out of service. 

Two new nuclear-weapon-free zones came into force in 2009, covering Central Asia 
and Africa, and including a total of 57 countries. All of the countries in the southern 
hemisphere are now in nuclear-weapon-free zones. 

The following provides more detail on the changes in the world’s nuclear-warhead and 
fissile material stocks. 

Nuclear Weapon Stocks
Nine states currently have nuclear weapons. These are, in historical order: the United 
States, Russia, the United Kingdom, France, China, Israel, India, Pakistan and North 
Korea. Estimates of their current nuclear-weapon stockpiles are shown in Table 1.1.

Country Nuclear Warheads

United States ��00, of which ��00 are awaiting dismantlement

Russia
�0,000, with a large fraction awaiting 

dismantlement

France fewer than �00

United Kingdom ���

China about ��0 

Israel �00 – �00

Pakistan �0 – �0

India �0 – �0

North Korea fewer than �

Table 1.1. Estimated total nuclear-weapon stockpiles, 2009.1 Source: FAS/NRDC.
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United States. In July 2009, the U.S. Department of States declared that, “as of May 2009, 
the United States had cut its number of operationally deployed strategic nuclear war-
heads to 2126, which meets the limits set by the [2002 Moscow] Treaty for 2012.”2 In 
addition, the United States currently has an estimated 500 non-strategic weapons and 
more than 6500 inactive weapons in reserve or awaiting dismantlement, bringing the 
total U.S. inventory to about 9400 warheads. 

Russia. Russia continues to reduce the number of its nuclear warheads to meet its Mos-
cow Treaty obligations. It is estimated to have less than 2800 operationally deployed 
strategic warheads.3 The large uncertainty in the total number of Russia’s warheads 
is due to a lack of information on the number of its tactical nuclear weapons and the 
number of excess warheads that still await dismantlement. 

Russia and the United States. In July 2009, Russia and the United States agreed to nego-
tiate by the end of the year a follow-on to the 2004 Strategic Arms Reduction Treaty, 
which will expire in 2009. They have announced that the objective is to agree before 
the end of 2009 to a reduction to 1500–1675 deployed strategic warheads each, with 
the cuts to be completed by 2016.4 Beginning in 2010, there may be negotiations on 
further reductions—perhaps including non-deployed and non-strategic warheads.5

The United States is estimated to be dismantling about 350 warheads per year.6 The 
current net dismantlement rate in Russia is estimated as perhaps 200–300 warheads a 
year.7 At these rates, it would take decades for the United States and Russia to dismantle 
to about 1000 total warheads each, approximately the total possessed by all the other 
nuclear-weapon states. Both countries achieved much higher dismantlement rates in 
the 1990s when the United States was dismantling warheads at an average rate of about 
1300 per year8 and Russia was estimated to be dismantling about 2000 per year.9

United Kingdom. In March 2009, UK Prime Minister Gordon Brown announced that 
“Britain has cut the number of its nuclear warheads by 50% since 1997” and noted 
further that “our operationally available warheads now number fewer than 160.”10 The 
United Kingdom has 50 U.S.-supplied Trident missiles, currently deployed with up to 
three warheads each. There may be a relatively small number of reserve warheads. 
The United Kingdom has declared as excess less than ten percent of its weapon-grade 
plutonium. Its weapon-grade uranium is apparently kept in reserve for future use as 
nuclear-submarine fuel.

The United Kingdom is currently debating a decision to replace the four nuclear sub-
marines that carry the Trident missiles, which are the country’s only remaining nucle-
ar-weapon delivery system.11 It may reduce its future fleet to three submarines.12

France. France is reducing the number of nuclear weapons in its arsenal to meet the 
target set by President Nicolas Sarkozy in 2008, who announced that, after the planned 
reduction, “our arsenal will include fewer than 300 nuclear warheads.”13 At the same 
occasion, President Sarkozy also revealed that France “has no other weapons beside 
those in its operational stockpile.” France has not indicated its plans for the disposition 
of the fissile materials contained in the roughly 300 warheads it has removed from 
service. 
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China. Over the past year, there appear to have been no significant changes in China’s 
nuclear arsenal or major announcements of policy. The 2009 edition of the U.S. De-
partment of Defense report Military Power of the People’s Republic of China suggests a con-
tinuing effort to move towards more mobile and survivable delivery systems, includ-
ing transitioning from liquid-fuel to solid-fuel road-mobile missiles and to submarine 
launched ballistic missiles.14 

Nuclear-weapon and component sites
Nuclear weapons can be found at a large number of sites around the world. It is estimat-
ed there may be a total of 111 nuclear warhead storage sites, with 105 of these sites in 
nuclear weapon states. The United States currently maintains six sites in non-weapon 
states—with one site each in Belgium, Germany, the Netherlands and Turkey and two 
sites in Italy.15 In the past, the United States stationed nuclear weapons in as many as 
23 foreign countries.16 Table 1.2 gives the total number of warhead and nuclear-compo-
nent storage sites currently estimated in each country. Appendix B to this report gives 
a preliminary listing of these sites for each country. 

Country Warhead storage sites

China ��

France �

India �

Israel �

Pakistan �

Russia ��

United Kingdom �

United States (domestic) ��

United States (in five foreign countries) �

Total 111

Table 1.2. Estimated number of nuclear warhead 
storage sites by country. There are currently an 

estimated 111 warhead storage sites worldwide, in 

at least 13 countries, not including North Korea. In 

some cases sites are counted twice, when there are 

warheads deployed on missiles and spare warheads 

at nearby storage areas. Source: Hans Kristensen 

and Robert S. Norris, FAS/NRDC.

Russia accounts for almost half of all the nuclear warhead storage sites worldwide. This 
is in part due to Russia’s large number of tactical nuclear warheads, which are ordinar-
ily at a small number of national-level storage sites but for which storage areas are held 
ready at a much larger number of air and naval bases. The United States has withdrawn 
all but 500 tactical weapons from operational service and has mostly dismantled the 
retired weapons. 

Nuclear Weapon Free Zones. In March 2009, Kazakhstan, Kyrgyzstan, Tajikistan, Turk-
menistan and Uzbekistan established the Central Asian Nuclear Weapon Free Zone.17 
It is the first nuclear-weapon free zone in the Northern Hemisphere and breaks new 
ground by requiring its parties to accept an Additional Protocol agreement with the In-
ternational Atomic Energy Agency (IAEA) and to become parties of the Comprehensive 
Nuclear Test-Ban Treaty.
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In July 2009, the African Nuclear-Weapon-Free Zone Treaty (Treaty of Pelindaba), 
signed by 52 countries, came into force after it was ratified by Burundi, meeting the 
requirement for 28 parties to do so.18 Among its novel provisions, the treaty prohibits 
attacks on nuclear facilities in the zone. The new treaties join those of Tlatelolco, Raro-
tonga, Bangkok, and Antarctica (Figure 1.1). All countries in the southern hemisphere 
are now in nuclear-weapon free zones. 

Figure 1.1. Nuclear-Weapon-Free Zones, 2009. 
There are now five nuclear weapons free zones,  

covering over 110 countries, including all the  

countries in the Southern hemisphere. 

Highly Enriched Uranium Stocks
Figure 1.2 shows that more than 99 percent of the global stock of highly enriched ura-
nium is in the nuclear-weapon states. Only the United Kingdom and the United States 
have made public the total sizes of their stocks of HEU.19 Estimates of the remaining 
national holdings are generally quite uncertain. According to these estimates, despite 
the elimination of almost 500 tons of Russian and U.S. HEU by down-blending to low-
enriched uranium, the global inventory still totals 1610 ± 300 tons—rounded to 1600 
tons elsewhere in this report.

The main uncertainty in estimating the global total is due to a lack of information on 
Russia’s stockpile, which may have been as large as 1500 tons in the 1990s. A 20% un-
certainty is assumed in the figures for total stocks in China and Pakistan, and for the 
military stockpile in France, and 50% for India. 

Russia. Our central estimate of Russia’s stockpile continues to be based on a statement 
in 1993 by then Minister of Atomic Energy Viktor Mikhailov that “the 500 metric tons 
of HEU that is up for sale represents somewhere around 40 percent of all reserves that 
we [Russia] possess.”20 This implies a 1993 total stockpile of about 1250 tons of HEU, 
which is somewhat higher than what U.S. government and non-government experts 
had previously assumed, but consistent with publicly available information on Russia’s 
fissile material production complex. As of June 2009, Russia had eliminated 367 out 
of 500 tons of weapon-grade HEU as part of its 1993 HEU deal with the United States, 
which is to be completed in 2013.21
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Figure 1.2. National stocks of highly enriched 
uranium as of mid-2009. The numbers for the United 

Kingdom and United States are based on their 

publications. The civilian HEU stocks of France, the 

United Kingdom are based on their public declara-

tions to the IAEA. Numbers with asterisks are  

non-governmental estimates, often with large  

uncertainties.22 Numbers for Russian and U.S. 

excess HEU are for June 2009. HEU in non-nuclear 

weapon (NNW) states is under IAEA safeguards. A 

20% uncertainty is assumed in the figures for total 

stocks in China, Pakistan and Russia, and for the 

military stockpile in France, and 50% for India. 

United States. As of mid-2009, the United States had down-blended cumulatively about 
124 tons of highly enriched uranium23—mostly less than weapon-grade. Based on the 
declared total inventory of 741 tons from September 1996, this leaves 109 tons of excess 
HEU (mostly for blend-down), about 30 tons of civilian HEU (fresh and irradiated), 
about 100 tons of HEU in spent naval reactor fuel, which is to be disposed of as radio-
active waste, and about 380 tons of unirradiated HEU in the military stockpile. This 
military total includes about 250 tons available for weapons and 128 tons of fresh HEU 
reserved for naval propulsion.24

Pakistan. Pakistan may be the only country producing HEU for weapons today. It is 
believed to have first achieved the capacity to produce a significant quantity of HEU in 
the early 1980s and to have built up its enrichment capacity using P-2 centrifuges and 
later more advanced P-3 and P-4 designs.25 There have been claims that, along with 
its Kahuta enrichment facility, Pakistan may have an enrichment plant at Gadwal.26 
Reportedly near Wah, about 30 kilometers from Islamabad, Gadwal was described re-
cently as a facility where already enriched uranium (presumably from Kahuta) is en-
riched further to weapon-grade.27

Pakistan’s annual HEU production capacity is constrained by its limited domestic 
production of natural uranium and the need also to fuel its Khushab-I plutonium 
production reactor. To address this problem, Pakistan may have started to use repro-
cessed uranium recovered from Khushab spent fuel as feed for its uranium-enrichment 
program. We estimate Pakistan’s enrichment capacity to be on the order of 30,000  
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Separative Work Units (SWU) per year today, which is equivalent to a production rate 
of 150 kg of weapon-grade HEU per year. By the end of 2008, Pakistan’s total cumula-
tive production of HEU would have been about 2.4 tons, but 200–400 kg may have 
been consumed in the 1998 nuclear weapons tests. Our central estimate for Pakistan’s 
current stockpile of HEU is about 2.1 tons.28

India. India produces HEU for its naval propulsion program. It began testing a land-
based prototype naval reactor in 2000–2001 and in July 2009 launched its first nuclear 
submarine for sea trials.29 The submarine is described as being powered by an 85 mega-
watt (thermal) (MWt) reactor.30 Two more submarines are under construction, with 
their hull sections already having been built. Completion of the submarines will take 
at least another five years.31 There is some uncertainty about the level of enrichment of 
the fuel, with suggestions that it is be enriched to 30–45% uranium-235. 

Estimates of India’s HEU production depend on assumptions about its uranium en-
richment capacity and whether it also produces HEU for weapons. In order to produce 
enough HEU by the end of 1999 to fabricate fuel for the land-based prototype subma-
rine reactor core, India would have to have had a total enrichment capacity of at least 
3000 SWU/yr by then.32 A 2007 estimate, citing Indian purchases of a large number 
of centrifuge components, suggested that India could have an enrichment capacity of 
about 20,000 to 30,000 SWU/yr.33 This capacity would be sufficient to produce 200–
300 kg per year of HEU at 45% enrichment, or half this amount of 90% enriched HEU 
per year. This would give India enough separative capacity to produce HEU for four 
submarine cores by 2010.

North Korea. In early September 2009, Korea News Service reported that the perma-
nent representative of the DPRK to the United Nations had submitted a letter to the 
president of the UN Security Council in late August 2009, noting that—among other 
things—“experimental uranium enrichment has successfully been conducted to enter 
into completion phase.”34

Israel. We continue to assign to Israel an inventory of 100 kg of HEU, which may have 
been acquired covertly from the United States before 1966.35 Israel also may have pro-
duced enriched uranium with laser or centrifuge technology, but information on this 
program is very limited and it may have ended.

South Africa. South Africa has a legacy stockpile of 400–450 kg of HEU that was part of 
its weapons program and is currently under IAEA safeguards.36 This is what remains 
from an original stock of over 800 kg of HEU with an average enrichment of about 
80%. Since its research reactor has been converted to low-enriched uranium fuel,37 
South Africa only uses HEU for a target material to produce molybdenum-99 for medi-
cal-isotope use. This use too could be converted to low-enriched uranium.38

Civilian Use of HEU. Since 1978, an international effort has been directed at converting 
HEU-fueled reactors to low-enriched fuel in the Reduced Enrichment for Research and 
Test Reactor (RERTR) program. Almost all new reactors designed since that time use LEU 
fuel. By 30 September 2009, the RERTR program intended to have converted or partial-
ly converted 68 research reactors and plans to convert another 40 reactors by 2014.39 
There are many reactors whose conversion has not been seriously discussed, however— 
notably in Russia, which has yet to begin shutdown or conversion of almost 70 of its 
own HEU-fueled research reactors, most of them little used.40 There are also reactors 
in the West that may resist conversion.41 The world’s remaining research reactors con-
sume about 800 kilograms of HEU per year—a significant reduction from more than 
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1400 kg that were used annually in the early 1980s. We continue to assign about 70 
tons of HEU to the civilian research reactor fuel cycle, which includes about 10 tons 
(6.7 tons of 235U in HEU) that are under IAEA safeguards in NPT non-weapon states and 
at least 1.3 tons under voluntary offer agreements in weapon states.42 

Civilian uranium enrichment plants. There are currently civilian uranium enrich-
ment plants operating, under construction or planned in ten states. These enrichment 
plants are intended to produce LEU for nuclear power reactor fuel, but could in prin-
ciple quickly be turned to producing HEU for weapons. Appendix 1A lists all enrich-
ment plants and whether they are under or have been offered for International Atomic 
Energy Agency (IAEA) safeguards. About half are under safeguards.  

The two new enrichment plants to begin initial testing and operation in 2009 were 
Areva’s George Besse II centrifuge enrichment plant, located at the Tricastin Site in 
France, and Urenco’s Eunice plant in the United States.43 Two additional new large-
scale centrifuge enrichment plants are at various stages of development in the United 
States and could be completed over the next decade.44 Also, in July 2009, Global Laser 
Enrichment (GLE) filed a U.S. license application for a large laser-enrichment plant to 
begin commercial operation in 2012.45 There were significant capacity increases at the 
Urenco enrichment plants in Germany, the Netherlands, and the United Kingdom, 
which together delivered an additional 1300 tSWU in 2008 compared to 2007.46 Russia 
also has been increasing the capacity at its domestic enrichment plants,47 as well as at 
the centrifuge plant it supplied to China. In March 2009, Russia announced plans with 
Toshiba to build an enrichment plant in Japan.48

Separated Plutonium
Since 1944, more than 60 dedicated reactors have been used by the nine weapon states 
to produce plutonium for weapons purposes (IPFM estimate). As of 2009, nearly all 
of these reactors have been closed-down or dismantled and only India, Pakistan and 
perhaps Israel continue to produce plutonium for weapons. In addition, six countries 
reprocess their commercial spent fuel today: France, India, Japan, and Russia are deeply 
committed to reprocessing; China is testing a pilot reprocessing plant and is contem-
plating commercial reprocessing; and the United Kingdom is on the verge of abandon-
ing reprocessing.

The global stockpile of separated plutonium is about 500 tons. It is divided almost 
equally between civilian and military stocks—the latter including material declared 
excess but not yet disposed (Figure 1.3). Separated plutonium exists mostly in nuclear-
weapon states, but Japan and Germany also have significant stocks. The buildup of 
civilian stockpiles has slowed down with a dozen countries not renewing their con-
tracts to have their spent fuel reprocessed by France, Russia and/or the UK and both 
the United Kingdom and Japan having to shut down their reprocessing plants because 
of equipment problems. 

Weapons plutonium. Russia and the United States possess by far the largest stocks of 
military plutonium: 120–170 and 92 tons, respectively. Russia has declared 34 tons 
of its weapon-grade plutonium excess for military purposes.49 The United States has 
declared excess 54 tons of separated government-owned plutonium, which includes 
9 additional tons of weapon-grade plutonium added in September 2007.50 In 1998, 
the United Kingdom declared excess 0.3 tons of its 3.5-ton stockpile of weapon-grade 
plutonium.51 
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India. India continues to produce weapons plutonium in its two production reactors, 
Cirus and Dhruva, at a combined rate of about 30 kilograms per year. We estimate 
India’s stockpile of weapons plutonium produced in these two reactors to be about 700 
kg. It separates much more plutonium from the spent fuel of its unsafeguarded pres-
surized heavy water power reactors (PHWRs), eight of which will remain outside IAEA 
safeguards under the U.S.-India deal.52

Israel. Assuming that its power is approximately 70 MWt, the Dimona reactor could 
produce plutonium at a rate of up to 15–18 kg/yr.53 The reactor may have operated 
at this power level since the mid-1980s, when it was reportedly uprated from its  
initial 26 MWt.54 On this basis, Israel could have produced 600–740 kg of weapon-grade 
plutonium by 2009 or enough for more than 100 nuclear warheads. Even if the Dimona  
reactor is used today only for tritium production,55 Israel could still be separating  
plutonium from its spent fuel. 

Figure 1.3. National stocks of separated pluto-
nium. Civilian stocks are based on the most recent 

INFCIRC/549 declarations for January 2008 and 

are listed by ownership, not by current location. 

Weapon stocks are based on non-governmental 

estimates except for the United States and United 

Kingdom whose governments have made declara-

tions. Uncertainties of the military stockpiles for 

China, France, India, Israel, Pakistan, and Russia 

are on the order of 20%. The plutonium India sepa-

rated from spent heavy-water power-reactor fuel 

has been categorized by India as “strategic,” and 

not to be placed under IAEA safeguards. Belgium 

holds 1.4 tons of foreign-owned plutonium, but has 

no stockpile of its own (Appendix 1C).

Pakistan. Pakistan continues to produce 10–12 kg per year of plutonium for weapons 
at its Khushab-I production reactor,56 which has been in operation since 1998 (Figure 
1.4 right) and produced about 100 kg of plutonium since then. Pakistan also is build-
ing two new production reactors at the same site (Figure 1.4, left).57 The construction 
of Khushab-II appears from satellite imagery to have started in 2001–2002, while work 
on Khushab-III started in 2005 or 2006. Imagery from September 2008 has been in-
terpreted as suggesting that the Khushab-II reactor may be completed late in 2009.58 
The two new reactor buildings appear to be identical to each other but different from 
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Khushab-I (Figure 1.4, right), which is reported to be a heavy-water-moderated natural-
uranium-fueled reactor with a capacity of about 50 MWt.59 U.S. government sources 
have indicated that “the emerging reactor [Khushab-II] appeared to be roughly the 
same size as the small one Pakistan currently uses to make plutonium for its nuclear 
program.”60

 
Pakistan is believed to reprocess spent fuel from Khushab-I at its New Labs facility near 
Rawalpindi. Satellite imagery suggests that Pakistan may have built a second reprocess-
ing plant at New Labs to handle the additional spent fuel.61 There are also indications 
that between 2002 and 2006 Pakistan may have resumed work on a large reprocessing 
plant at Chashma.62 This facility was to have been built by France in the mid-1970s to 
handle 100 tons of spent fuel per year, but the deal was cancelled at an early stage of 
construction. 

Figure 1.4. Khushab-II and Khushab-III reactors 
under construction, as of January 2009 (left). The 

image on the right shows the Khushab-I reactor, 

which features a similar number of cooling towers 

indicating a similar power. Imagery of the new 

Khushab reactors (at 32.009 N, 72.172 E) courtesy 

Digital Globe. Imagery of Khushab-I (at 32.020 N, 

72.208 E) courtesy of GeoEye.

North Korea. North Korea is reported to have declared in June 2008 that they had sepa-
rated 31 kg of plutonium before using 2 kg in its sub-kiloton October 2006 nuclear 
test.63 On 25 May 2009, North Korea conducted a second nuclear test apparently with 
a yield of a few kilotons.64 We assume that 5 kg of plutonium were consumed in this 
second test (the amount contained in the Nagasaki bomb). In June 2009, North Korea 
announced a resumption of reprocessing at its Yongbyon facility, ending an agreed 
suspension in place since February 2007. Independent analysts estimate that, operating 
the reprocessing plant at maximum capacity, North Korea could have reprocessed all of 
its remaining spent fuel and have produced another 8–12 kilograms of separated plu-
tonium by September 2009.65 We estimate, therefore, a value of about 34 kg for North 
Korea’s current stockpile of plutonium.

Civilian Plutonium. The production of separated plutonium for weapons—in India, 
Israel, North Korea and Pakistan—is taking place at much a lower rate than production 
in civilian programs. Today, China, France, Japan, Russia, and the United Kingdom 
operate plants for commercial purposes; while the United States continues to operate a 
small reprocessing plant for extraction of HEU for blend-down from unstable spent fuel 
and other materials (Chapter 6). Appendix 1B lists all operational reprocessing plants, 
including type, status, and capacity. 
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China. The only new reprocessing plant to become operational over the past year is 
in China. A pilot reprocessing plant of 50 tHM/yr (capable of expansion to 100 t/yr) 
has been undergoing commissioning.66 “Cold” tests with uranium solutions reportedly 
were complete as of June 2009. “Hot” tests with spent fuel are planned.67 China is con-
sidering building with France’s help a commercial reprocessing plant with a capacity 
of 800 tHM/year by 2025.

France. The government-owned nuclear company Areva operates France’s reprocessing 
plant—the world’s largest—at La Hague. Areva recently made public the amounts of 
separated plutonium held at the reprocessing plant as of the end of 2008 (Table 1.3).68 
A stockpile of almost 18 tons of Japanese plutonium is the major foreign contribution 
to the total of 62 tons at the plant. Although all the spent fuel Japan sent to France has 
been reprocessed and Japan’s reprocessing contract has not been renewed, most of its 
separated plutonium remains in France (and the United Kingdom) because of delays in 
the licensing of Japan’s power reactors to use mixed uranium-plutonium oxide (MOX) 
fuel. A stockpile of about 5 tons of Italian plutonium remains at La Hague, presumably 
for eventual use in a French reactor, since Italy shut down all of its nuclear power plants 
after the 1986 Chernobyl accident. The Netherlands plutonium is also recycled in 
French reactors. Germany stopped sending fuel for reprocessing in April 2005, and all 
of its spent fuel has been reprocessed and the recovered plutonium sent to the MELOX 
MOX fabrication plant. Belgium and Switzerland also did not renew their reprocessing 
contracts and their separated plutonium also all has been recycled.69 

Country Plutonium Inventory

France ��. � tons

Germany 0.� tons

Italy �.� tons

Japan ��.� tons

Netherlands 0.� tons

TOTAL ��.0 tons

Table 1.3. Plutonium inventory at La Hague re-
processing plant, as of 31 December 2008.70 Small 

stockpiles (less than 62 kg) belonging to Australia 

and Australia are not listed here. The total inventory 

of foreign-owned plutonium stored in France is 

larger because a significant fraction is held at the 

MOX fabrication facility (MELOX). Note that this data 

is more recent than the data shown in Figure 1.3.

Germany. The plutonium declarations made by Germany to the IAEA are only partially 
useful. The cover letter attached to the most recent declaration points out that data 
“regarding any material that has been shipped abroad, especially for reprocessing … 
are not available on the German side.”71 Germany’s remaining stockpile of separated 
plutonium can be determined indirectly, however, by adding foreign-owned material 
in Belgium, France and the United Kingdom, and subtracting the known amounts held 
in those countries by Italy, Japan, and the Netherlands.72 Using this information, we 
estimate a stockpile of about 12 tons stored outside the country (mostly at MELOX, 
France). As of January 2008, assuming that about one ton of plutonium might be in 
Germany at any given time in preparation of a reactor reload, Germany’s plutonium 
stockpile could be on the order of 13 tons. This estimate is consistent with data pro-
vided by the German utilities (Figure 1.5).73
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India. As of mid-2009, we estimate that India has separated about 6.8 tons of unsafe-
guarded plutonium from the spent fuel of its heavy-water-moderated power reactors. 
India intends to use this plutonium as start-up fuel for a planned fleet of breeder  
reactors. 

Japan. Commercial operation of the Rokkasho reprocessing plant has been delayed for 
at least another year following leaks of high-level radioactive waste.74 It was expected 
to begin commercial operation in August 2009, after completing active testing. The 
plant was originally expected to be operating by December 1997. It may face further 
delays—perhaps for several years—because of problems with its vitrification process, 
which mixes the liquid highly radioactive reprocessing waste into glass for long-term 
storage.75 Japan’s Tokai reprocessing plant remains closed since an accident in May 
2007.

Japan plans to start construction of a 130 tons/year MOX fuel plant in November 2009, 
two years behind schedule, and expects it to begin operation in 2015.76 Its plan to have 
16–18 nuclear reactors using MOX fuel by 2010 is now delayed by at least five years.77 
Three Japanese reactors, however, are scheduled in 2010 to begin using MOX fuel fab-
ricated in France.78

Figure 1.5. Stockpiles of separated civilian plutoni-
um owned by Germany and Japan. Germany stopped 

shipping spent fuel for reprocessing (in France and 

the United Kingdom) in 2005. Since then, it has 

been able to gradually reduce its stockpile of sepa-

rated plutonium from almost 20 tons to about 13 

tons in 2008, and plans to consume the remaining 

material by the end of 2014. In contrast, if Japan’s 

Rokkasho reprocessing plant operated at full capac-

ity sometime, its plutonium stockpile would increase 

until the Rokkasho MOX fuel plant is completed.79 

Japan’s reprocessing and MOX plants are both years 

behind schedule, however.

United Kingdom. The UK’s Thermal Oxide Reprocessing Plant (THORP), which was built 
to reprocessing foreign light-water reactor fuel and UK Advance Gas Reactor fuel had 
resumed operation in late 2007 following a two-year shutdown after a major accident 
in 2005 involving a large and initially undetected leak of radioactive waste. It is now 
shutdown again, however, for at least seven months to carry out maintenance on one 
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of its three high-level radioactive waste evaporators.80 Reprocessing of the 7000 tons of 
spent fuel covered by the “baseload” contracts that were used to finance the construc-
tion of THORP of fuel was to have been completed in 2003 but only a little over 5000 
tons had been reprocessed as of the end of 2008.81

Breeder Reactors. The original rationale for civilian reprocessing in France, Japan and 
the United Kingdom was to provide startup fuel for commercial plutonium breeder 
reactors that were to start coming on line in the 1990s. This rationale has now faded. 
In March 2009, France announced the end of normal operations at the Phénix fast 
breeder reactor, pending its final shutdown at the end of the year.82 There are now no 
operating fast breeder reactors in Western Europe. In Japan, the experimental 140 MWt 
Joyo reactor continues to operate but the 280 MWe Monju reactor has been shut down 
since a sodium fire in 1995. 

Russia continues to operate its 600-MWe BN-600 breeder reactor, which is fueled, how-
ever, with HEU, not plutonium, and is building a BN-800. India’s 500 MWe Prototype 
Fast Breeder Reactor (PFBR) is facing a delay and cost overrun of over 40 percent.83 
China expects to commission its 65 MWt Experimental Fast Reactor in 2009.84 Past 
experience with fast breeder reactors suggests the programs in Japan, Russia, India and 
China will continue to face further operating, safety and cost problems.85
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Appendix 1A. Uranium Enrichment Plants

 

Facility Type Operational Status Safeguards Status Capacity [tSWU/yr]

Brazil

Resende Civilian Under construction yes ��0 

China

Shaanxi Civilian Operating (yes) �00–�000

Lanzhou II Civilian Operating offered �00

France

George Besse I Civilian Scheduled for shutdown yes �0�00

George Besse II Civilian Under construction yes ��00–��000

Germany

Gronau Civilian Operating yes ��00–��00

India

Ratehalli Military Operating no �0–�0

Iran

Natanz Civilian Under construction yes ��0

Qom ? Under construction ? ?

Japan

Rokkasho Civilian Operating yes < �0�0

Netherlands

Almelo Civilian Operating yes ��00

Pakistan

Kahuta Military Operating no �0–�0

Gadwal Military Operating no Unknown

Russia

Angarsk Civilian Operating no ��00–�000

 Novouralsk Civilian Operating no ���00

 Zelenogorsk Civilian Operating no ��00

Seversk Civilian Operating no ��00

United Kingdom

Capenhurst Civilian Operating yes �000

United States

Paducah, Kentucky Civilian Scheduled for shutdown unconfirmed ���00

Piketon, Ohio Civilian Under construction offered ��00

Eunice, NM Civilian Under construction offered ��00–��00

Areva Eagle Rock, Idaho Civilian Under construction (offered) ��00–��00

GLE, Wilmington, NC Civilian Planned ? ��00–�000

Uranium enrichment plants in operation, under construction, and planned, 2009.  
Capacity ranges account for ongoing or planned expansions. Only two gaseous diffu-
sion plants remain today: George Besse I in France and the Paducah Plant, Kentucky. 
Both will shut down once new centrifuge capacities come online. In July 2009, a pri-
vate consortium filed a U.S. license application for a large laser-enrichment plant in 
Wilmington, North Carolina.
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Appendix 1B. Reprocessing Plants

Facility Type Operational Status Safeguards Status Capacity (tHM/yr)

China

Pilot Plant Civilian Starting up (no) �0–�00

France

UP� Civilian Operating yes �000

UP� Civilian Operating yes �000

India

Trombay Military Operating no �0

Tarapur Dual Operating no �00

Kalpakkam Dual Operating no �00

Israel

Dimona Military Operating no �0–�00

Japan

Rokkasho Civilian Starting up yes �00

Tokai Civilian Temporarily shut down yes �00

North Korea

Yongbyon Military Operating no �00–��0

Pakistan

Nilore Military Operating no �0–�0

Chashma Military Under construction no �0–�00

Russia

RT-� Dual Operating no �00–�00

Seversk Dual To be shutdown after cleanup no �000

Zheleznogorsk Dual To be shutdown after cleanup no ��00

United Kingdom

B�0� Civilian To be shutdown after cleanup yes ��00

THORP Civilian Temporarily shut down yes ��00

United States

H-canyon, SRP Converted Special Operations no ��

Operational reprocessing plants worldwide. Capacities are shown in units of tons of 
heavy metal (almost entirely uranium) per year. Nine states operate plutonium separa-
tion (reprocessing) plants. China is starting up a new pilot plant. Only one of these 
states (Japan) is a non-weapon state. Among the weapon states, only India, Israel, North 
Korea and Pakistan continue to produce plutonium for weapons.
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Appendix 1C. Civilian Plutonium Stockpile Declarations

Belgium
(Addendum 3)

France
(Addendum 5)

Japan
(Addendum 1)

Russia
(Addendum 9)

United Kingdom
(Addendum 8)

United States
(Addendum 6)

1996 �.�
n.d.

��.�
�0.0

�.0
0.0

��.�
0.0

��.�
�.�

��.0
0.0

? 0.� ��.� 0.0 0.� 0.0

1997 �.�
n.d.

��.�
��.�

�.0
0.0

��.�
0.0

�0.�
�.�

��.0
0.0

0.� <0.0� ��.� 0.0 0.� 0.0

1998 �.�
n.d.

��.�
��.�

�.�
0.0

�0.�
0.0

��.�
�0.�

��.0
0.0

�.0 <0.0� ��.� 0.0 0.� 0.0

1999 �.�
n.d.

��.�
��.�

�.�
0.0

��.0
0.0

��.�
��.�

��.0
0.0

0.� <0.0� ��.� 0.0 0.� 0.0

2000 �.�
n.d.

��.�
��.�

�.�
0.0

��.�
0.0

��.�
��.�

��.0
0.0

0.� <0.0� ��.� 0.0 0.� 0.0

2001 �.�
n.d.

�0.�
��.�

�.�
0.0

��.�
0.0

��.�
��.�

��.0 
0.0

�.0 <0.0� ��.� 0.0 0.� 0.0

2002 �.�
n.d.

��.�
��.0

�.�
0.0

��.�
0.0

�0.�
�0.�

��.0
0.0

0.� <0.0� ��.� 0.0 0.� 0.0

2003 �.�
n.d.

��.�
�0.�

�.�
0.0

��.�
0.0

��.�
��.�

��.0
0.0

0.� <0.0� ��.� 0.0 0.� 0.0

2004 �.�
n.d.

��.�
��.�

�.�
0.0

��.�
0.0

�0�.�
��.�

��.�
0.0

0.� <0.0� ��.� 0.0 0.� 0.�

2005 �.�
n.d.

��.�
�0.�

�.�
0.0

��.�
0.0

�0�.�
��.�

��.0
0.0

0.0 <0.0� ��.� 0.0 0.� 0.0

2006 0.�
0.�

��.�
��.�

�.�
0.0

��.�
0.0

�0�.�
��.�

��.�
0.0

0.0 <0.0� ��.0 0.0 0.� 0.0

2007 �.�
�.�

��.�
��.�

�.�
0.0

��.� 
0.0

�0�.0
��.�

��.�
0.0

0.0 <0.0� ��.� 0.0 0.� 0.0

  Inventory held in country      Foreign-owned (included in local inventory)  

  Stored outside the country (not included in local inventory), n.d. = not disclosed

Since 1996, nine countries (Belgium, China, France, Germany, Japan, Russia, Switzer-
land, the United Kingdom and United States) declare publicly their stocks of civilian 
plutonium annually to the IAEA (INFCIRC/549). Some countries now add civilian HEU 
to these declarations. The declarations by China are always zero. Switzerland declares 
material when fresh MOX happens to be in the country, but not yet loaded into its 
reactors. Germany‘s declarations are only partially useful, and not included here. Rus-
sia does not include in its declaration excess weapons plutonium, whereas the United 
States does.

The annual inventories (as of December 31) listed in the table are in metric tons. The 
declarations give the fissile material stocks at reprocessing plants, fuel-fabrication 
plants, reactors, and elsewhere, divided into non-irradiated forms and irradiated fuel.
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2  Fissile Materials and  
Nuclear Disarmament
The recognition of the need for nuclear disarmament and the question of how to 
achieve it are as old as the nuclear age. In June 1945, before the first nuclear weapon 
had been built, in what became known as the Franck Report, a group of scientists work-
ing on the U.S. atomic bomb program warned that:

“ The development of nuclear power is fraught with infinitely 
greater dangers than were all the inventions of the past. […] In 
the past, science has often been able to provide adequate protec-
tion against new weapons it has given into the hands of an ag-
gressor, but it cannot promise such efficient protection against 
the destructive use of nuclear power. […] In the absence of an 
international authority which would make all resort to force in 
international conflicts impossible, nations could still be diverted 
from a path which must lead to total mutual destruction, by a 
specific international agreement barring a nuclear armaments 
race.”86

In its first resolution, the United Nations General Assembly established a Commis-
sion and tasked it to draw up plans “for the elimination from national armaments of 
atomic weapons and of all other major weapons adaptable to mass destruction.”87 The  
Acheson-Lilienthal Report, authored largely by Robert Oppenheimer, and the official 
U.S. and Soviet proposals to the United Nations (the Baruch and Gromyko Plans respec-
tively) of 1946 were the most prominent attempts to realize this goal.88 The Gromyko 
Plan included the first proposed text for a nuclear disarmament treaty in the form of 
a Draft International Convention to Prohibit the Production and Employment of Weapons 
Based on the Use of Atomic Energy for the Purpose of Mass Destruction.89

In this chapter, we review briefly the effort to secure nuclear disarmament over the past 
six decades, the renewal of the nuclear debate over the past few years, and some of the 
major issues this effort will need to address today.

In succeeding chapters, we discuss in more detail some of these issues and the options 
for accounting for and eliminating nuclear weapons and the fissile materials that make 
them possible.
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Early efforts
In 1946, the elimination of nuclear weapons seemed a comparatively simple task. There 
was just one nuclear-weapon state, with an arsenal of about ten Nagasaki-type nuclear 
bombs.90 Long-range missiles had not been developed, civil applications of nuclear en-
ergy lay in the future, and the bureaucratic, military, industrial and doctrinal complex-
es and many of the rationales and justifications that would be erected around nuclear 
weapons during the Cold War had yet to come into being. The early hopes for nuclear 
disarmament were frustrated, however, by the onset of the Cold War and the nuclear 
arms race between the United States and Soviet Union.

Many states, organizations, civil society groups, and individuals including prominent 
scientists, held fast to the goal of nuclear disarmament (Figure 2.1). They could not 
achieve their ultimate goal but did help bring about agreements to limit nuclear weap-
ons testing and restrain the arms race.91 The first diplomatic success was the 1963 par-
tial Test Ban Treaty, which aimed to end nuclear weapons testing in the atmosphere, 
under water and in outer space (Figure 2.2). Unfortunately, it lifted the public pressure 
on governments to end explosive testing which continued unabated underground. 

Figure 2.1. Albert Einstein 
declares his opposition to the 
atomic bomb and to the arms 

race between the United States 

and the Soviet Union in a press 

conference in Princeton (10  

February 1950). Credit: National 

Archives and Records Admin-

istration, courtesy AIP Emilio 

Segrè Visual Archives.

 

Figure 2.2. Linus Pauling 
outside the White House, Wash-
ington, DC, protesting against 
nuclear weapons testing (28 
April 1962). The following day, 

Pauling joined other Nobel 

Prize Winners at a White House 

meeting called by President 

Kennedy to honor them. Credit: 

National Archives and Records 

Administration, courtesy AIP 

Emilio Segrè Visual Archives.
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The number of nuclear weapon states steadily increased, however, with Britain, France 
and China developing nuclear weapons by the late 1960s. In an effort to curb the fur-
ther spread of nuclear weapons, the United States and the Soviet Union, now nuclear 
“superpowers,” and the United Kingdom negotiated the 1970 nuclear Non-Proliferation 
Treaty (NPT) with a group of non-weapon states and agreed in Article VI “to pursue 
negotiations in good faith on effective measures relating to the cessation of the nuclear 
arms race at an early date and to nuclear disarmament, and on a Treaty on general and 
complete disarmament under strict and effective international control.” A number of 
countries abandoned incipient nuclear weapons programs over the next two decades, 
but Israel, India and Pakistan stayed outside the Treaty and developed nuclear weap-
ons, as did North Korea, which joined the NPT but later withdrew (Table 2.1). 

Country Date of first nuclear test Date of accession to NPT

United States July ��, ���� ���0

Russia August ��, ���� ���0

United Kingdom October �, ���� ���0

France February ��, ���0 ����

China October ��, ���� ����

India May ��, ���� –

Israel ?�� –

Pakistan May ��, ���� –

North Korea October �, �00� ���� (withdrew �00�)

Table 2.1. First nuclear weapons tests by current nuclear weapon states, 1945–2009. 

During this period, there were occasional dramatic proposals for eliminating nuclear 
weapons. In 1986, Soviet leader Mikhail Gorbachev outlined a three-stage plan for 
nuclear disarmament within fifteen years.93 Indian Prime Minister Rajiv Gandhi pro-
posed a similar time-bound program in 1988, envisaging the abolition of all nuclear 
weapons by 2010.94

In the aftermath of the Cold War, as part of the preparations for the 1995 Review and 
Extension Conference of the NPT, which was to decide whether and for how long to 
extend the Treaty, there were many studies on and reports and statements supporting 
nuclear disarmament by political leaders and groups of eminent former policy mak-
ers and officials. A prominent example was the Canberra Commission of 1996.95 The 
final agreement on indefinite extension of the NPT included a consensus decision on 
“principles and objectives for nuclear non-proliferation and disarmament” which con-
tained the beginnings of a program of action. This decision included a commitment 
to “the determined pursuit by the nuclear-weapon States of systematic and progressive 
efforts to reduce nuclear weapons globally, with the ultimate goals of eliminating those 
weapons.”96

In 1996, responding to a request from the United Nations General Assembly, the In-
ternational Court of Justice, the highest court in the United Nations system, issued a 
unanimous advisory opinion ruling that Article VI of the NPT required nuclear-weap-
on state parties to the Treaty “to bring to a conclusion negotiations leading to nuclear 
disarmament.”97 At the April 2000 Review Conference of the NPT, the weapons states 
agreed in the final document to an “unequivocal undertaking … to accomplish the  
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total elimination of their nuclear arsenals.”98 There have been continuing reductions 
in the sizes of the Russian and U.S. nuclear arsenals, but they each still contain thou-
sands of nuclear warheads and there is no program yet to achieve complete nuclear 
disarmament.

The Nuclear Disarmament Debate Renewed
The complete elimination of nuclear weapons is being discussed again today, however, 
with some seriousness. This is most evident in the prominence recently given to the 
goal of a nuclear-weapon-free world by President Barack Obama of the United States and 
Prime Minister Gordon Brown of the United Kingdom.99 Russian President Medvedev 
joined President Obama in an April 2009 statement declaring “we committed our two 
countries to achieving a nuclear free world.”100 At the July 2009 L’Aquila G-8 Summit, 
the leaders of France, the United States, the United Kingdom, and Russia declared that 
“we are all committed to seeking a safer world for all and to creating the conditions for 
a world without nuclear weapons.”101 A unanimous September 2009 Security Council 
resolution extended this commitment to include China.102 There also have been a series 
of op-ed articles by former leaders and officials from a number of countries over the 
past two years supporting the elimination of nuclear weapons.103

Charting a path to elimination today is a more difficult challenge than six decades 
ago.104 There are now nine nuclear armed-states and, in the case of the United States, 
military alliance commitments to about 30 non-weapon states that include the pos-
sibility of using U.S. nuclear weapons in their defense.105 In the transition to a nuclear-
weapon-free world, at least a few of these countries will want their security concerns 
to be recognized and addressed. Some states will be concerned about the conventional 
military power projection capabilities of the great powers. Some also will seek to main-
tain by other means the status and standing in the international system that they cur-
rently have by virtue of their nuclear weapons.106 These concerns will shape the scope 
of a nuclear weapons ban and decisions such as on whether to eliminate long-range 
ballistic missiles along with nuclear weapons, and political issues such as whether to re-
structure the powers and membership rights of the United Nations Security Council.107 

The past several decades have shown, however, that successful wars of conquest and 
occupation have become near impossible even for great powers.108 And countries do not 
need nuclear weapons to remind each other that their modern societies are vulnerable 
to long-range attack. Since September 11, 2001, industrialized countries have become 
acutely aware that nuclear-power and chemical plants as well as skyscrapers could be 
attacked with catastrophic results. As wealth becomes based more and more on knowl-
edge and integration into the global economy, and if competition for land and natural 
resources can be held in check, fears of wars of conquest may recede further.

At the same time, more than 60 years of nonuse despite innumerable wars show that 
policy makers and the militaries of nuclear-armed states have come to understand that 
nuclear weapons are unusable in war.109 A recent examination of the attitudes toward 
nuclear weapons in the U.S. Department of Defense (DoD) reported that, since the end 
of the Cold War, a “lack of interest in and attention to the nuclear mission and nuclear 
deterrence [has become] widespread throughout DoD.”110 This was exemplified in an 
August 2007 incident in which six nuclear armed cruise missiles were transported be-
tween the Minot and Barksdale U.S. Air Force bases without authorization and without 
the knowledge of those involved, and for 36 hours remained unaccounted for (Figure 
2.3).111 Since this incident came to light, the U.S. Air Force has been trying to re-orga-
nize its nuclear weapon management. 
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Figure 2.3. An Advanced Cruise 
Missile is loaded onto the wing 
of a B-52 at Minot Air Force 
Base (North Dakota). In August 

2007, six nuclear-armed Ad-

vanced Cruise Missiles were in-

advertently loaded onto a B-52 

bomber and flown to Barksdale 

Air Force Base (Louisiana). The 

transfer remained unaccounted 

for at both bases and by the 

crew until discovered 36 hours 

later. Source: Jocelyn Rich, U.S. 

Air Force, picture available on 

wikipedia.org.

Resistance to nuclear disarmament today comes primarily from policy makers, for-
mer officials and intellectuals who have come to embrace nuclear deterrence and from 
the nuclear-weapon-complex, which relies on these weapons for its existence. Pub-
lic sentiment world-wide largely is in favor of nuclear abolition, with polls showing 
overwhelming majorities even in the nuclear weapons states (except Pakistan, where 
margins are much smaller) in favor of an international verified agreement to eliminate 
nuclear weapons.112 The issue is not, however, keenly felt and public opinion is not 
mobilized into an anti-nuclear movement on the scale that has been able in the past 
to impact policy. 

Disarmament Challenges
There are several challenges facing the transition to a nuclear weapon free world and to 
assuring its security and stability. These include the mechanism or process shaping the 
disarmament trajectory, the issue of reversibility, the management and elimination of 
fissile material stocks, and the risks of nuclear weapon reconstitution or proliferation 
using material and capabilities in civilian nuclear energy programs.

Overall agreement or step-by-step? One of the overarching issues is whether countries 
commit to the explicit goal and an agreed framework for achieving nuclear disarma-
ment, or whether they continue with an ad hoc approach of nuclear reduction and 
nonproliferation steps.113 

Both approaches have been and likely will continue to be used. As part of the 2000 
NPT Review Conference, the nuclear-weapon states party to the Treaty agreed to a pro-
gram of thirteen steps towards the goal of meeting their obligations under Article VI. 
These steps included meeting specific targets and set timelines.114 There have, as yet, 
been no formal talks among the five nuclear weapon states that are Parties to the NPT 
on achieving these obligations but their year-2000 agreement has helped frame the 
subsequent debate. At the same time, the United States and Russia, which account for 
more than 90 percent of the world’s nuclear weaponry, have engaged in a fitful step-
by-step bilateral process of arms control and reductions that has yielded significant 
reductions in their nuclear arsenals. 

The balance between an agreed plan for disarmament and a step-by-step approach will 
have a bearing on declarations of stocks of fissile material. It would be natural in an 
overall plan for the nuclear-weapon states to commit to prepare and declare a complete 
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inventory of their fissile material holdings early in the process, even if verification were 
to come later. In a step-by-step approach, declarations might be limited to material 
“excess to military requirements” as and when states chose to so decide.

Irreversibility. In the transition to zero—and for some time even in a disarmed world — 
a considerable degree of reversibility would be inevitable. As states give up nuclear 
weapons, they will have stockpiles of fissile material freed up by dismantling their 
weapons and a cohort of weapons design and engineering experts. They also will retain 
legacy production plants and former nuclear warhead R&D, production and mainte-
nance facilities, all of which will require monitoring until they are decommissioned or 
converted to civilian purposes. 

In 1984, disarmament advocate Jonathan Schell argued that the possibility of nucle-
ar rearmament could actually help secure abolition, since in a world free of nuclear 
weapons “the knowledge of how to rebuild the weapons … would keep deterrence in 
force.”115 A state considering possible nuclear breakout would be restrained by the pros-
pect that others could quickly follow suit. Schell has also observed, however, that the 
impulse for breakout and the need to prepare to deter it would wane with time, since 
the political, legal, and moral pressures that have prevented nuclear weapons use since 
1945 would be strengthened in the transition to a nuclear-weapon-free world.116 

The issue of reversibility has been recognized and addressed more recently by nuclear- 
weapon states and non-weapon states as part of the NPT. The NPT thirteen steps, 
agreed in 2000, included a commitment for “the principle of irreversibility to apply to 
nuclear disarmament, nuclear and other related arms control and reduction measures.” 
Some states have adopted this approach. France, when it ratified the Comprehensive 
Nuclear Test Ban Treaty (CTBT), shut down and decommissioned its nuclear test site 
in the South Pacific, after a controversial series of tests in 1996. Also, after it decided 
to end its production of fissile material for nuclear weapons, it shut down and decom-
missioned its military HEU and plutonium-production facilities at Pierrelatte and Mar-
coule respectively. 

In a world in which states agree not to commit resources to acquire or maintain nuclear 
weapons, theoretical knowledge of nuclear weapons would survive but capacities to 
make them would atrophy. As sociologist Donald MacKenzie has noted: 

“ Outside of the human, intellectual, and material networks that 
give them life and force, technologies cease to exist. We cannot 
reverse the invention of the motorcar, perhaps, but imagine a 
world in which there were no car factories … where no one alive 
had ever driven, and there was satisfaction with whatever alter-
native forms of transportation existed. The libraries might still 
contain pictures of automobiles and texts on motor mechanics, 
but there would be a sense in which that was a world in which 
the motor car had been uninvented.”117

Fissile material controls. If nuclear weapons are to be eliminated, the plutonium and 
highly enriched uranium (HEU) that are at their cores will have to be eliminated. 
Also, stocks of these materials produced to fuel nuclear reactors, but which could be 
used to make nuclear weapons, will have to be minimized and the remainder heavily 
safeguarded. The importance of controlling fissile materials as a means of achieving 
and securing nuclear disarmament was advocated in the 1945 Franck Report, which  
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discussed both rationing access to uranium and “book-keeping on the fate of each 
pound of uranium mined,” and in the 1946 Acheson-Lilienthal Report, which proposed 
placing under international ownership and operational control all uranium mining as 
well as uranium enrichment and plutonium separation facilities.118 

Such improvements in international fissile-material controls are merited even if nu-
clear disarmament turns out to be unachievable in the near future. With or without 
complete nuclear disarmament, deep cuts in fissile-material stocks and strengthened 
controls are required to support deep cuts of nuclear weaponry, bolster the nonprolif-
eration regime, and prevent nuclear terrorism.

Today disarmers are faced with ten thousand warheads in service, a similar number 
awaiting dismantlement, and materials and components from tens of thousands more. 
There are also more than a hundred HEU-powered ships and submarines and over a 
hundred research reactors fueled with HEU mostly weapon-grade. More than 90 per-
cent of the weapons, components and materials are concentrated, however, in Russia 
and the United States. The magnitude of the disarmament challenge in the remaining 
seven states is much less.

There also are thirty states with nuclear power plants that produce spent fuel contain-
ing plutonium as part of their normal operation and enough already-separated civilian 
plutonium to produce at least 30,000 nuclear warheads. Once again, however, most 
nuclear fuel cycle facilities and the separated plutonium are concentrated in a relatively 
small number of states.

Also, a great deal of experience has been accumulated in exercising national and inter-
national control over nuclear materials and technology. Fissile material accountancy 
and monitoring lie at the heart of the system of IAEA safeguards required by the NPT 
to verify that non-weapon states are abiding by their commitments not to divert fissile 
material to nuclear-weapon production.

The importance of including reduction of fissile material stocks in the nuclear-disar-
mament agenda is widely understood. Russia and the United States are eliminating sig-
nificant fractions of the fissile material recovered from their excess Cold War warheads 
and, in 2009, the United Nations Conference on Disarmament agreed to begin talks 
on a treaty banning the production of new fissile material for nuclear weapons.119 The 
talks may begin in 2010.

Securing nuclear-weapon elimination will require the international community to de-
velop structures and confidence to respond to non-compliance immediately and effec-
tively. One option to increase confidence in the likelihood of enforcement might be to 
place all nuclear material under international ownership and make national appropria-
tion of nuclear material an offense under international law. 

Even a robust verification system could not assure, however, that all fissile materials 
had been accounted for in a world in which enough fissile material has been produced 
to make more than 100,000 nuclear warheads. Measurement errors and material lost 
irretrievably in wastes and during testing by the United States and Russia in particular, 
will make it impossible to verify to a level of 99 percent (i.e. to within the equivalent 
of 1000 warheads) that all fissile material has been disposed of or placed under inter-
national monitoring. It is worth noting, however, that the uncertainty will be con-
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centrated in the United States and Russia, which produced by far the largest amounts 
of fissile material and numbers of nuclear weapons, and carried out the most nuclear 
weapons tests. Assessing the adequacy of technical verification and the significance of 
uncertainty will be a political judgment. 

Ultimately, the international verification system will have to be complemented by so-
cietal verification in which a large enough fraction of citizens are committed to main-
taining a nuclear-weapon-free world that they can be depended to “blow the whistle” 
when they become aware of clandestine nuclear-weapon stockpiles and activities.

Nuclear power and nuclear disarmament. The organization of nuclear energy will be 
one of the more important technical factors shaping the possibility and difficulty of 
nuclear-weapon reconstitution or proliferation (Chapter 8). At one extreme would be 
a world with reprocessing and enrichment plants in many countries, with huge stocks 
and flows of separated weapon-useable plutonium and HEU in nuclear fuel cycles that 
could facilitate rapid rearmament. This world could have the civilian and naval fuel 
cycles in some weapon states today replicated in many countries: reprocessing and plu-
tonium recycle as in France, naval reactors fueled by HEU as in the United States, fleets 
of HEU-fueled research reactors as in Russia, civilian national enrichment facilities as 
in the United States, Russia, Japan, etc. In this world, the technical barriers to nuclear 
rearmament would be at their lowest. 

A world with higher technical barriers to nuclear rearmament would be one where 
separated weapon-useable fissile material would be very scarce. Spent-fuel reprocess-
ing would have been abandoned in favor of interim storage—as has already occurred 
in most countries with nuclear power plants. HEU-fueled nuclear ships and subma-
rines would have either been replaced by LEU-fueled vessels, as has been happening in 
France, or phased out.120 Stocks of HEU would have been blended down and plutonium 
disposed of. And all uranium enrichment would occur at facilities owned by compa-
nies from more than one country and operated by multinational teams. 

The most substantial technical obstacles to any nuclear rearmament would be in a 
world with no military or civilian nuclear activities whatsoever, except possibly those 
required to produce essential radioisotopes. Even then, however, there would be the 
enduring problem of some states having stored civilian spent nuclear fuel containing 
plutonium, and spent naval fuel containing highly enriched uranium, that could be 
accessed for weapons. 

The debates today over the future role of nuclear energy and the proliferation and 
control of nuclear fuel cycle technology and the means to prevent its use for weapons 
mark only the beginning of a discussion that will become increasingly important as 
the world moves towards eliminating nuclear weapons.
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3  Declarations of Fissile Material  
Stocks and Production
Several nuclear weapon states have already made public some quantitative information 
about their inventories of fissile materials and nuclear weapons. The United Kingdom 
has declared aggregate numbers of its military HEU and plutonium inventories. The 
United States also provided historical production by year and site, including selected 
isotopic characteristics of the materials produced. With regard to nuclear weapon-arse-
nals, all five NPT weapon states have declared or otherwise made public their stockpiles 
of total or deployed nuclear weapons: the United States specified the exact number of 
deployed strategic warheads, while China, France, and United Kingdom have given up-
per bounds of their stockpiles or made other statements that allow a good estimate of 
their total or deployed weapons.121

Declarations are valuable as confidence-building measures even without verification. 
Increasing amounts of background information and verification will be essential, how-
ever, if the declarations are to serve as a basis for deep cuts in nuclear arsenals. Chap-
ter 4 discusses verification approaches to fissile material declarations in greater detail, 
while Chapter 5 lays out the concepts of verified warhead dismantlement. Here, we 
focus on some precedents, the desirable content of declarations, and the sequencing of 
information release. 

Even without verification arrangements in place, declarations are useful. Experts 
from other governments and international agencies, and independent analysts will 
be able to assess the internal consistency of a declaration and cross-check it with in-
telligence or publicly available information. This is particularly true for declarations 
of historic fissile material production, which will be the main focus of this chapter. 

Why Declarations Matter
In 1993, the United States Department of Energy made an initial declaration of the 
total quantity of HEU that the United States had produced. Several justifications for the 
declaration were offered including:122 

“ As a result of this declassification, the American public will have 
information that is important to the current debate over proper 
management and ultimate disposition of uranium. The release 
of this information should encourage other nations to declassify 
similar information.
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The quantities may aid in public discussions of issues related to 
uranium storage safety and security. […]

[The data] could have valuable nonproliferation benefi ts by mak-
ing potential International Atomic Energy Agency safeguards ar-
rangements easier to implement.”

In its March 2006 public report on HEU, the United Kingdom made an explicit connec-
tion between its declaration and nuclear disarmament, stating that:123 

“ The UK believes that transparency about fi ssile material acquisi-
tion for defence purposes will be necessary if nuclear disarma-
ment is to be achieved; since achieving that goal will depend on 
building confi dence that any fi gures declared for defence stock-
piles of fi ssile material are consistent with past acquisition and 
use. This report is a contribution to building such confi dence.”

Independent analysts have also emphasized the importance of declarations and the 
roles they can play in various arms-control contexts,124 including in reducing the dis-
criminatory nature of the nonproliferation regime, in which NPT weapon states are not 
legally required to report their nuclear material holdings to the International Atomic 
Energy Agency (IAEA). Preparing declarations and making them public would require 
nuclear weapon states to review their records and audit their inventories, and to be held 
accountable for how they manage their fi ssile material holdings. Extending declara-
tions of fi ssile materials to all states would strengthen the nonproliferation regime and 
support efforts to assure the physical security of nuclear materials.

Figure 3.1. The U.S. Plutonium and HEU Declara-
tions of 1996 and 2001.125 Both studies provide a 

rather detailed account of fi ssile material produc-

tion and consumption by year and site. Appendix 3A 

discusses the methodology used to produce these 

studies and some of the diffi culties encountered. 

The publication of the 2001 HEU report was delayed 

until 2006, apparently because of security concerns, 

and only released after a series of Freedom of Infor-

mation Act appeals by the Federation of American 

Scientists.
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Declarations of fissile material inventories or of the sizes and deployment of nuclear 
arsenals are—above all—a transparency measure. Perceived security risks would be 
the main concern put forward by nuclear weapon states to explain their opposition 
against making public declarations of their fissile material inventories or nuclear weap-
ons holdings. In the present context, in which we consider deep cuts in the nuclear 
arsenals and a world preparing for nuclear disarmament however, the security benefits 
of declarations would by far outweigh the risks.

Declarations could both provide confidence in the disarmament process and eventu-
ally allow for more effective verification. A culture of regularly declaring both civilian 
and military fissile material stockpiles would also encourage states that have excess 
stocks to gradually dispose of them.

In many respects, declarations can therefore pave the way for nuclear disarmament, 
but making declarations early is equally important because it spotlights the impor-
tance of keeping good records. The UK Report on HEU offers a cautionary tale about 
the problems that its authors encountered in using old records:126

“ This review has been conducted from an audit of annual ac-
counts and the delivery/receipt records at sites. A major problem 
encountered in examining the records was that a considerable 
number had been destroyed from the early years of the pro-
gramme … Even where records have survived, other problems 
have been encountered, including ... distinction between new 
make and recycled HEU … some early records make no specific 
mention of waste and effluent disposals … [for] some records … 
assessments had to be made to establish units. Other records do 
not identify quantities to decimal places and … may have been 
rounded … [and] in some cases no indication of enrichment 
value was available. Average figures were used, or knowledge of 
the process used to assure that the material was indeed HEU.”

In other words, even for the state itself, where access to information is not an issue, 
it may be difficult to compile accurate declarations of past production and use. Vari-
ous types of irresolvable inconsistencies including “inventory differences” are to be 
expected. For example, in the case of the U.S. declarations, the inventory differences 
added up to 2.8 tons of plutonium and to 3.2 tons of uranium-235 in HEU.127 This is up 
to a few percent of the total production, which appears reasonable, given the historic 
circumstances and practices. In absolute terms, however, these numbers combined are 
equivalent to an uncertainty of more than 1000 nuclear weapons, which will be a con-
cern in a world considering deep cuts in the nuclear arsenals. Uncertainties in Russia’s 
declarations would likely to be at least as significant.128 This situation can only get 
worse with time.

The weapon states therefore should start the process of preparing for declarations now, 
even if they do not plan to share the information at this point. States need to establish 
good accounting systems for their fissile material holdings for their own purposes and 
the data should be selected and archived in a way that facilitates independent verifi-
cation at a later date. Appendix 3A describes the Nuclear Materials Management and 
Safeguards System in use by the United States.
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Content of Declarations and Sequencing of Information Release
At a minimum, a national accounting system for fissile materials would have to track 
national plutonium and HEU inventories. The U.S. system tracks 17 categories of nu-
clear materials today, including depleted, natural, and enriched uranium in different 
enrichment ranges; plutonium (weapon-grade and lesser grades); other fissile isotopes 
including uranium-233, neptunium-237 and americium-241; and additional materials 
such as tritium and thorium. Based on such a system, a phased series of declarations of 
fissile materials of increasing detail could be extracted.

Initial Declarations. As a first step, declarations could be made of total holdings of plu-
tonium and highly enriched uranium. In its most basic form, such a declaration would 
essentially consist of two numbers and could be made in a single sentence. This is the 
approach taken by the United Kingdom in 1998.129 Better, however, would be to include 
in initial declarations the total quantities of HEU and plutonium in: 

Warheads, warhead components and associated working stocks in the warhead-pro-
duction complexes overall and at individual sites; 

Material that has been determined excess for military purposes but is still in weap-
ons or weapon components; 

Reserves for naval and other military-reactor use and in the naval fuel cycle (not in-
cluding in spent fuel), divided into quantities in classified and unclassified forms;  

Spent military-reactor fuel; and 

Civilian stocks, divided into unirradiated and minimally irradiated forms (includ-
ing in critical assemblies and pulsed reactor cores), and irradiated material in reac-
tor cores and spent fuel.

Declarations organized along these lines would not go much beyond information that 
the United States has already made public. As one example of a declaration, Figure 3.2 
shows the history of U.S plutonium production by year and site published in the 1996 
plutonium declaration. Since virtually no plutonium has been disposed off or other-
wise removed from the U.S. inventory since 1994, the total U.S. stockpile of separated 
plutomium remains at 92 tons today. It falls in two categories: 38 tons in the weapons 
complex and 54 tons declared excess for weapon purposes.

Similarly, the 2001 U.S. HEU declaration provides detailed information about produc-
tion, acquisition, and utilization of HEU as of September 1996. In addition to historic 
data, listed by year, enrichment level, and production site, the report lists storage loca-
tions of the material through September 1996 (Figure 3.3). The total HEU inventory of 
741 tons can be used as a baseline to determine the subsequent evolution and structure 
of the U.S. stockpile. In 1994, the United States declared 174 tons of its HEU inventory 
to be excess to military needs. In late 2005, the United States declared an additional 200 
tons of excess HEU excess for weapons—of which 128 tons, however, will be reserved 
for HEU-fueled naval reactors.130 Also, the United States regularly reports on progress 
made with blend-down efforts. Combined, this information allows for a rather detailed 
reconstruction of the evolution of the current U.S. stockpile (Figure 3.4).

The information is of such generality that it could not be directly verified. But it is—
and has been—useful for preliminary review and consistency checks by other states, 
international bodies and independent analysts. 

1.

2.

3.

4.

5.
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Figure 3.2. History of U.S. plutonium production 
by year and site from the 1996 declaration. The 

Hanford reservation on the Columbia River in 

Washington State is the site where the U.S. built its 

first plutonium-production reactors during World 

War II and produced the plutonium for the Trinity 

bomb test on July 16, 1945 and for the Nagasaki 

bomb. Ultimately, nine reactors were built there, all 

graphite moderated. The Savannah River site is near 

Columbia, South Carolina. All the five reactors built 

here were heavy-water moderated and were used 

for tritium as well as plutonium production.

Figure 3.3. U.S. stocks of highly enriched uranium 
at Department of Energy sites as of 30 September 
1996.131 Miscellaneous sites held 3.7 tons of HEU, 

bringing the total inventory at DOE sites to about 

290 tons. Based on the declared total U.S. inventory 

of 740.7 tons, this left more than 440 tons of HEU at 

Department of Defense sites.
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Figure 3.4. Evolution of the U.S. stockpile of HEU 
since production ended in 1992. Based on the 1996 

HEU inventory and subsequent declarations of ex-

cess material, the structure of the U.S. HEU stockpile 

today can be estimated quite well. About 250 tons of 

HEU remain available for use in weapons—enough 

for 10,000 warheads. 

Approaches to Verifying Historic Production of Fissile Materials
At the level of declarations of total fissile material production, other governments’ ex-
perts, an international agency or independent analysts could compare declared mate-
rial production to their own independent assessments. The United States and Russia 
each devoted substantial resources over the past decades to studying each other’s and 
other countries nuclear complexes and would be able to make their own consistency 
checks on production-history declarations.

For example, during the Cold War, the United States and maybe other states monitored 
krypton-85 concentrations in the atmosphere as a way of estimating global plutonium 
production. Whenever irradiated spent fuel is dissolved in acid to recover plutonium, 
gaseous fission products are released from this fuel. Radioactive isotopes of the noble 
gases are emitted to the atmosphere because they pose little risk to the environment. 
Among these, krypton-85 is a particularly useful indicator for reprocessing because its 
concentration in the irradiated fuel scales directly with the amount of fission in the 
fuel. Also, due to its half-life of 10.8 years, krypton-85 gradually accumulates in the 
atmosphere (Figure 3.5). Another example is discussed in Appendix 3B, which presents 
an independent estimate of North Korea‘s plutonium production based on computer 
simulations. Such calculations can be further refined once more information about a 
weapons program become available.
  
While sizable uncertainties are likely, transparency in the process can yield verification 
confidence. Thus the declaration should include the methods used in arriving at the 
estimates of historical production, and, where possible, the original records used in this 
estimation. Outside experts then could repeat the analysis and perhaps find alternative 
means of cross-checking the results. For instance, while material shipment records at 
plutonium-production reactors can yield an estimate of the total plutonium separated 
from spent fuel, the power produced by the reactors can also be used to arrive at the 
same numbers. The more records that are made public as part of the initial declaration, 
the more cross-checking that is possible. Where multiple means of determining total 
production are possible, large uncertainties in a single estimate are less disconcerting.
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If declarations are made early and new information as plants are cleaned out or new 
records are discovered is shared as well, this verification process could provide much 
more confidence than the large uncertainties in the declarations might at first suggest. 
Together with the knowledge gained concerning the material production complex, this 
initial verification stage will provide a firm basis of confidence upon which to build the 
next, more detailed stage of verification.

Once nuclear-weapon states release information on the production histories of materi-
als by site and facility,132 and are ready to provide adequate access to these sites and/
or provide representative samples of the fissile materials themselves—a more rigorous 
verification approach could begin. The “nuclear archaeology” methods that could be 
used for this purpose are the subject of Chapter 4.

Figure 3.5. During the Cold War, the global inven-
tory of atmospheric krypton-85 was known from 
measurements. Western analysts were able to 

estimate the amount of this krypton inventory as-

sociated with activities in the West, including repro-

cessing of military and civilian spent fuel. The size 

of the Soviet plutonium stockpile therefore could be 

estimated from the remaining krypton inventory in 

the atmosphere without any knowledge about the 

Russian production complex.133

Declarations: Fissile Materials versus Nuclear Weapons
At some stage, states will have to make public their nuclear weapons holdings and 
production history. Some states have already made a beginning. In a series of treaties 
beginning with the 1979 Strategic Arms Limitation Treaty (SALT), the United States 
and the Soviet Union agreed on numerical limits on their deployed nuclear forces, to 
disclose some information about their forces and accepted the need to facilitate veri-
fication.134 As part of the 1987 Intermediate Nuclear Forces Treaty (INF), the United 
States and Soviet Union exchanged data on the number, characteristics, locations and 
production facilities of intermediate-range and shorter-range missiles and associated 
launchers and support structures.135 There was an accompanying verification arrange-
ment involving on-site inspections.136 The 1991 START I treaty established limits on de-
ployed U.S. and Soviet strategic weapons and created rules for counting these weapons 
and for verification (Chapter 5).137 
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The United States and Russia agreed in September 1994 to exchange detailed data on 
their nuclear arsenals, but this plan was not implemented. A 1997 U.S. National Acad-
emy of Sciences report on the future of U.S. nuclear weapons policy proposed that a 
data exchange between the United States and Russia about nuclear arsenals should 
include:138

“ the current location, type, and status of all nuclear explosive devices and the history 
of every nuclear explosive device manufactured, including the dates of assembly 
and dismantling or destruction in explosive tests;

   a description of facilities at which nuclear explosives have been designed, assem-
bled, tested, stored, deployed, maintained, and dismantled, and which produced or 
fabricated key weapon components and nuclear materials; and

  the relevant operating records of these facilities.”

As illustrated in Table 3.1, there is potentially a parallelism between declarations of fis-
sile material holdings and declarations of nuclear weapons arsenals. It shows also how 
the level of detail could be incrementally increased from simple aggregated numbers to 
site- and facility-specific data and ultimately specify items by location, mass, and com-
position—possibly by “serial number” and deployment status in the case of nuclear 
warheads. This would be the equivalent of a “nuclear weapons register,” first proposed 
in the 1990s.139

Fissile Materials Nuclear Weapons

Aggregate
Total inventory/Historical data on 
stocks, production, and consumption

Total stockpile/Historical data on 
stocks, assembly and disassembly

By Type and Characteristics
Detailed current and historical data 
on materials (isotopics, physical and 
chemical form) and their production

Detailed current and historical data on 
stockpiles of nuclear warheads (type 
and operational status)

By Site/Facility Same by site/facility Same by site/facility

By Item
Location, mass, composition of each 
item container

Serial number, location, status of each 
warhead

•

•

•

Table 3.1. Declarations of fissile material and 
nuclear weapons at increasing levels of detail.140 

Nuclear weapon states could declare their fissile 

material and nuclear weapon holdings in stages, 

with greater levels of specificity about the amounts, 

characteristics and locations of fissile material and 

nuclear weapons.

The most detailed declarations listed here have a precedent in the Chemical Weapons 
Convention (CWC), which requires parties to “specify the precise location, aggregate 
quantity and detailed inventory of chemical weapons it owns or possesses, or that are 
located in any place under its jurisdiction or control.” A verification annex to the CWC 
specifies in detail what has to be declared. Parties are required to designate storage fa-
cilities and to ensure that “chemical weapons at its storage facilities are configured to 
allow ready access for verification.”141 

Israel and perhaps other countries might consider public declarations about the size of 
their nuclear arsenals much more problematic than declarations of their fissile-material 
holdings.142 In such a situation, a country might declare only its fissile material stocks 
and assign some of the material to an ambiguous category, such as “other uses.”143
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Even without such concerns, it could be difficult to provide unambiguous numbers 
for nuclear-weapon stockpiles. At any given time, weapon states will have nuclear war-
heads at various stages of deployment, in storage, in transit, undergoing maintenance, 
being assembled and disassembled. During some of these activities, the warhead may 
or may not include all the fissile material components, as well as the high explosives, 
and electronic arming, fusing, firing and safety mechanisms (Figure 3.6).

Figure 3.6. Components of a U.S. B-61 thermo-
nuclear weapon. A nuclear weapon is a complex 

mechanism, with the nuclear explosive or “physics 

package” (*) and its associated arming, fusing, 

firing and safety systems. The physics package is 

itself a composite, made up of a plutonium shell or 

pit surrounded by a high-explosive that when deto-

nated compresses the pit into a super-critical mass 

able to undergo a fission chain-reaction, which 

in turn drives the explosion of a thermonuclear 

secondary. For more details see Appendix A. Source: 

U.S. Department of Energy. 

Nuclear weapon states would have to agree at what stages in a nuclear warhead’s life-
cycle, it may no longer be considered for accounting purposes a warhead. This would 
include identifying steps in the initial weapons assembly and final disassembly phase 
where it should be accounted for as an assembled weapon, weapons components or fis-
sile materials. Prior to its assembly into a component and after its extraction, the fissile 
material could be assigned to a non-weapons category, where it could be made available 
to international inspectors for verification purposes.

It is worth noting that the distinction between declarations of fissile materials and of 
nuclear weapons will eventually become less relevant. Today, nuclear weapon states 
treat the quantities of fissile material in individual warheads as a secret but, once both 
fissile material inventories and nuclear weapon arsenals have been declared—and es-
pecially when relatively few weapon designs remain in the stockpile—more and more 
accurate estimates of the amount of fissile material per warhead will become possible. 
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Conclusions
Declarations of fissile material production and nuclear weapon holdings will be neces-
sary for nuclear disarmament. These declarations must be followed by verification mea-
sures that give some confidence that the declaration is both complete and accurate.

Declarations of fissile material production histories can in principle be verified to a 
significant degree. Early preparation of such declarations, even if initially not shared, 
are extremely important because reconstruction of the history of fissile material pro-
duction is often based on ephemeral and inadequate records, whose interpretation will 
require the assistance of workers who will inevitably become less available with time.

Given that the bulk of today’s global fissile material inventory was produced decades 
ago, determining completeness will be an extraordinarily difficult task, even if a de-
claring state is fully cooperative. The task is made more complex by the fact nuclear-
weapon states never expected that their nuclear-weapon activities would be subject 
to international review—let alone having international inspectors visit and examine 
related sites, materials, or documents. 

Agreement that all nuclear weapons are to be eliminated should permit comprehen-
sive and increasingly detailed declarations. Initial declarations for all weapons states 
could include aggregate numbers for the inventories of fissile materials and their pro-
duction and disposition histories. The U.S. plutonium and HEU declarations suggest 
that site-by-site fissile material declarations are possible. Similarly, there is a precedent 
in U.S.-Russian arms control agreements for declarations of nuclear weapons by site. 
States may choose initially to make partial declarations for fissile material and nuclear 
weapons that cover only a single or a few sites.
 
The initial verification of declarations of fissile material production will depend on 
consistency checks within released records, while later, more detailed verification will 
come from actual measurements on available material and production facilities. These 
more intrusive verification methods, using techniques that have come to be known as 
nuclear archaeology, are further discussed in the following chapter. The verification of 
declared nuclear warheads and their dismantlement are discussed in Chapter 5.
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Appendix 3A. The U.S. Plutonium and HEU Declarations
 

The U.S. Government’s plutonium and highly enriched uranium (HEU) declarations 
(Plutonium: The First 50 Years and Highly Enriched Uranium: Striking a Balance) outlined 
the production, acquisition, and utilization of fissile materials from the mid 1940s to 
the mid 1990s.144 These declarations were constructed from records dating back to the 
early 1940s and data collected regularly since the 1960s as part of the Nuclear Materials 
Management and Safeguards System (NMMSS). The origin, evolution and capabilities 
of NMMSS offer insights for other nuclear weapon states wishing to consider such 
a reporting system and in making such declarations for the purposes for furthering 
nuclear disarmament.
 
The U.S. Department of Energy:

Declared the total U.S. plutonium and HEU inventories, including all materials held 
by the Department of Defense in nuclear warheads, military-reactor fuel, spent fuel, 
critical assemblies, and other military-use materials; 

Categorized plutonium and HEU either as "required" (i.e., in active use or planned 
future use in either weapons or non-weapons programs) or as "surplus" to defense 
needs; and 

Constructed a 50-year material balance account similar to a bank register, which 
compared an actual inventory against a calculated book inventory (based on total 
acquisitions minus total removals). 

While other DOE reports had provided much of this information separately, these 
declarations combined previously released data with newly declassified information 
that allowed the United States to issue comprehensive reports for both plutonium and 
HEU. 

Balancing the Books
The data for the declarations were available from at least one of three sources: (a) origi-
nal site inventory and transaction journals, (b) site inventory and transaction data 
as reported to NMMSS, and (c) historical material control and accounting summary 
reports based on data submitted by facilities and compiled starting in the late 1940s by 
the Atomic Energy Commission (AEC). The reporting units in all three data sources for 
both plutonium and HEU were grams, subsequently summarized in kilograms for the 
purposes of simplifying the declarations. 

The material balance at each site and nationally can be expressed using the following 
equation:

Beginning inventory + receipts – shipments – measured discards or losses –  
ending inventory = material unaccounted 

The production of plutonium in a uranium-fueled reactor is treated as a form of receipt, 
and the consumption (burnup) of U-235 in the same reactor as a form of removal 
or measured loss. Material unaccounted (i.e., the difference between the quantity of 
nuclear material held according to the accounting books and the quantity measured 

•

•

•
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in a physical inventory) occurs primarily because the closed material balance is one in 
which all identified flows are measured. Therefore, material unaccounted outside of 
measurement error reflects either failure to measure all recognized material flows or 
failure to detect unrecognized material losses. 

The total amount of nuclear material unaccounted during any time period is the sum 
of many smaller differences. Each difference arises for one or more of the following 
reasons: (a) difficulties with measuring plant holdup; (b) measurement uncertainties 
due to wide variations in the matrix containing the materials; (c) measurement uncer-
tainties within statistical variations concerning the measurement itself; (d) inadequate, 
primitive measuring technologies, especially in the early years; (e) uncertain measure-
ments for waste due to small quantities of materials; (f) operational losses, such as ac-
cidental spills in which accurate measurements had not been made before the spill; (g) 
corrections of human errors during input of accounting system data; and (h) rounding 
errors. 

Each inventory difference is investigated by operating contractors and reviewed by 
DOE in order to assign a cause to any difference and to assure that no loss, diversion, 
theft or environmental contamination occurred. 

The primary advantage of using data from closed material balances is in the rigor of 
each equation. Information not derived from closed material balances (e.g., manage-
ment reports, historical memoranda, personal recollections) could be highly inaccu-
rate and therefore must be corroborated with other, more reliable sources. A case in 
point was the quantity of United States produced HEU erroneously reported as 994 
metric tons at the June 27, 1994 Secretary of Energy’s Openness Press Conference and 
subsequently corrected to 1,045 metric tons by the 1996 HEU declaration. Several fac-
tors accounted for the 51 metric ton increase; most notably, the 1994 data relied ex-
clusively on existing management reports that, upon closer examination, proved to be 
both incomplete and inaccurate. 

A secondary advantage in using the closed material balance concept is that, since the 
late 1940s, all U.S. facilities have reported every element of the material balance equa-
tion to a centralized national system. By using the known beginning inventory (zero) 
and the known ending inventory of both plutonium and HEU, the task of solving for 
the closed material balance elements became manageable. Items of the closed material 
balance (including total receipts, total shipments, total measured discards or losses, 
and total material unaccounted on a national level) were researched and applied to the 
known aggregate national beginning and ending inventories.

Early NMMSS History
In the early 1940s, there was no U.S. government accounting standard related specifi-
cally to nuclear materials. During these formative years, manual records were kept in 
considerable detail but there was little standardization among facilities. In 1948, the 
first standardizing policies were established and those practices have served as a foun-
dation for practices and procedures used today.
 
Early on, the AEC recognized the need for an accountability system for nuclear materi-
als because virtually all work was performed in facilities owned or leased by the AEC 
and operated by contractors on a cost-plus basis. These AEC contractors had no direct 
financial incentive to control materials of unprecedented monetary and strategic value. 
To protect the interest of the government with respect to the proper use and stewardship  
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of nuclear materials, including all plutonium and uranium of all enrichments, the 
AEC, after the enactment of the Atomic Energy Act of 1954, implemented a compre-
hensive set of accounting procedures. For the first time, facilities had a set of reporting 
requirements reflecting generally accepted principles of the accounting profession. 

Due to the variability and complexity in the different nuclear fuel cycle facilities and 
processes, no particular accounting system was specified; however, requirements in-
cluded double-entry bookkeeping and nuclear material transactions recording in order 
to track the status of any materials within a facility.

In the early 1960s, the AEC engaged the Stanford Research Institute (SRI) to perform 
a feasibility study on developing a headquarters management information system for 
nuclear materials. In 1963 the SRI study recommended that a national system be built 
and, in 1964, the project was begun in Oak Ridge, Tennessee. The NMMSS has been 
automated since 1965.

Union Carbide built the new system. Union Carbide seemed to be a logical choice 
because, at that time, it operated three nuclear plants in Oak Ridge (Y-12, X-10 and  
K-25) plus the uranium enrichment plant in Paducah, Kentucky and was well informed 
regarding the principles of nuclear materials accounting. In addition to the Union Car-
bide system, Oak Ridge continued to maintain the AEC mandated accounting records 
of nuclear materials in commercial facilities.

The first nuclear materials in NMMSS were of 12 types:

Depleted uranium 
Enriched uranium (broken down into HEU ranges and LEU based on contained  
U-235)
Plutonium (broken up into weapon-grade and lesser grades)
Lithium enriched in Li-6
Uranium-233 
Natural uranium 
Neptunium-237 
Plutonium-238 
Deuterium 
Tritium 
Thorium 
Uranium in cascades (i.e., unified uranium: depleted, normal, and enriched) 

NMMSS began tracking helium-3 in 1969 and discontinued tracking it in July 1978. 
Normal and depleted lithium were reported by contractors beginning in 1971 and dis-
continued two years later. In 1974, six types of materials in the transuranium group 
were added and all but berkelium (removed in 2006) have remained in the system. 
These material types are as follows:

Plutonium-242
Americium-241 
Americium-243 
Curium 
Berkelium 
Californium 

•
•

•
•
•
•
•
•
•
•
•
•

•
•
•
•
•
•
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In the late 1940s, NMMSS was a manually-implemented central store of nuclear materi-
als information—a set of account ledgers with amounts of nuclear materials as entries. 
AEC operations offices and headquarters staff prepared inventory, transaction, and ma-
terial balance reports for the 12 original NMMSS material types based on feeder reports 
forwarded by AEC contractors and by Oak Ridge Operations Office for licensees. 

These summary Oak Ridge material balance reports were an important source of infor-
mation for creating the U.S. declarations; they chronicled U.S. nuclear activities on an 
annual basis in material-balance format from the mid-1940s through 1984. The mate-
rial balance categories used in these early reports are still in use today and are the de 
facto basis for constructing overall historical material balances. 

The trustworthiness of the quantities stated in the Oak Ridge summary reports was 
established by correlating and corroborating known elements from the material bal-
ance with data from other sources. For example, from 1945 through 1992, the U.S. 
conducted 1,054 nuclear tests and two wartime detonations. The quantities of nuclear 
materials expended in these activities were independently recalculated and compared 
with quantities stated annually in the summary reports. Similar correlations were pos-
sible with HEU produced in the Y-12 Plant calutrons from 1945 through 1947. 

In addition to calculation reviews, site visits were conducted to examine primary source 
data documents. Many of these documents currently exist only in summary form, par-
ticularly for the period prior to 1969. Summarized data presented a major difficulty 
in the preparation of the HEU report as some of the site records failed to distinguish 
between HEU and LEU. Sites visited included Hanford, Savannah River, Portsmouth, 
and West Valley. Oak Ridge historical summary reports were then reviewed and com-
pared for consistency with the various sites reports, original transfer journals, general 
ledgers, subsidiary ledgers or journals (designed to provide more information than was 
available in only the general ledger), and additional transaction and inventory records. 
The inaugural years’ (1940s to early 1960s) data were generally easy to confirm because 
there was no commercial nuclear industry and very few facilities handled these impor-
tant strategic materials. 

Computer-based NMMSS began collecting inventory and material balance data in 1965. 
Transaction data was added to the system in 1967 and, in 1971, the system began pro-
cessing data on a daily basis. In 1979 NMMSS completed a two-year project converting 
written documents into electronically retrievable records. This project consisted of data 
pertaining to U.S. international transactions. The task involved coding international 
transaction data from shipment files (in the form of NMMSS transactions) dating as 
far back as January 1950, and adding those international transactions to the NMMSS 
database. Exports, imports, and retransfers of nuclear materials data were included.

Thus, the international transaction data in NMMSS cover a longer historical period 
than domestic transactions. Even though there are some minor gaps in the data and 
even though comparison of the data (to records maintained by our foreign trading 
partners) is incomplete, the NMMSS database is a highly reliable source of information. 

NMMSS Today
Today’s NMMSS contains current and historical data on inventories and transactions 
involving source (natural and depleted uranium and thorium), special (plutonium 
and HEU), and other selected nuclear materials not only within the United States but 
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also on all exports and imports of such material. Current NMMSS database records 
contain information on over 1,500 contractors, licensees, and international accounts 
dealing with selected nuclear materials. As the only source of truly reliable historical 
and current data regarding U.S. nuclear programs, NMMSS provides assistance in five 
critical areas: a) safeguards-like capability, b) international programs, c) materials man-
agement, d) program management, and e) financial management. NMMSS primarily 
serves Department of Energy (DOE), Nuclear Regulatory Commission (NRC), and oth-
er U.S. government entities. Additionally, NMMSS continues to serve site offices and 
individual nuclear facilities. 

Database integrity is paramount to NMMSS operations; security mechanisms are de-
signed to minimize threats common to most relational database management systems. 
System controls include server login monitoring, complex user/role access controls, 
and audit trail recording in order to monitor all changes made to NMMSS data. Sub-
sequent to data entry, records become historical and can only be changed by a system 
administrator; however, changes to historical data are rare and additionally require 
written approval from the NMMSS software change control board. Because NMMSS is 
an historical data repository, legacy data is never discarded. Authorized changes, none-
theless, are required when moving to new database technologies or data formats. 

Excess Determinations
An important component of the U.S. declarations was identified in the mid-1990s. Two 
hundred metric tons of surplus plutonium and HEU were withdrawn from national 
security needs. This U.S. Presidential directive permanently withdrew the identified 
material from any other defense related activity, including use of the HEU as naval-
reactor fuel. 

The declarations of excess nuclear materials were based solely on review of NMMSS 
summarized inventory records. This was appropriate because all U.S. government-
owned nuclear materials in NMMSS are not only recorded by form and location, but 
are also are tagged by project numbers to identify both the program owner (e.g., De-
fense Programs or Environmental Management) and intended use (e.g., weapons stock-
pile or disposition). Using a centralized reporting system produced a reconciled decla-
ration from summarized data; however, severe time constraints prevented consulting 
with DOE sites regarding their item-level inventory databases. Items are distinctive to 
site-specific material control and accounting systems; they have unique site identifiers 
that are traceable to inventory measurements or calculations. Items usually relate to 
site functions; therefore, at one site a fuel pin may be an item, while at a different site 
it may be a fuel assembly or a whole reactor core.

The excess declaration assumed nuclear weapons START I force structure, including all 
current and future national-security fissile-material requirements. National security 
requirements included: pit reuse/rebuild, enhanced surveillance, stockpile life exten-
sion program, tritium production, and naval and research reactors. Regardless of prior 
usage, all government-owned stocks of plutonium (i.e., both weapon-grade and non-
weapon-grade) and HEU were included. Consequently, some of the material declared 
excess to national security had no actual nuclear weapon provenance.
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A difficulty in using NMMSS for this type of exercise is that inventories are reported 
at an aggregate level (i.e., individual items are summarized based on a set of common 
identifiers). Therefore, one inventory line in NMMSS often represents tens or even 
hundreds of individual items. As a result, the initial declarations of excess were not 
item level based, but were instead based on aggregated data. Going forward, NMMSS 
has upgraded its database to accept item-level inventory information. 

Summary
The significance of standard forms for the collection of material balance data cannot be 
overstated; it is the most important driver of a trustworthy national declaration. Item-
level nuclear inventories with consistent data elements provide a useful, defensible 
status report for any nation/state and most importantly—one that is ultimately verifi-
able by outsiders. Preparing declarations requires a centralized accounting system to 
handle nuclear inventory, transaction, and material balance data in a uniform format. 
Reconciliation of site-submitted transactions with known inventory is a key compo-
nent of NMMSS internal controls and is fundamental to sound business practices and 
generally accepted accounting principles.

Reconciliation offers effective self- and cross-check mechanisms to highlight differ-
ences and provide regulators with data necessary to investigate discrepancies. Without 
reconciliation, national-level historical closed material balance is extremely difficult to 
perform and even more difficult to verify.
 
The United States completed a task that many other weapon states consider to be daunt-
ing. Hundreds of facilities, with incomplete or missing records, going back dozens of 
years, added to the lack of any standardized central accounting systems are just a few 
of the immediate concerns that derail even the best of intentions. As a result, compil-
ing an accurate and comprehensive declaration is extremely difficult, time consuming, 
and may well produce dubious results.
 
The material balance methodology used to prepare comprehensive U.S. declarations 
can also be applied at a single nuclear facility for a specified timeframe, thereby remov-
ing one of the barriers to engagement in nonproliferation initiatives. This can be ac-
complished by encouraging declarations at the single-site level. Nation states can pub-
lish their own comprehensive declaration, one year at one site at a time. Working at the 
site level in small time increments is not only manageable; it allows the use of nuclear 
archeology (forensics) to develop information confirmation strategies. Confirmation 
strategies could include looking at U-234 in tails at an enrichment plant or traces of 
plutonium and isotopic composition in high-level waste at a shutdown reprocessing 
plant. Initially, an agreed upon method is more important than the product.

The single-site approach offers partner nations a controllable task with nearly certain 
positive outcomes. The nature of the methodology offers minimal political risk, and 
should ultimately garner broad support by providing more insight into nuclear mate-
rial holdings and disposition. 
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Appendix 3B. 

Estimating Plutonium-Production in North Korea 

In May 2008, the Democratic People’s Republic of Korea (DPRK, or North Korea) pro-
vided the United States with about 18,000 pages of operating records that contain 
information on operation of its plutonium production reactor and the associated re-
processing facility since 1986.145 A month later, North Korea submitted to China a dec-
laration of its nuclear activities. This declaration is not available publicly, but reports 
suggest that North Korea claimed to possess 37 kilograms of plutonium,146 and also 
that it had separated 30.8 kilograms of plutonium and had used 2 kilograms of this in 
its October 2006 nuclear weapons test.147 The DPRK has since then conducted a second 
nuclear test, in 2009, and announced that it intends to separate the plutonium from its 
remaining spent fuel and to resume production activities at its nuclear facilities. Since 
the DPRK’s declaration has not been made public, this appendix briefly describes North 
Korea’s nuclear complex based on public information and provides an estimate of its 
plutonium production. 

Status of the Major Plutonium Production Facilities in Yongbyon
Nuclear Fuel Fabrication Facility. The Yongbyon nuclear fuel fabrication facility refined 
U3O8 “yellowcake,” produced uranium metal, and fabricated Magnox fuel rods for the 
5-MWe reactor and partially fabricated fuel for the never-completed 50-MWe reactor.148 
The fuel-fabrication facility’s capacity is reported to be about 100 metric tons of ura-
nium fuel per year.149

Nuclear fuel fabrication was frozen under the 1994 Agreed Framework, which shut 
down operations at the Yongbyon Complex. No fresh fuel was fabricated, even after 
the DPRK restarted the 5-MWe reactor in 2003.150 The February 13, 2007 Agreement 
shut down the nuclear fuel fabrication facility for disablement in mid-July 2007.151 On 
April 14, 2009, however, after the U.N. Security Council condemned its April 5 rocket 
launch, the DPRK announced that it would restore the nuclear fuel fabrication facility 
and the 5-MWe reactor and reprocessing facility as well.152

5-Megawatt(electric) Reactor. The 5-MWe reactor is a carbon-dioxide gas-cooled graph-
ite-moderated reactor fueled with natural-uranium metal that is clad in magnesium 
alloy (“Magnox”).153 It has a nominal thermal power of about 25 MWt154 and is fueled 
with about 8,000 fuel rods containing about 50 tons of uranium. The fuel rods are 
placed in vertical channels in the graphite moderator and are cooled by CO2 gas flow-
ing through the channels.

The 5-MWe reactor operated from 1986 to April 1994.155 Under the 1994 Agreed Frame-
work, it was frozen from April 1994 till February 2003, when operation resumed after 
the Agreed Framework was abandoned. It was shut down to unload irradiated fuel in 
April 2005 and restarted in June 2005.156 It was again shut down in mid-July 2007 for 
disablement.157 However, as already noted, the DPRK announced on April 14, 2009 that 
it would be restored.
 
Reprocessing Facility. The Yongbyon reprocessing facility uses the PUREX process to ex-
tract plutonium from the reactor’s spent fuel.158 The nominal annual capacity of the re-
processing facility is approximately 110–125 metric tons of spent fuel in its one complet-
ed process line, assuming continuous operation for 300 days.159 A second reprocessing  
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line was scheduled for completion in 1996 but was frozen by the 1994 Agreed Frame-
work.160 If completed, it would have roughly the same capacity as the first process line. 

Operation of the reprocessing facility started in 1989.161 Under the Agreed Framework, 
it was frozen between 1994 and 2002. The DPRK restarted it in early 2003 after the 
Agreed Framework was abandoned. The DPRK claimed that, between January and June 
2003, it reprocessed the 8,000 spent fuel rods containing 50 tons of uranium that 
had been stored since 1994.162 Reprocessing restarted in June 2005.163 The reprocessing 
facility was again shutdown in mid-July 2007 for disablement.164 On 25 April 2009, 
however, the DPRK announced the restart of reprocessing of 8000 stored spent fuel 
rods from the 5-MWe reactor.165

Estimates of DPRK Plutonium Stocks
There have been at least three estimates of North Korea’s plutonium production. 

David Albright and Paul Brannan estimated that, prior to February 2007, the 
DPRK had separated 28–50 kilograms of plutonium, including up to 2 kilograms 
of plutonium produced in the IRT reactor prior to 1994.166 They assumed that 
the DPRK used 5 kilograms of that amount in the October 2006 nuclear test. 
They also estimated that the unreprocessed fuel of the 5-MWe reactor when it 
shut down in July 2007 contained 10–13 kilograms of unseparated plutonium.   

Siegfried Hecker estimated that the DPRK had separated 40 to 50 kilograms  
of plutonium by 2005 and that the reactor core contained roughly 8 kilograms of  
unseparated plutonium as of July 2007.167  

An unclassified intelligence report to the U.S. Congress in 2007 estimated that the 
DPRK could have produced up to 50 kilograms of plutonium prior to the 2006 nucle-
ar test with additional plutonium contained in unreprocessed fuel.168

As illustrated by the estimate below, such estimates are based on basic information 
about the characteristics of North Korea’s 5 MWe reactor, and its operating history.
 
Plutonium and other transuranic elements are made by the neutron irradiation of ura-
nium in a reactor. In the historical operating regime of the Yongbyon reactor, the 
concentration of plutonium produced in the uranium is almost linearly proportional 
to the ”burnup” of the fuel, i.e. the energy produced per mass of fuel, measured in 
megawatt-days per metric ton of uranium in the fuel (MWt-day/tU):

       Plutonium concentration = K x Burnup
  Burnup = (reactor power) x (reactor operation time) / (mass of fuel).
 
The factor K between plutonium concentration and burnup depends on the reactor 
design and the fuel burnup. Table 3B.1 shows the physical characteristics of the 5-MWe 
reactor.

The average burnup of the spent fuel in 1994 was estimated at about 600–700 MWt-day/
tU.169 To get the core average burnup from subsequent operations, a reasonable assump-
tion is that it operated at 20–25 MWt between 70 and 80 percent of the time. On this 
basis, the annual average burnup would be between 102 and 146 MWt-days per metric 
ton heavy metal (MWd/tHM). The estimated accumulated core average burnups of the 
5-MWe reactor between February 2003 and April 2005 and between June 2005 and 
mid-July 2007 are about 220–320 MWd/tHM and 210–300 MWd/tHM, respectively. 

1.

2.

3.
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Thermal power �0–�� MWt Effective core diameter ��� cm

Electric power � MWe Effective core height ��� cm

Specific power 0.� MWth/tHM Upper reflector ��.� cm

Uranium loaded �0 tons Bottom reflector ��.� cm

Graphite-moderator �00 tons Fuel composition U (0.�%Al)

Graphite-reflector �00 tons Uranium diameter, in fuel �.� cm

Number of channels ���–��� Uranium length in fuel �� cm

Number of fuel channels �0� Length of fuel rod �0 cm

Number of control-rod channels �� Uranium per fuel rod �.��� kg

Number of fuel rods per channel �0 Fuel clad composition Mg (�%Al)

Distance between channels �0 cm Fuel clad thickness 0.0� cm

Diameter of channel �.� cm

Table 3B.1. Physical characteristics of the 5-MWe reactor.170

The plutonium production as a function of burnup of the fuel can be estimated using 
the MCNPX Monte Carlo radiation transport depletion computer code.171 This requires 
modeling the reactor core. This has been done for this estimate in an infinite core ap-
proximation. The geometry of a 3-dimensional pin-cell model is given in Figure 3B.1. 
It is composed of a fuel rod in a fuel channel that is surrounded by graphite moderator. 
The boundaries of the cell are assumed to be neutron reflecting because the cell is sur-
rounded by identical cells that release as many neutrons into this cell as it releases into 
them. From these calculations, one gets the constant K relating plutonium production to 
burnup above as about 0.89 grams/MWt-day at a burnup of about 500 MWt-days/kgU. 

Table 3B.2 gives the results of the calculations and the previous estimates by Albright 
and Brannan, and by Hecker. 

 

Figure 3B.1. Unit-cell of the three-dimen-
sional pin-cell model of a fuel rod of the 
5-MWe reactor (with neutron-reflecting 

boundaries). 
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Year of spent fuel 
discharge

Estimated average burnup  
of discharged spent fuel

Plutonium calcu-
lated in this study

Estimate by Albright 
and Brannan

Estimate  
by Hecker

Before ���� N/A N/A    �–�0 kg*  �.� kg*

���� �00–�00 MWd/tHM ��.�–�0.� kg ��–�� kg �� kg   

�00� ��0–��0 MWd/tHM �0.�–��.� kg ��.�–�� kg �� kg

�00� ��0–�00 MWd/tHM �.�–��.� kg �–� kg � kg

Total ��–�� kg ��–�� kg ��–�� kg**

 

Table 3B.2. Estimated plutonium production from 
the 5-MWe reactor. *The 8.6 kilograms include up 

to 1-2 kilograms of plutonium produced in the IRT 

reactor prior to 1994.172 **Hecker estimated that 

the DPRK produced an inventory of between 40 and 

50 kilograms of plutonium by 2005, considering 

uncertainties.

Verifying the DPRK’s past plutonium production is possible. In October 2008, the 
DPRK agreed on a number of verification measures, based on discussions between the 
United States and the DPRK, including access to all declared and undeclared sites, and 
the use of scientific procedures, including sampling and forensic activities (e.g., graph-
ite samples from the 5-MWe reactor).173 After the United States removed the DPRK from 
the State Sponsors of Terrorism List on 11 October 2008, however, the DPRK denied 
that it had agreed—particularly on the issue of taking samples from nuclear sites.174 If 
samples were allowed, the graphite isotope ratio method (GIRM) could give an accurate 
estimate of the total plutonium production in the reactor without detailed information 
on the reactor’s operating history.
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4 Nuclear Archaeology
Verification of a nuclear weapon state’s total production of plutonium and highly en-
riched uranium will help increase confidence that the state has accounted for and 
properly declared its stocks of fissile material. There is growing interest in a set of meth-
ods and tools that can be used to characterize past fissile material production activities, 
using measurements and sampling at production and storage sites and direct measure-
ments of samples of fissile materials or related feed and waste materials. This field has 
been dubbed nuclear archaeology.175

As discussed in Chapter 3, states might make initial declarations of the total quan-
tities of fissile materials they hold and provide information on historic production, 
consumption, and disposition of these materials. Such declarations would initially be 
reviewed by other countries, the IAEA, or another organization for internal consistency 
and consistency with available public information and intelligence. 

More robust verification would include details of production processes by site and fa-
cility and measurements of selected characteristics of the materials involved. In the 
case of verifying plutonium production, for example, samples would be taken from the 
structural materials of shutdown production reactors. Similarly, for highly enriched 
uranium (HEU), the depleted uranium stored at the enrichment plants could be used 
to gain insights into past production. 

Graphite-moderated Heavy-Water moderated

H2O-cooled Gas-cooled H2O-cooled D2O-cooled

United States Hanford – – –

Russia “Tomsk-�” – – –

United Kingdom – Calder Hall – –

France – G-Series – –

China “Jiuquan” – – –

Israel – – – Dimona

India – – Cirus/NRX Dhruva

Pakistan – – Khushab –

North Korea – Yongbyon – –

Table 4.1. Select natural-uranium fueled plutonium 
production reactors, by country.176 Graphite-moder-

ated reactors were dominant in the early weapons 

programs of the first five nuclear weapon states. 

Some of these countries also used reactors that 

relied on highly enriched driver fuel and depleted-

uranium targets. These are not listed in this table.
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Direct measurements of the fissile materials themselves could considerably enhance 
confidence in nuclear archaeology but would require countries to declassify isotopic 
information. Revealing such properties to international inspectors would be consid-
ered unacceptable by some nuclear weapon states today. Once countries are willing to 
declare their fissile-material stockpiles, however, the security impact of the additional 
information made available during the verification of those declarations would be rela-
tively minor.
 
Verifying plutonium-production declarations
Only a few basic types of reactors have been used for the dedicated production of plu-
tonium for weapons purposes. As shown in Table 4.1, natural-uranium-fueled reactors 
played a particularly important role.

The best-established example of nuclear archaeology relies on measurements of the 
buildup of transmutation products in the graphite of graphite-moderated plutonium 
production reactors. This so-called Graphite Isotope-Ratio Method (GIRM) estimates 
the cumulative neutron flow through the graphite and thereby the cumulative pluto-
nium production in the reactor (Figure 4.1).177 Equivalent methods might be used with 
other types of reactors, especially with heavy-water-moderated reactors that have been 
used for military plutonium production.178

Figure 4.1. Nuclear archaeology in a graphite-mod-
erated reactor. Even the high-purity graphite used 

as a neutron moderator in most plutonium-pro-

duction reactors contains traces of many different 

elements, including boron. In natural boron, the 

isotope-ratio of 11B/10B is about 4:1, but 10B nuclei 

have a much higher probability of absorbing neu-

trons and being transmuted than 11B. Thus, over the 

life of the reactor, the 11B/10B ratio shifts to higher 

values while the absolute boron concentration 

decreases. Computer simulations for North Korea’s 

Yongbyon reactor show how the boron isotope 

ratio can be correlated with the cumulative local 

plutonium production in a specified fuel channel 

in the 60-centimeter length occupied by a single 

fuel rod containing 6 kilograms of uranium. Using 

several tens of representative graphite samples, this 

data can be used to reconstruct the cumulative plu-

tonium production in the entire reactor. Simulations 
and results: Jungmin Kang.179
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Between 1992 and 1998, the U.S. Pacific Northwest National Laboratory (PNNL) con-
ducted a research and development program to “evaluate and develop the technical 
basis for nuclear archaeological methods.”180 As part of this effort, graphite samples 
from various production reactors were analyzed to establish the applicability of the 
method. GIRM was tested at the Hanford plutonium-production reactors and, in the 
late 1990s, in U.S.-Russian lab-to-lab projects at three of Russia’s production reactors at 
Seversk. Unfortunately, no quantitative results have been published from these tests. 
A full-scale exercise was carried out for the UK Trawsfynydd-II Magnox power reactor, 
whose fuel had been reprocessed to recover its plutonium.181 The uncertainty of the 
GIRM analysis was estimated to be on the order of 5 percent but the difference between 
the estimated and recorded production was considerably less.182

Note that a nuclear archaeological analysis based on GIRM provides only an upper 
bound for the total amount of plutonium produced in a reactor, because losses on the 
order of 1–2% are typical during extraction of weapon-grade plutonium from the ir-
radiated fuel.183 The final estimate of cumulative plutonium production therefore has 
to combine the expected uncertainties of GIRM with estimated reprocessing losses. 
Overall, GIRM is expected to be accurate to within 3–7%, depending on the amount of 
information known about the reactor and its operating history. 

As suggested by the 2008 U.S. verification proposal, GIRM could play a central role in 
verifying North Korea’s 2008 plutonium declaration. This would require that the core 
of the Yongbyon reactor (Figure 4.2 and Appendix 3B), or at least significant samples 
from known locations within it, be preserved for analysis.

Figure 4.2. Inside North Korea’s Yongbyon Reac-
tor. In February 2008, the New York Philharmonic 

visited North Korea to perform in Pyongyang. A 

small group of Western journalists and media 

accompanied the orchestra and were allowed to 

visit the Yongbyon nuclear site the day before the 

concert. They were shown ongoing activities related 

to the disablement of the reactor. This openness by 

North Korea ended in April 2009. The banner reads: 

“Let‘s protect Dear General Kim Jong Il desperately!” 

Source: CNN/Brian Rokus.
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At the most basic level, the analysis can be carried out with only minimal information: 
the fuel arrangement in the core and the total fuel volume, combined with 50–100 
graphite samples taken from strategic locations in the core.184 GIRM becomes much 
more accurate, however, if additional information is available to enable detailed com-
puter simulations of the reactor’s production history. Comprehensive declarations 
should therefore include detailed design information for production reactors and, if 
available, original operating records. The latter could provide information on masses 
and enrichments of the fuel elements, their positions in the core, fuel loading and dis-
charge schedules and the operator’s estimates of the “burnup” of the discharged fuel, 
i.e., the grams of fuel fissioned per kilogram of uranium loaded.

In anticipation of the need to verify national fissile material production as part of a 
nuclear-disarmament process, the core structures of decommissioned production reac-
tors should be preserved until application of GIRM (and related methods for heavy-
water-moderated production reactors) can be carried out by international teams. For-
tunately, the neutron activation of these structures provides an incentive to delay 
dismantling them until their shorter-lived radioactive isotopes have an opportunity to 
decay away.185 Several former Soviet and U.S. graphite-moderated production reactors 
have been encased in concrete to isolate them from the human environment during 
this period.186 

Verifying HEU-production declarations
In contrast to GIRM, there is no obvious evidence available in the structure of enrich-
ment plants that is unambiguously correlated with cumulative HEU production. Also 
confounding attempts to measure past HEU production is the fact that, once military 
HEU production stopped, many enrichment plants were converted to the production 
of LEU fuel for civilian power reactors. Apart from environmental sampling techniques 
that could confirm that HEU has been produced at such a plant at some point in the 
past, information gathered from processing equipment at enrichment plants would 
contribute little toward verification of a declaration of cumulative HEU production.

Estimating historic HEU production is possible, however, by measurements on the ura-
nium that was processed. The most accessible and voluminous stream of such material 
would be the depleted uranium “tails,” which often are stored for decades in cylinders 
next to enrichment plants (Figure 4.3).

The information that can be gleaned from the uranium tails derives from the fact 
that more than two isotopes naturally occur in uranium: in addition to uranium-238 
(99.3%) and uranium-235 (0.7%), there are traces of uranium-234 (about 0.0055%).187 
In the enrichment process, U-234 and U-235 are both enriched in the HEU and re-
duced in the depleted uranium relative to U-238 and their enrichments and depletions 
are correlated with each other. As a result, if the composition of the feed material is 
known, the concentration of U-234 in the depleted uranium is correlated through the 
physics of the enrichment process with the U-235 enrichment of the associated en-
riched product (Figure 4.4).

In some cases, the uncertainties may be such that an analysis of the tails to deter-
mine the enrichment of the product could remain inconclusive. However, in most 
cases a sample of tails produced by the plant at a given time can be used to determine 
whether the plant’s product at that time was LEU or HEU. Because decay products of 
the uranium-234 can be used to determine the date at which uranium was produced 
or purified,188 a complete history of LEU versus HEU production can in principle be 
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reconstructed from the plant’s waste. Furthermore, if additional information about the 
production process were available (e.g. the rate at which natural uranium was fed into 
an enrichment plant), then it would be possible to make more accurate and detailed 
estimates of how much HEU was produced by a given enrichment plant.189

If inspectors were permitted to sample depleted uranium, a state trying to conceal 
some of its past production of HEU would need to hide the associated tails and hide or 
forge documents related to the acquisition and introduction of feed material and the 
operation of the plant during the relevant period. 

Figure 4.3. Cylinders of depleted uranium at the 
storage area at the K-25 site, Oak Ridge, Tennessee, 
in 2001. The site held over 6000 cylinders contain-

ing depleted uranium “tails“ produced as waste 

by the gaseous diffusion enrichment plant, which 

was closed in 1964 and is now being demolished. 

Beginning in 2002, these particular cylinders were 

shipped to Portsmouth, Ohio. A nuclear-archaeo-

logical analysis could determine if such cylinders 

are associated with former HEU production and help 

estimate the amount of HEU that was produced from 

the original feed material. Source: U.S. Department 

of Energy.

For small enrichment programs of simple design involving a single plant and no recy-
cling of process materials and where the depleted uranium is still all available (as in 
the case of South Africa’s HEU production), sampling of the tails could permit fairly 
detailed verification of past HEU production. The analysis would become more dif-
ficult, however, if a significant fraction of the depleted uranium were removed from 
the enrichment plant even without intention of evasion—for example, for depleted 
uranium munitions or for stripping of additional uranium-235 during a period of natu-
ral-uranium shortage. 

The massive fissile material production programs mounted by the United States and the 
Soviet Union during the Cold War probably pose the greatest verification challenges. 
Multiple enrichment plants and plutonium-production reactors often were exchanging 
large quantities of nuclear material between them. Analysis of these programs there-
fore requires a more comprehensive and integrated approach.
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Integrated Assessments of Historical Fissile Material Production
To overcome perceived uranium shortages and make the most efficient use of their 
resources, the Soviet Union, the United States and perhaps other nuclear weapon states 
did not produce their plutonium and HEU independently. Instead, natural uranium 
was first used to fuel a plutonium production reactor. After separation from the plu-
tonium and fission products, the reprocessed uranium (still containing about 0.6% 
uranium-235 compared to 0.7% in natural uranium) was then recycled, either into new 
fuel to be used again in a production reactor or by feeding it into an enriching plant to 
produce HEU. In the United States, at least, low-enriched product from one enrichment 
plant was introduced as feed into different plants (Figure 4.5).

The interconnections among the various production facilities and the recycling of both 
tails and product from some of the plants make the verification of a declaration from 
this kind of program a much more challenging and complex task. On the other hand, 
the interconnections among the various facilities leave traces in the plutonium and the 
enriched and depleted uranium, offering the possibility of checking for consistency 
among plutonium and HEU declarations. Such cross-checks of declarations from differ-
ent facilities would make it more difficult for a state to provide false or even incomplete 
declarations because the quantities and isotopics of materials at each site must remain 
consistent with all of the others. Diverting material would require successful deception 
across the entire production complex, instead of just within a single site.

Figure 4.4. Nuclear archaeology on the depleted 
uranium tails from uranium enrichment.190 If the 

composition of the feed material (e.g. natural 

uranium) is known, then the concentration of 

trace-isotope uranium-234 in the depleted uranium 

can be used to estimate the enrichment level of the 

uranium-235 in the associated enriched product. 

The fact that the content of uranium-234 in natural 

uranium can vary from mine to mine creates 

uncertainty,191 but cylinders with tails from LEU and 

HEU production can be distinguished with high con-

fidence. The graph shown here is for a uranium-235 

tails concentration of 0.2%. Simulations and results: 

Matthew Sharp, Harvard University.
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Figure 4.5. Integrated operation of the U.S. gaseous 
diffusion plants.192 The United States used its Pa-

ducah plant to extract more uranium-235 out of the 

depleted uranium produced as waste by the other 

two (Oak Ridge and Portsmouth), and the enriched 

uranium from Paducah was then fed back to them as 

slightly enriched uranium. The reprocessed uranium 

feed from the Hanford or other production reactors 

is not shown in this figure.

Plutonium isotopics. The first plutonium isotope that is produced after a neutron is 
captured by a uranium-238 nucleus is plutonium-239. The longer uranium fuel is left 
in a reactor, however, the higher the probability that the plutonium will absorb anoth-
er neutron and either fission or be converted into plutonium-240. The result is a shift of 
the isotopics of plutonium toward heavier isotopes. The 240Pu/239Pu ratio in plutonium 
is therefore a robust indicator of both the burnup of the uranium fuel and the amount 
of uranium needed to produce a given quantity of this plutonium. 

Similarly, an elevated plutonium-238 content in plutonium is a clear indicator that the 
production reactor was fueled with recycled uranium containing uranium-236 (Fig-
ure 4.6)193 Alternatively, if reprocessed uranium is fed into enrichment plants to make 
HEU, the isotopics of the fissile materials produced with this strategy (first plutonium, 
then HEU) allows consistency checks between declarations of the two materials.

Uranium isotopics: Reprocessed uranium contains two artificial uranium isotopes: the 
already mentioned uranium-236, which is produced by neutron capture on uranium-
235, and trace quantities of uranium-232 produced by neutron capture on a decay 
product of uranium-235.194 When an enrichment cascade is fed with uranium that has 
been recovered from spent fuel from a plutonium production reactor, uranium-232 
and uranium-236 find their way into the enriched and depleted uranium along with 
the natural uranium isotopes. The concentration of these isotopes in HEU and depleted 
uranium depends on:

The isotopic makeup of the reprocessed uranium;

The fraction of reprocessed uranium in the enrichment plant feed; 

The enrichment of the product and depleted uranium produced by the plant; and

•

•

•
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The type of enrichment technology deployed in the plant, i.e., gaseous diffusion or 
gas centrifuge.195

If all this information is declared, the uranium-232 and uranium-236 contents of the 
HEU and depleted uranium can be computed and checked against measurements of 
samples. 

In this way, declarations of cross-fed material link the plutonium and HEU declara-
tions and isotopics. The information needed to support nuclear archaeology therefore 
should be included in future declarations by weapon states. The United States has al-
ready made this kind of information public.196

•

Figure 4.6. The impact of using natural versus 
recycled uranium fuel on the isotopics of plutonium 
from various types of production reactors. An 

elevated plutonium-238 fraction is an indicator that 

recycled uranium was used. The extra plutonium is 

produced from uranium-236 in the recycled urani-

um. Uranium-236, an artificial isotope, is absent in 

natural uranium but is produced by neutron absorp-

tion in uranium-235 during plutonium production.197

Examples of isotopic indicators of the production history of HEU and/or plutonium are 
shown in Figure 4.7 for four different fissile material production strategies. Each can be 
distinguished with high confidence based on the isotopics or other forensic signatures 
of sampled materials. For a case where reprocessed uranium is enriched to HEU, for 
example (the third-level down in the figure), there would be uranium-236 in the HEU 
and the associated depleted uranium. 

The figure also shows how fissile materials are linked and how much natural and de-
pleted uranium is associated with the production of a relatively small amount of HEU 
or plutonium. In the same third-level-down case, the existence of 320 kg of HEU con-
taining the reactor-made isotope U-236 implies the existence of 70 kg of plutonium and 
almost 100 tons of U-236 containing depleted uranium tails. Also associated with the 
production of these materials would have been 100 tons of natural uranium and perhaps 
100,000 tons of uranium mill tailings, the residue of the ore from which the uranium 
was extracted. Making all of this evidence disappear could be quite difficult to do—es-
pecially since the need to do was not considered when production originally took place. 
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Figure 4.7. Fissile material production modes and 
their indicators. Various strategies can be pursued 

to produce plutonium, highly enriched uranium 

or both from a given amount of natural uranium. 

Based on an isotopic analysis of the fissile materi-

als, the production mode can be identified with 

high confidence. The verification of a declaration 

benefits from the fact that large amounts of waste, 

including depleted uranium, are generated per 

kilogram of fissile material produced.198 Note that 

the isotopics of plutonium produced from recycled 

uranium (WPu*) are different from the isotopics of 

plutonium produced from natural uranium (WPu). 

See also Figure 4.6.

This kind of integrated assessment of the fissile material production process would  
depend upon a (partial) forensic analysis of representative samples of the fissile materi-
als themselves.

Other Forensic Signatures. Other forensic signatures also could be useful for a verifi-
cation of declarations. Perhaps most important, the age and therefore the production 
date of nuclear material can be determined with remarkable accuracy based on the 
concentrations of decay products.199 In the case of weapons materials that have been 
purified during the weapon production process, the decay products may have been 
removed. Even then, however, age-dating is possible based on selected isotope ratios, 
though with somewhat greater uncertainties.200

Applications of Nuclear Archeology
Nuclear archaeology as a verification tool has been evaluated in several exercises, where 
the results could be validated or compared against reference data provided by the op-
erator. In addition to these test cases, nuclear archaeology has been applied to South 
Africa’s nuclear-weapons program. Its application has been proposed to North Korea’s 
nuclear program. And the United States has examined what could be learned if nuclear 
archeology were applied in the gaseous diffusion plants that produced HEU for U.S. 
nuclear weapons and naval reactors during the Cold War. 

South Africa. In 1991, South Africa gave up its nuclear weapon program, dismantled 
its nuclear weapons, submitted the recovered fissile material to IAEA safeguards, and 
provided a report of the historical flows and balances, production, and transfers of 
fissile material in its weapons program. To verify this declaration, the IAEA audited 
the historical operating and accounting records of South Africa’s nuclear production 
facilities, visited them and related facilities, took environmental samples and made a 
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“large number of non-destructive and destructive measurements … on various types 
of material.”201 On this basis, and given the demonstrated willingness of the South Af-
rican nuclear-program personnel to cooperate with the verification process, the IAEA 
concluded that it had “found no evidence that the inventory of nuclear material in-
cluded in the Initial Report was incomplete.”202

North Korea. In 2008, the United States submitted a detailed proposal for verifying 
the elimination of nuclear weapons and related fissile material programs by North 
Korea (Appendix 4A). This would be part of the implementation process of the 2005 
Six-Party agreement between North Korea and the United States, Russia, China, Japan 
and South Korea, under which North Korea was to abandon all nuclear weapons and 
nuclear weapon programs. The U.S. proposal included in particular a call for:

“ Full access to all materials at any place on a site, facility or location where nuclear 
material, in any form, is or has been located”—including to sites that have not been 
declared;

“ Full access to records (fully preserved and maintained), including originals, and 
information systems […] documenting nuclear material production, handling, and 
disposition”;

“ At any site, facility, or location, experts will be permitted to interview personnel, 
including scientists, technicians and facility managers”; and

  Photography, radiation detection equipment, and sample acquisition for forensic  
analysis in reactors, product materials, and process wastes.

The authors of the U.S. proposal concluded that “these measures provide a means to 
address all elements of a nuclear program, to include plutonium production, uranium 
enrichment, weapons, weapons production and testing, and proliferation activities.”

U.S. HEU Production.203 In the mid-1990s, U.S. experts carried out a “counterforensic 
investigation” at the U.S. Portsmouth and Paducah gaseous diffusion plants (GDPs). 
They collected samples and subjected a selection of them to a full radiochemical analy-
sis to determine what information could in principle be learned by outside inspectors. 
Among many other results, the analysis found:

Uranium-236. Detection of particles containing uranium-236 provides unambiguous 
evidence that at least some of the feed material had been previously irradiated in a 
nuclear reactor.

Absence of HEU. No HEU was detected in the five samples that were analyzed, even 
though three of the five samples were taken at the Portsmouth GDP, which had been 
producing up to 97%-enriched uranium until 1992, only a few years before the ex-
ercise took place.204

Traces of plutonium. Remarkably, traces of plutonium were detectable in these samples 
taken at uranium enrichment plants. They apparently arrived as impurities in re-
processed uranium. The amounts were sufficient to allow the isotopic composition 
of the material to be measured. The results not only showed that the plutonium was 
weapon-grade (6–7% 240Pu/239Pu), but also provided some evidence about the type of 
reactor, in which the material was produced. The analysts concluded that the pluto-
nium was produced in a natural-uranium fueled reactor.205

•
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Traces of neptunium. Radioactivity from neptunium-237 decay in the samples provid-
ed information about the reprocessing process originally used to separate uranium 
and plutonium from the fission products and minor transuranics, including neptu-
nium. In this case, PUREX was seen as the most likely candidate because this process 
leaves the neptunium largely mixed with the uranium.

These results suggest that nuclear forensic analysis for nuclear archaeology can provide 
means to reconstruct in some details the production history of a weapons program, 
even if not carried out at all sites, especially where plants have been exchanging nuclear 
materials as part of an integrated national fissile material production complex. Ap-
parently, the United States considered the types and the level of detail of information 
gathered during this exercise to be very sensitive. In a disarming world, however, where 
nuclear weapon states have made detailed declarations of their fissile material invento-
ries, verification of these declarations would be considered of mutual interest.

In sum, national declarations of fissile material production can in principle be verified 
to a significant degree once detailed information by site and facility are shared. To en-
able rigorous verification of declarations, however, nuclear weapon states would have 
to provide the necessary access to former fissile material production sites and associated 
process materials, possibly including the fissile materials. Nuclear archaeology would 
play a key role in verifying nuclear disarmament, not only through the quantitative 
results it can provide, but also through the cooperative approach it requires. 

•
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Appendix 4A. 
U.S. Proposal for Verification of North Korea‘s Denuclearization

The following text is a reproduction of an undated U.S. Government memo outlining 
the proposed approach to verify North Korea’s declaration from 26 June 2008. The 
Washington Post posted the original document on its website in September 2008. It is 
also available at www.ncnk.org and www.ipfmlibrary.org/gov08.pdf.

VERIFICATION MEASURES DISCUSSION PAPER

Below is a list of measures that would be applied to undertake verification activities. 
These measures will form the basis for development of a verification implementation 
plan that assigns specific responsibilities and requirements. These measures provide a 
means to address all elements of a nuclear program, to include plutonium production, 
uranium enrichment, weapons, weapons production and testing, and proliferation ac-
tivities.

The verification regime consists of experts of the six parties and is responsible to the 
Working Group on Denuclearization of the Korean Peninsula.

Six Party Experts will be determined by their national governments, and will coordi-
nate their actions in order to implement the agreed verification plan.

Experts will be permitted to bring, utilize, and remove their own equipment in the 
course of exercising their responsibilities, to include measurement devices, radiation 
detection equipment, sampling materials and equipment, and GPS receivers.

Experts will be permitted to use their own interpreters and translators.

Experts will be allowed free communications, including attended and unattended 
transmission of information generated by containment and/or surveillance or mea-
surement devices.

Experts will be permitted to make use of internationally established systems of di-
rect communications, including satellite systems and other forms of telecommunica-
tion.

Experts will be given visas in a timely manner in order to conduct/support verifica-
tion activities.

If, in the course of implementing this plan, questions arise requiring resolution, ei-
ther the expert of his/her designated representative may request a meeting to consult 
and clarify promptly. Should such a meeting not result in resolution of questions, 
any of the relevant parties may call for a meeting of the relevant parties to address 
the questions.

Verification activities involving weaponization-related activities, information, facili-
ties of material, will be conducted by experts from the Nuclear Weapons States as de-
fined by the Treaty on the Non-Proliferation of Nuclear Weapons (NPT). Specifically, 
experts from the Nuclear Weapons States will:

•
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conduct all verification activities relating to nuclear weaponization, including veri-
fication of all related information, personnel, facilities or materials; and

conduct sampling and forensic analysis and interviews of personnel as necessary to  
accomplish these verification activities.

Information about weapons activities would be shared with the Six Party experts 
who are not from Nuclear Weapon States to the extent consistent with the NPT.

Information sharing with the IAEA and IAEA access in these cases would be limited 
to select inspectors from Nuclear Weapons States, and granted to the extent neces-
sary for the IAEA to carry out its safeguards and verification responsibilities.

The verification measures of the verification regime include visits to facilities, review 
of documents, interviews with technical personnel and other measures unanimously 
agreed among the relevant parties.

Visits: Experts must be allowed the following access in a prompt manner:

Full access to all materials at any place on a site, facility or location where nuclear 
material, in any form, is or has been located, to include past and present facilities.

Full access to any site, facility or location that does not contain nuclear material but 
is related to elements of nuclear program as declared or as determined by the relevant 
parties.

Full access upon request to any site, facility or location in a declaration and any site, 
facility or location not contained in the declaration, for verification of the complete-
ness and correctness of the declaration of nuclear program and to confirm the ab-
sence of undeclared nuclear material, equipment, and related activities.

Review of Documents: Experts will be given:

Full access to records (fully preserved and maintained), including originals, and in-
formation systems (experts will have the right to make and remove from that Party 
copies or electronic media forms of copies) documenting nuclear material production, 
handling, and disposition, as well as other nuclear-related activities, to include:

the nuclear material control and accounting system;

records and reports showing inventories or nuclear material and changes in inven-
tories, including receipts into and transfers out of the accounting system;

facility operations and design information, including facility modification and up-
grade information;

data on the types, quantities and characteristics of declared nuclear material;

inventories, operating and production records, reports, logbooks or other records 
of any and all other facilities association with the design, development, or testing 
of elements of the nuclear program;

•
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a general description of any site, facility or location, including its use and con-
tent;

transfer and receipt records of nuclear material, equipment, storage, containers, 
vehicles, and personnel; and

records of all imports or exports of nuclear materials and nuclear-related equip-
ment.

Interviews with Technical Personnel: At any site, facility, or location, experts will 
be permitted to interview personnel, including scientists, technicians and facility 
managers.

Other Measures: At any site, facility, or location, experts will be permitted to undertake 
verification activities, including to:

conduct and record visual observations, including by photographic and video-re-
cording methods;

utilize radiation detection equipment and other measurement devices;

apply containment and surveillance systems and seals and other identifying and 
tamper indicating devices;

conduct item-counting of nuclear materials;

conduct forensic measurements of nuclear materials and equipment;

collect and remove from that Party samples of nuclear materials, samples of equip-
ment, environmental samples, and samples of nuclear waste in a manner consistent 
with denuclearization activities;

record observations in personal notebooks; and

remain on site for the period deemed necessary and re-visit any facilities, sites, or 
locations to check data and resolve any questions or discrepancies that arise during 
the verification process.

as relates to a graphite-moderated reactor, collect, and remove from the Party phys-
ical samples of the graphite moderator after the core has been de-fueled.

As relates to a research reactor, collect and remove from the Party samples of the 
aluminum core support structure, and from the reactor reflector elements.

As relates to all nuclear materials, wastes, equipment, and facilities (fully preserved 
apart from denuclearization’s activities) collect and remove from the Party samples 
and forensics measurements.

The relevant parties may agree to additional measures to facilitate the verification 
process, including additional measures to help confirm the absence of undeclared 
nuclear material, equipment and related activities.

•
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When necessary, the verification regime can welcome the IAEA to provide consultancy 
and assistance for relevant verification.

The IAEA will apply safeguards measures appropriate to non-nuclear-weapons states 
in accordance with IAEA standards, principals, and practices to all nuclear material, 
nuclear fuel cycle, and nuclear fuel cycle-related facilities declared. Specifically, the 
Agency will:

establish material accountancy and control for all declared nuclear material pend-
ing its removal;

monitor the declared nuclear fuel cycle and nuclear fuel cycle-related facilities 
and nuclear material to provide a level of assurance that all nuclear activities have 
ceased and nuclear material or other items have not been tampered with;

undertake sampling and forensic analysis and interviews of personnel.

The IAEA will share all data related to its safeguards activities and its evaluation of 
the declaration with all relevant parties, consistent with their respective interna-
tional obligations, to support independent assessments by the relevant parties on the 
completeness and correctness of any declaration.

•

•
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5  Verified Warhead Dismantlement
The nine nuclear weapon states today maintain over 20,000 nuclear warheads in total, 
including over 5000 deployed warheads, and components for many more. It will be 
necessary as early as possible in the disarmament process to account for these weapons 
and components and verify their dismantlement. Tracking warheads from deployment 
or storage areas through a dismantlement facility and monitoring of the recovered 
components and their final disposition can help provide assurance that no nuclear 
weapons or components are being hidden.

This chapter discusses how warhead dismantlement could be verified in the case of 
Russia and the United States, which between them still possess about 98 percent of the 
world’s nuclear weapons and components (Chapter 1). As U.S. and Russian arsenals 
fall to much smaller numbers, verified warhead dismantlement will need to include 
other weapon states and similar procedures would apply. Only in the case of very small 
stockpiles—North Korea today and South Africa two decades ago—are the techniques 
of nuclear forensics and nuclear archeology likely to be accurate enough so that track-
ing warhead dismantlement becomes dispensable.

During the second half of the 1990s, Russia and the United States had a “lab-to-lab” 
research program to work on how warhead dismantlement could be verified with mini-
mal intrusiveness; perhaps the best available summary is in a 1997 U.S. Department of 
Energy report.206 The lab-to-lab studies examined verification of the stages of warhead 
dismantlement and emphasized that confidence in the authenticity of the warheads 
would depend greatly on being able to track the movement of warheads and compo-
nents in sealed containers from the deployment or storage areas to the dismantlement 
facilities (Figure 5.1).

Figure 5.1. Nuclear warhead dismantlement starts 
with removal of warheads from deployment sites to 
storage sites. The warheads then go to dismantle-

ment facilities where the fissile material compo-

nents are removed and shipped to storage and then 

for further dismantlement. Ultimately, plutonium 

and highly enriched uranium emerge from the 

system in unclassified form and are stored for final 

disposition.
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The various aspects of verified warhead dismantlement are discussed below, including: 

The initial declaration of warheads and components by location, type and the quan-
tities of fissile material inside each warhead and component;
Non-intrusive methods for identifying warhead and component types; and
Dismantlement that permits verification of the amount of fissile material in each 
warhead.

Figure 5.2 shows the basic components of a modern thermonuclear weapon. At a war-
head dismantlement facility, the ‘primary’ and ‘secondary’ are separated, and the 
chemical explosive is removed from the primary. At a later stage, the fissile-material 
components within the primary and secondary are themselves dismantled.

•

•
•

Figure 5.2. A nuclear warhead contains electron-
ics and the nuclear explosive, often referred to as 
the “physics package.” A modern physics package 

typically contains a fission “primary,” a hollow 

plutonium shell or “pit.” Just before its implosion 

into a supercritical mass by the surrounding chemi-

cal explosive, deuterium-tritium (D-T) gas would be 

injected into the pit. When the fission heat raised 

this gas to fusion temperature, it would produce 

a burst of neutrons that would cause additional 

fissions, “boosting” the fission energy release 

ten-fold. The explosion of the primary compresses 

and heats a fission-fusion “secondary” containing 

both highly enriched uranium and the fusion fuel 

lithium-deuteride. See Appendix A to this report for 

more information on fissile materials and nuclear 

weapons.207

Following warhead dismantlement, it would be necessary to monitor weapon com-
ponent dismantlement. During the period 1996–2002, Russian and U.S. weapons sci-
entists worked with the International Atomic Energy Agency (IAEA) to see whether it 
would be possible to have the IAEA monitor warhead components containing fissile 
material before they were dismantled.208 

After the fissile material is converted to unclassified form, in which the mass, shape, al-
loying agents and isotopics have been changed to conceal weapon-design information, 
it can be subjected to the full panoply of measures developed for the IAEA to verify 
declarations of, and maintain containment and surveillance over, fissile materials in 
non-weapon states. Ultimately, there will need to be verified disposition of the fissile 
material recovered from weapon components (Chapter 6).
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The initial declaration
Following the discussion in Chapter 3, we assume that in a verified nuclear-disarma-
ment process states will declare their holdings of nuclear weapons and components 
both as countable warheads and components in containers, and amounts of fissile ma-
terial in containers. In order to conceal the existence of some weapons or fissile mate-
rial, a state would have to falsify declarations of both warheads and fissile material in a 
consistent manner in all records and physical evidence (Chapter 4).
 
At the time of the initial declarations, warheads would be in all stages of deployment, 
storage, maintenance and dismantlement, with their status changing as they moved 
between these stages. A state’s declaration would therefore include all the locations 
among which its warheads move and the numbers of warheads and components at 
each location. Table 5.1 shows the locations of U.S. nuclear-weapon sites, grouped by 
mission. Appendix B gives weapons-storage locations worldwide.

Locations** Warheads 
(estimates)

With Delivery Vehicles*

��0 Minuteman III ICBM silos
Malstrom, MT; Minot, ND; and Warren, 
WY air bases

��0

�� operational Trident submarines with ���
D� SLBMs 

Bangor, WA; and Kings Bay, GA naval bases
and at sea

���� 

�� operational and �� reserve B-��H ALCM-
armed bombers

Barksdale, LA and Minot, ND air bases ��0

�� operational and � reserve B-� bombers 
with nuclear bombs

Whiteman air base ��0

F��E fighter-bombers Seymour-Johnson, NC air base  �0

NATO fighter-bomber bases in Europe with U.S.
nuclear bombs

Belgium: Kleine Brogel; Germany: Büchel;
Italy: Aviano & Ghedi Torre; Netherlands
Volkel; and Turkey: Incirlik 

�00

In storage

SLCMs for �� attack submarines Bangor, WA & Kings Bay, GA storage sites �00

In reserve or awaiting dismantlement
Mostly in Kirtland, NM, Nellis, NV, Bangor,
WA, and Kings Bay, GA storage sites 

 �000

Being maintained, inspected and dismantled

Pantex, TX  �00/year

Fissile component production, refurbishment and dismantlement

Plutonium-containing “pit” production and
inspection

Technical Area-��, Los Alamos, NM  �0/year

HEU-containing secondary component
production, inspection and dismantlement

Y-�� facility,�0� Oak Ridge, TN  ��0/year

Component storage

Plutonium-containing pits Pantex, TX > ��,000

HEU-containing secondaries Y-�� facility, Oak Ridge, TN  �0,000

Table 5.1. Locations of U.S. warheads and fissile 
components.210 *Missile types are intercontinental 

ballistic missiles (ICBM), submarine-launched bal-

listic missiles (SLBM), air-launched cruise missiles 

(ACLM), and sea-launched cruise missiles (SLCM); 

**U.S. States are Georgia (GA), Louisiana (LA), 

Montana (MT), North Carolina (NC), North Dakota 

(ND), New Mexico (NM), Nevada (NV), Tennes-

see (TN), Texas (TX), Washington State (WA), and 

Wyoming (WY).
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The numbers of warheads and components shown for each group of deployment sites 
are estimates by non-governmental analysts, but the sites are public knowledge and 
there is no obvious security reason why the numbers of warheads could not be declared 
by the owning governments. 

Verification of declarations
Initial verification of a national declaration would be limited to random checks that 
objects declared to be warheads and fissile components are present in the declared 
numbers at the declared locations. A basis would need to be laid, however, for later 
measures that could increase confidence that the objects are what they are claimed to 
be and ultimately that all the fissile material in the warheads and components have 
been placed under international safeguards. 

Deployed warheads. The 1991 START Treaty contains important precedents for the 
types of inspections that could be initially used for verifying warhead declarations. 
The treaty requires that the United States and Russia notify each other of the number 
of deployed warheads on each strategic ballistic missile, with updates every six months 
and notifications of planned changes thirty days in advance.211 Under the Treaty, each 
state can count the cone-shaped reentry vehicles on top of the missiles that house the 
nuclear warheads, i.e., each party has “the right to conduct reentry vehicle inspections 
of deployed [Intercontinental and Submarine Launched Ballistic Missiles] to confirm 
that such ballistic missiles contain no more reentry vehicles than the number of war-
heads attributed to them.”212 Inspections are permitted on up to ten ballistic missiles 
per year.213 A radiation detector can be used in reentry-vehicle inspections to distin-
guish real nuclear warheads from objects that look like reentry vehicles but do not 
contain plutonium.214

The Treaty also provides “the right to inspect all weapon storage areas … to confirm the 
absence of long-range nuclear ALCMs [air-launched cruise missiles] at bases for heavy 
bombers declared not to be equipped for nuclear ALCMs.”215 Such inspections include 
the right to use “radiation detection equipment” to help distinguish nuclear from non-
nuclear ALCMs.216 

START does not require the declaration of numbers of nuclear ALCMs at bases of bomb-
ers declared to be equipped for carrying them or the numbers of nuclear bombs de-
ployed at bases for long-range bombers. The number of nuclear-armed ALCMs and 
nuclear bombs in each storage bunker on a base could easily be declared, however. 
An agreed number of short-notice random inspections each year could check those 
declarations. A quota of challenge inspections could serve to check for the presence 
of nuclear weapons at sites not declared to contain nuclear weapons. The inspections 
could distinguish between nuclear and non-nuclear weapons with the same radiation-
detection equipment used for reentry vehicle and ALCM inspections. 

START does not require countries to declare warhead types, for example, whether a 
Trident II missile carries high-yield W88 or lower-yield W76 warheads or a mix. But 
warhead types could be declared. For cases where the “physics package” containing 
the fissile materials is identical between two different warhead types, that fact could 
be declared as well.

How could one increase confidence that the objects being counted are real nuclear 
warheads and bombs? One option would be for inspectors to be allowed early on to 
choose at random a small number of deployed warheads of each operational type and 
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place them in sealed and tagged containers at a base in the owning country. Using 
agreed methods, these sample warheads could later be used as templates for checking 
the authenticity of other warheads declared to be of the same type. As discussed below, 
this comparison could be done in a way that would verify only whether two warheads 
were of the same type or of different types without revealing design information about 
either warhead. 

Stored warheads. The United States and Russia have thousands of stored warheads, 
many awaiting dismantlement. Stored warheads could be declared and the declara-
tions verified in the same way as deployed warheads. To prevent warheads from being 
removed or exchanged, the inspectors could apply unique tags and seals to each war-
head or its container.

Stored components. Stored weapon components that contain fissile material, i.e., plu-
tonium pits and secondaries, could be declared by type and tagged by inspectors. As 
with warheads, states could label containers by component type for possible later com-
parison with components from sample warheads declared to hold the same component 
type (Figure5.3).

 

Figure 5.3. Storage arrangements for U.S. plutonium 
warhead “pits” at the Pantex warhead dismantle-

ment facility in Amarillo, Texas.217

It would make a great deal of sense early in the dismantlement process to make the 
retirement of warheads and stored components irreversible. One idea is “pit stuffing,” 
in which a material would be stuffed into the interior of the hollow plutonium pit in 
the primary using the tube through which deuterium-tritium “boost” gas would be 
introduced in an explosion.218 This would make it impossible for the pit to be imploded 
into a supercritical mass. 

Pit stuffing was originally developed at the U.S. Los Alamos nuclear-weapon labora-
tory to assure that warheads that been determined to be unsafe would not detonate 
accidentally. It could be carried out years before the warhead was dismantled and made 
difficult to reverse without making the pit unusable. 

After warheads are dismantled, there would be more options. For example, a U.S. Na-
tional Academy of Science study suggested that excess pits could be sealed in ductile 
metal “envelopes,” to prevent oxidization of the plutonium if the pit cladding were 
cracked, and then flattened in a press.219 Turning the plutonium back into a usable pit 
would require complete remanufacture.



Global Fissile Material Report 2009��

Quantities of fissile materials in each warhead type. The verification of nuclear-weap-
on dismantlement would be much simplified if the quantities and isotopic composi-
tions of the plutonium and HEU in each type of nuclear warhead and component were 
declassified at the outset. 

Despite the recommendations of the U.S. Department of Energy’s 1997 Fundamen-
tal Classification Policy Review,220 however, these quantities are still classified in the 
United States.221 Russia is even more sensitive in this regard. Before being willing to put 
the weapons plutonium that it has declared excess into a high-security storage facility 
built with U.S. funds, Russia has been converting it from pit form into standard 2-kilo-
gram metal spheres.222 Also, in the Russian-U.S. agreement on the disposition of excess 
weapons plutonium, Russia insisted on blending weapons plutonium with non-weap-
ons plutonium, to conceal the isotopics of the weapons plutonium.223 Russia’s secrecy 
may seem excessive but the fact that it could be accommodated without compromising 
verification makes clear that such information can be protected if deemed essential.

The remainder of this chapter discusses the main elements of arrangements for assur-
ing non-diversion of fissile material from the warhead dismantlement process, based 
largely on the approaches developed in the 1990s Russian-U.S. lab-to-lab project. These 
arrangements include: 

Warhead and component “fingerprints,” i.e., indicators that can be used to identify  
the type of nuclear explosive “physics package” that a warhead or component  
contains; and  

Non-intrusive surveillance of the warhead-dismantlement process to ensure that no 
fissile material is removed.

Warhead and component “fingerprints”
The United States deploys eleven types of warheads (Table 5.2). Reportedly, they con-
tain only six different “physics packages,” i.e., six different configurations of fissile 
materials and implosion systems.224

Weapon system Warhead designation

ICBM warheads W�� and W��

SLBM warheads W�� and W��

Air-launched cruise missile warheads W�0-�

Strategic bombs B��-�, B��-�� and B-��

Tactical bombs B��-� and B��-�

Submarine-launched cruise missiles W�0-0

1.

2.

Table 5.2. U.S. operational nuclear-warhead types.225

Since different types of physics packages contain different quantities of fissile materi-
als, it would be important to be able to distinguish them from each other. To do this, 
the lab-to-lab studies of the late 1990s explored the idea of “radiation fingerprints.”226 
The U.S. labs built on methods already in use to check the integrity of U.S. nuclear 
weapons and components when they are returned to the Department of Energy for 
dismantlement or refurbishment: the Gamma Radiation Signature and the Nuclear 
Weapon Identification System.
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Gamma Radiation Signature. The fissile materials in nuclear warheads naturally emit 
gamma rays with characteristic energies.227 In 1989, as a part of a demonstration of 
the detectability of nuclear warheads, President Mikhail Gorbachev allowed a group of 
U.S. scientists to measure the energy spectrum of the gamma rays emitted by a Soviet 
cruise-missile warhead. It is shown in Figure 5.4 and is the only warhead spectrum ever 
published.228 

Figure 5.4. Gamma ray energy spectrum from a 
Soviet warhead. Peaks are apparent at the charac-

teristic energies of gamma rays emitted by various 

plutonium and uranium isotopes and some of their 

decay products (e.g. thallium-208, Tl-208) as well 

as some nuclei transmuted by neutrons emitted 

by the warhead and some background radioactive 

isotopes. The spectrum on the right is a continua-

tion of the one on the left with a five fold increase in 

the vertical scale. 

The gamma radiation spectrum is specific to warhead types. In an experiment at the 
U.S. Pantex warhead assembly and dismantlement facility in Texas, warheads were 
wheeled past a low-energy-resolution gamma-ray detector.229 It was found that spectra 
from warheads of the same type were similar and distinguishable from the spectra of 
other warheads types.230

Nuclear Weapons Identification System. The Nuclear Weapons Identification System 
(NWIS) uses an external source of neutrons to cause a small number of fissions in a 
warhead (or warhead component) and measures the timing of the penetrating neu-
trons and high-energy gamma rays that are released as a result (Figure 5.5).231 It is used 
to check the integrity of the HEU-containing thermonuclear “secondary” components 
that are returned from Pantex to the Y-12 facility in Oak Ridge, Tennessee, for disman-
tlement or refurbishment.232 Based on a limited number of samples, the signal patterns 
were distinguishable for each type of secondary. 

Direct access to this radiation data by experienced nuclear-weapon designers might 
reveal design information.233 The ratio of the radiation fingerprints from two warheads, 
one of which could have been randomly selected from a deployment or storage site in 
a way that maximized the probability of its authenticity, would contain less design 
information. If the warheads were identical as claimed, then the ratio would be unity 
to within statistical error.234 All that would be revealed would be the degree of de-
sign difference between the warheads and the statistical error in the measurements.235 
The measurements and analysis on actual warheads and components would be done 
behind an “information barrier” that limited the information communicated to the 
inspectors.236
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Verifying fissile-material content. Once it is possible to distinguish different types of 
physics packages, the declarations of the fissile-material contents of each type could be 
checked. This could be done by processing some of the sample warheads of each type 
through a stringent version of the contained dismantlement process to be discussed 
below to determine how much plutonium and HEU each warhead and component of a 
specified type contains. The warheads and components subsequently declared to be of 
that type would then be expected to yield the same quantities of fissile materials.

Containment and surveillance of dismantlement
Warheads and components could be tracked through the dismantlement process to 
verify that no fissile material is diverted and to establish the radiation signatures of 
components and assays of fissile materials associated with specific warhead types. Later 
on, the process could be simplified by checking that the radiation signatures of the 
components and the assays of the fissile material emerging from the process corre-
sponded to the numbers and types of warheads being dismantled.238

The general approach developed in the U.S. Department of Energy studies would involve 
the movement of warheads and components in sealed containers between a sequence 
of storage and dismantlement facilities. The United States studies focused primarily on 
how verification of U.S. warhead dismantlement could be implemented at the Pantex 
facility outside Amarillo, Texas, where U.S. warheads are assembled, inspected, refur-
bished and dismantled, but the same procedures could be applied “downstream” when 
the components are dismantled. Four options were considered. 

The least intrusive would only verify that tagged warheads were delivered to the gate 
of the dismantlement facility and that component containers coming out were also 
tagged. 

The two intermediate options would fence off four dismantlement cells and 
eleven dismantlement bays at Pantex and dedicate them to the verified dismantle-
ment of warheads (see Figure 5.6).239 Inspectors would thoroughly examine the 
cells and bays before a dismantlement campaign began to verify that there were 
no unmonitored openings in the walls that could be used to bypass the inspec-
tion system. The inspectors would check again after dismantlement was completed 
and the components had been shipped to storage in tagged and sealed containers 
to make sure that no undeclared weapon components or fissile material remained.  

•

•

Figure 5.5. Nuclear-Weapons 
Identification System. To the right 

of the bomb is a Californium-252 

source that sprays the bomb with 

penetrating neutrons. When neu-

trons strike fissile material, they 

cause fissions. To the left are four 

scintillation counters that mea-

sure the the numbers and timing 

of the secondary gamma rays and 

neutrons from the induced fis-

sions. The counting pattern from 

an intact “template” warhead 

may therefore be compared with 

that from a warhead declared to 

be identical to see whether or not 

there are differences.237
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During a dismantlement campaign, the inspectors would monitor the boundaries of 
the dedicated dismantlement area with video cameras and check packages entering 
and leaving to verify that no fissile materials entered or left except in tagged, sealed 
containers. In the more intrusive of the intermediate options, the inspectors would 
also check packages entering and leaving individual cells and bays. 

The most intrusive option considered would have inspectors or their remotely oper-
ated cameras actually in the dismantlement cells and bays, but shielded from view-
ing the components. 

A problem noted with the first option was that it would require monitoring of all the 
items entering and leaving the gates, including warheads that were only being sent for 
inspection or refurbishment or components that were being sent for reassembly. The 
problem with the fourth option was that it would maximize the danger that sensitive 
design information might be revealed. So the middle options were favored. 

Regardless, much of the verification could be done remotely, via video cameras with 
the signals transmitted to inspectors at a nearby site. For the option involving monitor-
ing of deliveries to and exports from the cells and bays, for example, their entrances 
would be monitored remotely by cameras and inspectors could be present when seals 
were removed from warhead containers and applied or removed from component con-
tainers. 

•

Figure 5.6. Section of the U.S. Department of Ener-
gy’s (DOE) Pantex facility outside Amarillo, Texas, 
proposed for verified warhead dismantlement in 
a 1997 DOE study. Warheads in tagged and sealed 

containers would be delivered from Department 

of Defense sites to a bunker in Zone 4 (above left). 

From there they would be transported into Zone 

12 (foreground) and then into a fenced off section 

with eleven bays and four cells where the work of 

dismantling the warhead is carried out. After they 

have been put into their own containers, the pits 

are returned to Zone 4 for long-term storage. The 

secondaries are shipped to the DOE’s Y-12 facility in 

Oak Ridge, Tennessee, for storage and dismantle-

ment. Picture courtesy of Los Alamos Study Group.240
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There has been considerable skepticism about the ability of inspectors to be able to 
detect whether seals have been opened between the cells.241 For the purpose of this 
project, a seal was developed that could be continuously remotely monitored using a 
built-in infrared illuminator and night-vision camera (Figure 5.7).242 Its signal could 
be monitored by a computer that would alert inspectors if there was any movement 
within the camera’s field of view and record the images during that period for their 
review. 

Figure 5.7. Seal with integrated identity tag 
and small battery-operated electronic cam-
era that transmits the image continuously.243

Source: U.S. Department of Energy.

The containers emerging from the dismantlement cell would have to be tagged and 
later screened to sort out the containers containing fissile material or they could be 
screened at the exit. The 1997 DOE study recommended that the destruction of non-
nuclear warhead components be verified. Such destruction today includes burning of 
the high explosive and shredding plastic and metal parts. The verified disposition of 
the recovered fissile materials is discussed in the following chapter.

From bilateral to trilateral to multilateral verification
Responsibility for the warhead-dismantlement inspection regime might evolve with 
time. The initial focus would be on verifying reductions of today’s Russian and U.S. 
stockpiles down to perhaps one thousand total warhead equivalents each (including 
components), and Russia and the United States would most likely insist on bilateral 
verification.244 The IAEA could provide a second, international level of monitoring, 
however, by tagging and sealing warhead and component containers at storage sites 
and assaying fissile materials when they are finally in unclassified form. After this 
stage, other weapon states might be willing to join a verified dismantlement process.

It is not obvious who would do the inspections when verified warhead dismantlement 
becomes a multinational activity. The inspection activities that have been discussed 
above would not be inappropriate for IAEA inspectors from non-weapon states to carry 
out. Weapon states might be concerned, however, about the information that non-
weapon-state inspectors might pick up at nuclear-weapon sites.245 The IAEA could, 
however, recruit weapon experts from the weapon states to carry out verification tasks 
within weapon and component dismantlement facilities with IAEA inspectors from 
non-weapon states responsible for other parts of the verification system. The IAEA al-
ready does this when it encounters issues relating to nuclear-weapon design.
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6  Disposition of Plutonium and  
Highly Enriched Uranium 
As nuclear arsenals are reduced and weapons dismantled, the fissile material that is 
recovered needs to be verifiably rendered less accessible, by physically transforming it 
into a form from which it would be difficult and costly to recover for use in weapons. 
In a world moving toward eliminating all nuclear weapons, other stocks of potentially 
weapon-usable material that also will need to be made less accessible include excess 
highly enriched uranium (HEU) from naval stockpiles, as well as civilian HEU and 
separated plutonium. Disposition of fissile materials is therefore one of the central tasks 
on the nuclear disarmament agenda.

As reported in Chapter 1, the global stockpiles of fissile materials today are roughly 
1600 tons of HEU and 500 tons of separated plutonium. Virtually all of this material is 
in the weapon states and mostly in Russia and the United States.

Russia and the United States together declared excess for military purposes, mostly in 
the mid-1990s, about 700 tons of HEU. Most of that HEU has already been blended 
down to low-enriched uranium (LEU) to make power-reactor fuel. Given the decisions 
that both countries have made on further reduction in their weapon stockpiles, it is 
clearly time for them to declare more weapons HEU excess. The United Kingdom and 
France have also reduced their arsenals to about half their Cold War peaks and could 
declare as excess for weapons purposes the HEU from their eliminated weapons. As oth-
er weapon states join the disarmament process, they could make similar arrangements. 

The United States and Russia also between them declared about 90 tons plutonium 
excess in the 1990s. Plans were made to mix most of the current excess plutonium with 
uranium and turn it into mixed-oxide (MOX) reactor fuel and irradiate it, but there has 
been much confusion, and little momentum has developed toward real disposition. It 
is time to suspend these costly efforts and review and consider alternatives. Also, it is 
time to begin to live up to the commitments made by the two countries in the 1990s 
to subject fissile material stocks declared excess for military purposes to monitoring by 
the International Atomic Energy Agency (IAEA).

Finally, civilian reprocessing has resulted in the accumulation of large stockpiles of 
separated power-reactor plutonium in France, India, Japan, Russia and the United King-
dom. There are plans to recycle much of this material into reactor fuel in France, India, 
Japan and Russia. Except in the case of France, however, these programs have suffered 
prolonged delays. In the case of the UK stockpile, about 100 tons, discussions of dispo-
sition are just beginning. 
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Below, the ongoing efforts in Russia and the United States to dispose of highly enriched 
uranium are discussed first before turning to the issues associated with disposing of 
excess separated plutonium in the United States, Russia and the United Kingdom. This 
chapter is an update to the more extensive discussions of HEU and plutonium disposi-
tion in Global Fissile Material Report 2007. The reader is referred there for more details 
and references not provided here.

Highly Enriched Uranium
As of the middle of 2009, the estimated global stockpile of HEU was 1600 ± 300 tons, 
virtually all in the weapon states and mostly in Russia and the United States. This 
total includes HEU in weapons and components, stocks reserved for use as naval and 
research reactor fuel, and HEU in active and spent naval and research-reactor fuel.

Blend-down to low-enriched uranium is the main approach that is being pursued 
for disposing of unirradiated HEU. For HEU in spent fuel, two approaches are being  
pursued:

Reprocessing to recover the HEU, which is then blended down to LEU 

Direct disposal in a geological repository alongside power-reactor spent fuel.

Below, we discuss each of these three disposition paths.

Blend-down of unirradiated HEU. Most of the weapon-grade HEU that has been blend-
ed down thus far is Russian: 367 tons between 1995 and mid-2009.246 Russia is believed 
to have produced more HEU during the Cold War than the United States and, in the 
early 1990’s decided that it could blend down 500 tons of this HEU to provide work and 
income for its nuclear complex. The U.S. Enrichment Corporation (USEC) contracted 
to buy the LEU for resale primarily in the United States as power-reactor fuel.247 

Currently, USEC is purchasing annually LEU from 30 tons of blended-down Russian 
weapon-grade HEU (at least 90-percent enriched). Figure 6.1 provides a schematic of 
the blend-down process. The result of the blend-down of 30 tons of weapon-grade 
uranium is about 900 tons of LEU, enough to provide the annual fuel requirements for 
45,000 Megawatts electric (45 GWe) of light-water reactor capacity. This is equivalent 
to about 45% of U.S. nuclear capacity or 12 percent of global capacity. The U.S.-Russian 
blend-down contract is on schedule to be completed at the end of 2013. Partly in an-
ticipation of the end of the blend-down, there have been concerns about the possibility 
of a global shortage of LEU for reactor fuel and prices of uranium and enrichment work 
have increased dramatically.248

The U.S. Department of Energy also has a small “Materials Consolidation and Conver-
sion” (MCC) program that buys and blends down excess HEU from Russia’s civilian 
nuclear research institutes. As of the end of September 2008, the MCC program had 
blended down 10.7 tons of HEU and was planning to continue to buy and blend down 
HEU at a rate of about one metric ton per year.249

The United States for its part has declared 217 tons of HEU excess and available for 
blend-down and, as of mid-2009, had blended down 124 tons.250 Unlike the Russian 
case, much of the HEU the United States has declared excess was not from weapons and 
most of it was less than weapon-grade, i.e., contained less than 90 percent U-235.251 The 

•

•
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reason is that most of the weapon-grade uranium that the United States has declared 
excess for weapons purposes has been allocated to a reserve for future use in naval reac-
tor fuel (128 tons).

Figure 6.1. Blend-down of Russia HEU to LEU. One 

ton of excess Russian weapon-grade uranium, 

after mixing with 1.5-percent enriched blend-stock, 

produces enough low-enriched uranium to support 

a 1000-Megawatt (1-GWe) light-water nuclear power 

reactor for 1.5 years.

The United States has been blending down annually the equivalent of about 5 tons of 
weapon-grade HEU. That rate is currently projected to decline, however, to a rate of two 
tons a year with the result that disposition of the remaining 92 tons of U.S. excess HEU 
is not expected before 2050.252 This slow disposition rate may be associated with a low 
U.S. rate of dismantlement of excess HEU-containing warhead components.253

 
After the disposition of the HEU they have thus far committed to blend down, both 
the United States and Russia still will have very large stocks of weapon HEU. To sup-
port a stockpile of 1000 nuclear weapons at 25 kg per warhead plus 20-percent work-
ing stocks, for example, would require only 30 tons of HEU for each country leaving a 
combined total of another 800 ± 300 tons of their weapons HEU excess.254

In addition, if Russia, the United Kingdom and the United States were to shift their 
naval-propulsion and research reactors (and Russia its icebreaker reactors)255 to low-en-
riched uranium fuel—as France already has done and as being done worldwide outside 
Russia for research reactors—on the order of an additional 250 tons of HEU would 
become excess. Figure 6.2 shows a recent estimate of the amount of HEU being used 
annually in HEU-fueled ship-propulsion reactors. The United States is the largest user 
of HEU for this purpose. At two tons per year, the 128 tons that the United States has 
reserved for naval-reactor fuel would be sufficient for 60 years.

Thus, if the United States and Russia decided to reduce to 1000 warheads each and 
converted to LEU-fueled propulsion and research reactors over a period of about 20 
years,256 they could dispose of perhaps 360 tons and 700 tons weapon-grade uranium 
respectively.

How fast could Russia’s excess HEU be blended down? In 2008, the private Washing-
ton-based Nuclear Threat Initiative released the results of a study on this question.257  
Scenarios were considered in which up to 42.5 tons of 90-percent HEU would be blended  
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down per year. At this blend-down rate, it would take Russia 16 years to blend down 
700 tons of excess HEU. For the United States to blend down 360 tons of excess weapon-
grade HEU in the same period would require a blend-down rate of about 20 tons/year. 
The combined blend-down rates would be enough to support about 78 GWe of light-
water reactor capacity or about 21 percent of the 2008 global capacity.258

Figure 6.2. Estimated and projected HEU use for 
naval-propulsion reactors. The United States domi-

nates because of its large fleet of nuclear-powered 

submarines and aircraft carriers. All U.S. and UK 

naval reactors use weapon-grade uranium. Russia 

is believed to use mostly less than weapon-grade 

(about 40-percent enriched) HEU in its submarine 

and icebreaker reactor cores. It is assumed that 

Russia will not replace its fleet of nuclear-power 

icebreakers and that its fleet of nuclear-powered 

submarines will continue to shrink. France has 

converted is submarine reactors to low-enriched 

uranium.259 India launched its first nuclear-powered 

submarine in 2009. It is believed to use HEU fuel.

Current plans do not anticipate such a blend-down rate, however. The current U.S. 
expectation is that the blend-down of the remaining U.S. excess HEU will soon slow 
to a rate of about 2 tons per year. And, despite incentives provided by the U.S. Con-
gress,260 the Russian Government has no apparent interest in blending-down any more 
excess HEU beyond the 500 tons contracted for in 1993 for sale to the United States. 
The reason usually given is that the remaining stocks of HEU are needed as a reserve 
for Russia’s ambitious domestic nuclear-power expansion plans and foreign reactor and 
fuel sales. Since these reactors will be fueled with LEU, Russia could, however, blend 
down its stockpile to LEU in advance.

Thus, while the HEU that Russia and United States have declared excess has mostly 
been blended down, each should declare hundreds of tons more excess and commit to 
blend the material down at the maximum feasible rate.

Reprocessing of HEU spent fuel followed by blend-down. In Russia, spent HEU fuel 
from naval propulsion and research reactors is reprocessed and the recovered HEU 
blended down to LEU with uranium recovered from spent LWR power-reactor fuel. 
France also reprocesses and blends down the HEU from small quantities of research 
reactor fuel at its La Hague reprocessing plant.
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The U.S. Department of Energy (DOE) has proposed that 21 tons of HEU in aluminum-
based spent research-reactor fuel and other materials be separated in the H-canyon  
of the Savannah River reprocessing plant, where HEU spent fuel from tritium and plu-
tonium production reactors was reprocessed during the Cold War. DOE recently es-
timated a cost of about $4.5 billion to reprocess this material—about ten times the 
value of the LEU that would be produced. The U.S. Government Accountability Office 
believes that the operation may be made even more costly by limitations of the waste-
processing capacity at the site.261

The great cost of this proposed program is that it would be the primary reason for con-
tinuing to operate the H-canyon reprocessing plant until 2019.262 This also appears to 
be the reason why advocates of this proposal within DOE and at the Savannah River 
site are so committed to the proposal: they do not want to see the last operating U.S. 
reprocessing plant shut down. Alternative approaches have been considered in the past 
that could cost considerably less and generate much less waste.263 These alternatives 
should be considered again in an objective independent analysis.

Direct disposal of HEU spent fuel. During the Cold War, U.S. naval-reactor fuel 
was reprocessed to recover HEU to fuel the Savannah River plutonium and tritium- 
production reactors. Naval fuel reprocessing was ended in 1992, however, and U.S. spent  
naval fuel is currently slated for disposition in a geological repository. Some difficult-to- 
reprocess zirconium-based HEU research reactor fuel also is to be disposed with the 
naval reactor fuel. Altogether, more than 100 tons of HEU is involved. The United 
Kingdom also currently stores its spent naval HEU fuel. 

Excess weapons plutonium 
The global stockpile of separated plutonium is about 500 tons—about half civilian and 
half produced for weapons. Most of the weapon-grade plutonium is held by Russia and 
the United States In 2000, the two countries each committed to dispose of at least 34 
tons of weapon-grade plutonium “withdrawn from nuclear weapon programs.”264 The 
United States has declared excess an additional 20 tons of separated plutonium but Rus-
sia has declined to match this additional plutonium because the U.S. material is either 
not weapon-grade or is mixed with waste. Three tons of the plutonium that is mixed 
with waste is being buried in the Department of Energy’s Waste Isolation Pilot Plant 
in New Mexico. Another four tons of unirradiated plutonium is reserved for nuclear-
energy R&D.265 This leaves the disposition of 13 tons of the unmatched U.S. excess 
plutonium to be determined.

Among the other nuclear weapon states, only the United Kingdom has declared any 
plutonium excess: 0.3 tons or a little less than 10 percent of its stockpile of military plu-
tonium.266 This plutonium may by now have been blended into the United Kingdom’s 
stock of separated reactor-grade plutonium.

Options for weapons plutonium disposition have been discussed for more than 15 
years.267 In the United States, an authoritative report was produced under the auspices 
of the National Academy of Sciences, which considered a large range of options and 
focused on two as being the most feasible in the near term:268

“ fabrication and use as fuel, without reprocessing, in existing or modified nuclear 
reactors;” or

“ vitrification [i.e., mixing into glass] in combination with high-level radioactive 
waste.”

•

•
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Until one or both of these strategies could be implemented, the study urged that “an 
agreed and stringent standard of security and accounting must be maintained … ap-
proximating as closely as practicable the security and accounting applied to intact 
nuclear weapons.”269

In the Russian-U.S. agreement, Russia chose the first option for disposition of its pluto-
nium and, at Russian insistence, the United States committed to dispose of at least 25 
tons of its excess weapon-grade plutonium in the same manner (Figure 6.3).270

Figure 6.3. Separated plutonium can be mixed with 
depleted uranium to produce mixed-oxide (MOX) 
fuel for light-water reactors. Unlike the case of HEU 

blend-down, it is relatively easy to recover the plu-

tonium from the fresh fuel by chemical extraction. 

Also MOX-fuel fabrication is not easy. The very high 

cancer risk from inhaled plutonium requires that 

the process be carried out in glove boxes. The large 

amounts of plutonium involved also require strin-

gent safeguards and physical security. As a result, 

the cost of fabricating MOX fuel is higher than the 

cost of the LEU fuel that it replaces.

The MOX approach to plutonium disposition has encountered serious problems in the 
United States and Russia, however, and alternative approaches should still be seriously 
considered. The state of the policy discussions and IPFM recommendations in each 
case are discussed below.

United States. The U.S. Department of Energy (DOE) has contracted for the con-
struction of a Mixed-oxide Fuel Fabrication Facility (MFFF) with a consortium led by 
France’s government-owned company Areva (Figure 6.4). The facility would use excess 
U.S. plutonium to produce MOX fuel for light-water reactors at a rate of up to 3.5 tons 
per year. Completion of the facility is currently projected for 2016. 

The project has suffered long delays and huge cost escalation, however. In 2002, the 
DOE estimate was that the MFFF would cost $1 billion and start operations in 2007.271 
In 2009, the capital cost estimate of the MFFF and an associated Waste Solidification 
Building was $5.2 billion, the projected completion date was in 2016, and the esti-
mated cost of operating the two facilities for 13 years was $2.9 billion.272
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Even if the MFFF project were completed on the current schedule, however, its op-
eration would be delayed further because the multi-billion dollar Pit Disassembly and 
Conversion Facility (PDCF) facility that was to recover plutonium from excess U.S. 
nuclear-weapon pits and convert it into oxide form to feed into the MFFF has been put 
on hold. In January 2009, concerned that several technologies to be used in the PDCF 
were “not fully mature,” DOE halted design work on the PDCF. Reportedly, DOE is con-
sidering whether it might wish to pursue an alternative strategy.274

A second issue is that, despite a DOE commitment in the year-2000 U.S.-Russian pluto-
nium disposition agreement (Article VII.3) that it would work with the IAEA to estab-
lish arrangements to monitor its plutonium disposition process, it has not yet engaged 
the IAEA in the discussions of how to arrange for safeguards in the MOX Fuel Fabrica-
tion Facility or invited the IAEA to review the facility’s design.275

Given this situation, the DOE should pause both to establish better management con-
trol over its plutonium-disposition program and to consider alternatives to MOX.276

 
In fact, the DOE plutonium-disposition strategy originally had two tracks: a MOX track 
for pure metal plutonium and an “immobilization” track for impure plutonium and 
plutonium in oxide form.277 The immobilization strategy would have first embedded 
the plutonium in ceramic cylinders, then placed these cylinders on a rack inside a large 
canister and finally filled the canister with molten glass containing high-level waste 
to provide a radiation barrier similar to that provided by the fission products in spent 
fuel.

In 2002, however, DOE decided that the two-track route was too expensive, cancelled 
the “can-in-canister” immobilization track and decided to do a new study on what to 
do with its impure and oxide plutonium. In 2006, the study report came back with four 
options. Three were immobilization options using the high-level reprocessing waste at 
the Savannah River Site to provide a radiation barrier. Two of these were variations of 
the cancelled can-in-canister approach and the third would mix plutonium directly 
into the high-level-waste glass. Two of the options also would use the H-canyon repro-
cessing plant to dissolve the impure and oxide plutonium and clean up at least some of 
it to the point where it could be used in the MOX plant.

Figure 6.4. The Mixed-Oxide 
(MOX) Fuel Fabrication Facility, 
under construction at the U.S. 

Department of Energy’s Savan-

nah River Site, South Carolina, 

28 September 2008.273 Source: 

U.S. Department of Energy
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Of those options, the study found the cancelled can-in-canister approach to be the 
best. There was concern that keeping the reprocessing plant open would be too costly 
and that putting too much plutonium into the high-level waste might cause criticality 
problems.

The vitrification operations at the Savannah River Site are scheduled to be completed by 
2019.278 If this schedule were achieved, the time window for immobilization would be 
only open until 2019, which would limit how much plutonium could be immobilized. 
Immobilization of the high-level waste at Savannah River has been repeatedly delayed, 
however. It was originally supposed to start in 1992,279 but, as of 2006, “high-capacity” 
processing was not scheduled to begin before 2011.280 Also, as of 2009, construction of 
a vitrification plant at the DOE’s Hanford site was underway with the ambition of vit-
rifying all of Hanford’s waste within 25 to 35 years.281 The immobilization option with 
high-level waste therefore will continue to be available for some time.
 
Other immobilization options also exist and should be considered. One proposal 
would immobilize the plutonium in a ceramic matrix and then dispose of it with spent 
power-reactor fuel.282 There is even the question of whether options without a radiation 
barrier should be considered. Plutonium being disposed in the U.S. Waste Isolation Pi-
lot Plant (WIPP) is not mixed with fission products. Since the radiation barrier decays 
with the 30-year half-life of the fission product cesium-137, the long-term security of 
the plutonium would in any case depend upon deep burial and international control 
of activities around the burial site.

Russia. Russia originally considered building a duplicate of the U.S. MOX plant and 
recycling its 34 tons of excess weapon-grade plutonium in the fuel of Russian light-wa-
ter reactors (LWRs). Much of Russia’s nuclear-energy establishment wanted instead to 
use the plutonium to start up a fleet of fast-neutron plutonium-breeder demonstration 
reactors. Its acquiescence to the LWR plan therefore was contingent on full foreign 
funding for all the costs of the program, including construction and operation of the 
MOX plant and conversion of the Russian LWRs to allow the use of MOX fuel. The esti-
mated cost of the program grew in parallel with that of the U.S. plutonium-disposition 
program to $4.1 billion in 2006.283

The U.S. Congress initially supported construction of a MOX-fuel fabrication facility 
for plutonium irradiation in Russia’s LWRs and allocated funds for that purpose. After 
Russia decided to switch to irradiation in breeder reactors, however, Congress rescinded 
its previous appropriations.284 One concern was that the operation of breeder reactors 
would cause increases in the quantities of plutonium separated and recycle. The spirit 
of the Russian program therefore was fundamentally at odds with the U.S. objective 
of reducing stockpiles of separated plutonium. The Obama Administration’s proposed 
budget for Fiscal Year 2010 requested no funding for Russia’s MOX-fuel fabrication fa-
cility.285 The future of Russia’s plutonium disposition program is therefore uncertain.

In the meantime, the U.S. excess plutonium in pits is in storage at the Pantex plant, 
where construction of a high-security underground bunker has been proposed to store 
them,286 and non-pit excess plutonium has largely been consolidated in an old produc-
tion-reactor building at the Savannah River site.287 In Russia, 25 tons of excess pluto-
nium from pits is being emplaced in a high-security bunker built with U.S. assistance 
at the Mayak reprocessing facility and the remainder of the weapon-grade plutonium 
that Russia declared excess for weapons is being consolidated in underground storage 
at another former plutonium-production site at Zheleznogorsk in Siberia.288
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Given the problems with both U.S. and Russian weapons plutonium disposition pro-
grams and that the plutonium is relatively secure, it would be useful for the two states 
to begin a new process to consider disposition options that would cover both current 
and future plutonium declared excess.

Civilian Plutonium 
The global stock of civilian plutonium, about 250 tons, is mostly located at reprocess-
ing plants in France, India, Japan, Russia and the United Kingdom (Chapter 1). Separa-
tion of the civilian plutonium was originally launched in the expectation that it would 
be used to start up plutonium breeder reactors. That continues to be the expectation in 
Russia and India. In France, the separated plutonium is being recycled into MOX fuel 
for its light-water reactors. Japan is starting to do the same with its plutonium that has 
been separated in France and the United Kingdom, and plans to do so also with the 
plutonium separated at its new Rokkasho reprocessing plant. 

United Kingdom. The situation in the United Kingdom is different, however. As with 
other countries that embarked on reprocessing, the United Kingdom did so originally 
in the expectation that the plutonium would be used to provide initial cores for pluto-
nium-breeder reactors. Unlike France and Japan, however, the United Kingdom has not 
yet developed plans for its separated plutonium.289 Recently, however, the UK Govern-
ment has begun a discussion of its plutonium-disposition options.290 A perspective on 
this discussion may be found on the IPFM website.291

The United Kingdom currently has the world’s largest national stockpile of separated 
civilian plutonium at its Sellafield reprocessing plants. Unless it halts reprocessing of its 
own spent fuel before it fulfills its existing contracts, its stockpile of separated civilian 
plutonium will increase from 82 tons of domestic and 27 tons of foreign plutonium at 
the end of 2008292 to about 97–120 tons of separated domestic civilian and 34 tons of 
foreign plutonium.293

The United Kingdom has two reprocessing plants at Sellafield. The B-205 plant repro-
cesses metal natural-uranium fuel from first-generation “Magnox” reactors, the last of 
which is to be shut down in 2010.294 The reprocessing of the Magnox fuel will probably 
have to be completed because the fuel is low “burnup” and therefore much more vo-
luminous per unit of electricity generated than LWR oxide fuel. It also corrodes easily 
and therefore is relatively more costly to store.295

 
But spent uranium-oxide fuel from light-water reactors and the UK’s Advanced Gas-
cooled Reactors (AGRs) can be stored for much less ($100–200/kg) than it costs to 
reprocess it in an already built operating reprocessing plant (about $900/kg).296 Repro-
cessing is much more costly in the UK’s Thermal Oxide Reprocessing Plant (THORP), 
which has been mostly shut down since April 2005.297

The United Kingdom could save the cost of refurbishing and operating the troubled 
THORP plant and the cost of disposing of the additional plutonium to be separated 
there if it did not reprocess the approximately 3000 tons of AGR spent fuel containing 
about 27 tons of plutonium and 750 tons of foreign light-water reactor fuel containing 
7.5 tons of plutonium that remain to be reprocessed under its existing contracts.
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With regard to the reprocessing of foreign spent fuel, the contracts specify that the 
United Kingdom will return to the owning country the resulting solidified high-level 
radioactive waste and separated plutonium—the latter either in the form of MOX fuel 
or in the form of plutonium oxide delivered to another fabricator of MOX fuel.

One way for the United Kingdom to proceed, therefore, might be to exchange its own 
already separated plutonium and vitrified high-level waste for that which would have 
been produced by reprocessing the spent foreign fuel. Such “virtual reprocessing” was 
suggested in 1993 by President Clinton’s Science Advisor to his UK counterpart as a 
much more economical alternative to operating the THORP plant.298

In 2007, the NDA received permission from the UK Government to substitute UK pluto-
nium for foreign plutonium that had not yet been separated in order to fulfill require-
ments for MOX fuel fabrication for its foreign customers.299 Nevertheless, the Govern-
ment rejected suggestions that this approach be used as an alternative to reprocessing 
the remaining foreign spent fuel.300

Conclusion
The disposal of much of the HEU recovered from dismantled excess Cold War warheads 
is well underway. But much more could be declared excess and stocks reserved for 
naval-reactor fuel could be declared excess as well if the United States, Russia and the 
United Kingdom followed France’s example and designed their future naval reactors to 
use LEU fuel. This would allow roughly two-thirds of the current global HEU stockpile 
to be available for blenddown. The United States and Russia together could plausibly 
blenddown this much HEU in about 15 years. HEU in irradiated spent fuel that is not 
scheduled for reprocessing and blend down should be securely stored and placed in 
secure geological repositories once they become available.

There has not been much progress yet in disposition of excess weapons plutonium. 
There exist plans to do so in Russia and the United States, principally by irradiating 
MOX in plutonium breeder reactors and light-water power reactors, respectively. Given 
the great costs and continuing delay of these options, and the fact that breeder reactors 
would create a demand for continued civilian reprocessing, the alternative of immobi-
lization—with or without high-level waste—should be seriously reconsidered by both 
countries. The United Kingdom would reduce its plutonium disposition problem if it 
gave up trying to complete its foreign reprocessing contracts and opted instead for “vir-
tual reprocessing,” in which it fulfills those contracts by exchanging already separated 
UK plutonium and high-level waste for foreign spent fuel.

In the absence of an end to reprocessing, there will continue to be large stockpiles of 
civilian plutonium. France is recycling about 10 tons per year; after more than a decade 
of delay Japan is launching its own plutonium-recycle program; and China has similar 
plans, although perhaps two decades in the future. In that time frame, Russia and India 
each could be recycling a few tons per year in breeders. With several years of material 
in the pipeline, it would be difficult even with the best intentions to get below a global 
inventory of civilian plutonium on the order of 100 tons—enough to make more than 
10,000 warheads. If disarmament proceeds, these stockpiles would become of increas-
ing concern.
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7  Verified Cutoff of Fissile Material  
Production for Weapons
Setting up arrangements to verify a ban on the production of fissile materials for weap-
ons is a part of the nuclear disarmament agenda that hopefully will soon be under ne-
gotiation at the UN Conference on Disarmament (CD) in Geneva. On 29 May 2009 the 
CD agreed to begin negotiations on “a non-discriminatory, multilateral and interna-
tionally and effectively verifiable treaty banning the production of fissile material for 
nuclear weapons or other nuclear explosive devices.”301 The proposed treaty is often re-
ferred to as the Fissile Material Cutoff Treaty (FMCT) and by the IPFM as the FM(C)T.302 
Verification of an FM(C)T was discussed at length in Global Fissile Material Report 2008. 
This chapter provides an overview and places it in the context of the nuclear disarma-
ment agenda. For details, the reader is referred to the 2008 report.

Under a nuclear disarmament regime, the distinction between weapon and non-weapon 
states would disappear, and all fissile material would be under international safeguards. 
The question is how large a step in that direction will be taken under an FM(C)T.  
Specifically, negotiation of an FM(C)T will have to address two fundamental issues: 

Whether and to what extent a treaty banning any new unsafeguarded production of 
fissile materials should also subject pre-existing non-weapons stocks of fissile material 
to international monitoring to verify that they are not converted to weapons use, and 

How such a treaty should be verified, including the extent to which safeguards obli-
gations in the nuclear weapon states and non-nuclear weapon states will converge. 

An incomplete moratorium
Four of the five weapon states that are Parties to the Non-Proliferation Treaty—the 
United States, Russia, the United Kingdom and France—declared in the late 1980s and 
early 1990s that they had permanently ended production of fissile materials for nuclear 
weapons. China’s government did not make such a public declaration but has let it be 
known unofficially since the early 1990s that it has suspended production and will 
only feel compelled to resume if it feels that the effectiveness and/or survivability of 
its deterrent is being eroded by a buildup of U.S. missile-defenses and/or long-range 
precision-guided weapons.303

In South Asia, production of fissile materials is accelerating as India builds a “mini-
mum deterrent” of unspecified size and Pakistan races to build up its fissile-material 
production capacity (Chapter 1). Israel’s policy of “opacity,” i.e., not talking about its 
nuclear-weapon-related activities, has left unclear whether it is continuing to produce 

1.

2.
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weapon-grade plutonium at its Dimona nuclear complex but, most likely it is, if only as 
a byproduct of its tritium production.304 Finally, on 24 September 2008, North Korea 
announced that it would resume separation of plutonium for weapons and, on 13 June 
2009, announced that it was launching a program to enrich uranium for weapons as 
well.305

As the world moves toward complete nuclear disarmament, however, all the nuclear 
weapon states will have to halt production of fissile material for weapons and accept 
effective arrangements to verify this.

Verification of a ban on production of fissile material for weapons
Verification of a ban on the production of fissile materials for weapons will require 
determinations that: 

Production facilities that have been declared shut down are indeed shut down and 
remain so;  

All plutonium separated and HEU produced at declared production facilities after the 
ban comes into force are placed under IAEA safeguards and remain under safeguards; 
and           

There are no undeclared enrichment or reprocessing facilities.

Shutdown production facilities. Under an FM(C)T, countries would either convert pro-
duction facilities (reprocessing plants, plutonium-production reactors, and enrichment 
plants) to safeguarded civilian use or shut them down and decommission them.
 
Reprocessing plants. In practice, the facilities used to recover weapon-grade plutonium 
from the low-burnup306 magnesium or aluminum-clad uranium metal used in produc-
tion reactors are so different from those used to reprocess the high-burnup zirconium-
clad uranium-oxide fuel used in most power reactors that no military reprocessing 
plant has been converted to civilian use. A few plutonium-production reactors have 
been operated as dual-purpose reactors, producing electricity as well as weapon-grade 
plutonium, but operating them for electricity production alone has been uneconomic 
and all such dual-purpose reactors have been decommissioned or soon will be.307 

Enrichment plants. In the United States, military gaseous diffusion enrichment plants 
were converted to civilian use but two out of the three have now been shut down and 
replacement capacity for the third is under construction. In China, it is believed that 
the two gaseous diffusion plants used to produce HEU for weapons have been shut-
down. LEU for China’s power reactors is produced by centrifuge enrichment plants. 
In France, the Pierrelatte gaseous enrichment plant that produced France’s HEU is be-
ing decommissioned. In Russia, three large centrifuge plants that produced HEU for 
weapons have been converted to producing low-enriched uranium for nuclear power 
plants.308 The UK’s centrifuge enrichment plant that produced some of its HEU has 
similarly been converted. 

Most facilities for producing fissile materials for weapons in the five NPT weapon states 
are therefore shut down and, in some cases, are in the process of being decommis-
sioned. 

1.

2.

3.
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The verification challenge at these sites will be minimal. It will only be necessary to 
confirm that key equipment necessary to the operation of the facility has been disabled 
or removed. Seals could be applied to assure that spent fuel is not introduced into 
reprocessing plants or uranium feedstock into enrichment plants and remotely moni-
tored electronic cameras and other sensors could be set up to monitor any activity in 
key areas of the plants with periodic random unannounced on-site checks to make sure 
that the seals are intact and monitoring systems are functioning properly. Facilities for 
which there are no conversion plans should be decommissioned as quickly as possible 
to make their shutdown irreversible.

Operating reprocessing and enrichment plants. The second element of verifying an 
FMCT would be to assure that any plutonium, HEU or other fissile material309 produced 
in a declared reprocessing plant or enrichment plant after the treaty comes into force 
for a Party, is placed under IAEA safeguards. 

Reprocessing. Some weapon states (China, France, India, Russia and the United King-
dom) and one non-weapon state (Japan) are separating large quantities of weapon-us-
able plutonium from spent power-reactor fuel for civilian purposes. The original ratio-
nale was to provide startup fuel for plutonium-breeder reactors. When those reactors 
were not commercialized, Belgium, France, Germany and Switzerland began to recycle 
their separated plutonium in light-water-reactor fuel.310 Japan and China intend to do 
the same while India and Russia are still moving ahead with their breeder programs, 
although at a glacial pace. The United Kingdom is winding down its reprocessing and 
is beginning to consider options for disposing of approximately 100 tons of separated 
power-reactor plutonium that it has accumulated (Chapter 6). 

Reprocessing and plutonium recycle are not economic, nor are plutonium breeder re-
actors. Nor do they simplify the problem of spent fuel disposal.311 Furthermore, the 
spread of reprocessing has been closely associated with the spread of nuclear-weap-
ons programs. Today, only one non-weapon state, Japan, reprocesses and twelve non-
weapon states that in the past sent their spent fuel to France, Russia and the United 
Kingdom to be reprocessed have not renewed their contracts. For them, reprocessing, 
simply exchanged the problem of storing and disposing of spent fuel for the equally 
politically challenging problem of storing and disposing of the solidified high-level re-
processing waste that the reprocessing countries insist on sending back to their foreign 
customers. Countries that have reprocessing plants have the political advantage that 
it does provide a single central location to which their nuclear power plants can ship 
their spent fuel.312

Modern civilian reprocessing plants are designed to separate annually 7–17 tons of plu-
tonium—enough to make a thousand nuclear weapons or more.313 Since plutonium is 
a directly weapon-usable material, this puts a tremendous burden on safeguards. Even 
with input and output measurement errors of plutonium from reprocessing and mixed-
oxide (uranium-plutonium) fuel fabrication plants as low as one percent, it would be 
impossible to prove by mass balance checks alone that plutonium, sufficient to make 
tens of weapons had not been diverted. The IAEA, therefore, adds layers of expensive 
monitoring, containment and surveillance to increase its confidence that no signifi-
cant diversions are occurring at Japan’s reprocessing plants, especially at the large, re-
cently completed plant at Rokkasho. This reprocessing plant plus a smaller pilot plant, 
the only reprocessing facilities in a non-weapon state, account for about 20 percent of 
the IAEA’s total safeguards budget.314
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Ten states operate a total of 18 reprocessing plants. This 

includes two plants (in Japan and China) still undergo-

ing testing prior to operation and three scheduled to be 

shutdown (two in Russia and one in the United Kingdom). 

Pakistan is building possibly one additional reprocess-

ing plant, which is also included here. Only India, Israel, 

North Korea and Pakistan are believed to be producing 

plutonium for weapons. 

Twelve states have 23 operating, under construction or 

planned uranium enrichment plants. This does not include 

North Korea, which in 2009 claimed to have successfully 

enriched uranium. All of these are centrifuge plants, 

except for two gaseous diffusion plants (in France and 

the United States) that are to be replaced with centrifuge 

plants currently under construction or planned, and a 

laser enrichment plant under development in the United 

States. There are possibly only three military plants pro-

ducing HEU today (two in Pakistan and one in India).

The map does not include all R&D and pilot scale plants. 
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At Rokkasho, the IAEA was able to verify the design of the reprocessing plant and in-
stalled independent measuring instrumentation before some areas of the plant were 
embedded in concrete or became contaminated. For pre-existing plants, the IAEA 
would not have this luxury. Nevertheless, it should be possible to design safeguards 
procedures, including the use of short-notice random inspections that would make it 
difficult to operate the plant improperly and make it possible to detect a diversion of 
plutonium larger than the measurement errors in the plant plutonium throughput.315

 
It would be better for verification of an FM(C)T, however, if reprocessing was phased 
out altogether. This would also have the advantage of allowing attention to be focused 
on the elimination of the existing large stockpiles of civilian and excess weapons plu-
tonium. Given that civilian spent-fuel reprocessing is neither economic nor necessary 
to nuclear power for the foreseeable future, such a phase-out does not appear an unrea-
sonable goal (Chapter 8).

Enrichment. Only one country, India, is known to be producing HEU for non-weapon 
purposes today. India is building naval reactors that reportedly are fueled with HEU 
enriched to between 20 and 40 percent uranium-235.316 Other countries (the United 
States, Russia and the United Kingdom) are known to use HEU in naval-reactor fuel but 
their requirements could be satisfied for many decades using excess Cold War weapons 
HEU. France has already shifted its naval reactors to LEU. HEU is also used as a research 
reactor fuel but, outside Russia at least, it is being replaced by LEU.

Thus the major challenge in the near term would be to verify that all operating enrich-
ment plants except India’s are indeed not producing HEU. In principle, the enrichment 
of the uranium in the key collector or “header” pipes in the enrichment plants could 
be monitored. This may be impractical in Russia’s huge enrichment plants, however, 
because they have hundreds of thousands of relatively low-capacity centrifuges and 
complex piping arrangements (Figure 7.1).

Figure 7.1. Interior of Russia’s 
Novouralsk gas centrifuge 
enrichment plant. This facility 

has a capacity of over 10 million 

SWU/yr.317 Source: U.S. Depart-

ment of Energy

A supplementary approach to detect clandestine HEU production in a large enrichment 
plant would be to look for traces of leaked HEU. The IAEA has used this technique with 
remarkable effect in Iran and elsewhere. It involves taking “swipes” of surfaces inside a 
facility and then inspecting the dust picked up by the swipe for particles of uranium. 
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The complication for the case of Russia’s centrifuge enrichment facilities is that there 
could be old particles of HEU dating back to when Russia was producing HEU before 
1989. These particles would have to be distinguished from possible new particles of 
HEU. One approach, age dating the particles using the in-built clock associated with 
the decay of uranium-234 into thorium-230 is discussed in Global Fissile Material Report 
2008, Chapter 4.319

India may continue producing HEU but its enrichment plant is small enough so that its 
output of HEU could be accurately monitored. 

Non-weapon use of fissile materials. Once HEU or plutonium is under safeguards, it 
must be carefully monitored until, in the case of HEU, it is down-blended to low-en-
riched uranium, and, in the case of plutonium, it is embedded in a radioactive matrix 
equivalent to the plutonium in spent power reactor fuel.320 In most cases, effective 
approaches for doing this have been worked out for NPT safeguards in non-weapon 
states.

A new safeguards issue for the weapon states, however, will be the fact that many of 
them have HEU-fueled military reactors. Most of these are naval reactors but Russia, for 
example, also uses HEU-fueled reactors to produce tritium for its nuclear weapons.321 

Figure 7.2. Images of micron-sized particles of 
uranium from swipes. The images were obtained by 

scanning the particles with an ion beam and using 

a mass spectrometer to separate the different-mass 

uranium ions that were knocked off. Particles that 

are bright in the U-235 image (left) are HEU. Those 

that are bright in the U-238 image (right) are low-

enriched or natural uranium.318 Source: IAEA

When such particles are identified, they can be bombarded by a beam of atoms that 
will knock off uranium ions that can be passed through a mass spectrometer to deter-
mine the percentages of uranium-235 and uranium-238. Figure 7.2 shows an example 
of a pair of images of a 0.15-mm (150-micron) square that are formed by ions knocked 
off uranium particles deposited on the surface of a planchet. The relative brightness of 
the particles in the images depends upon the percentages of uranium-235 or uranium-
238 atoms in a given particle.
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Any new production of HEU for reactor fuel would have to be safeguarded under an 
FM(C)T and, depending upon the scope of the FM(C)T, some pre-existing stocks of 
HEU also could come under safeguards. The quantity of HEU in military-reactor fuel 
cycles is substantial. The United States, for example, uses an average of about 2000 kg 
of weapon-grade uranium annually to fuel the reactors that propel its submarines and 
aircraft carriers. If converted to first-generation Nagasaki-type implosion weapons at 25 
kg per weapon, that would be enough to produce 80 nuclear weapons a year. 

The non-weapon use of HEU produced or reserved for naval and tritium-production re-
actor fuel could be verified by measuring the quantity of HEU produced or withdrawn 
from stocks to make HEU fuel and then confirming that it was actually put into a reac-
tor. Verification procedures that have been developed for HEU-fueled research reactors 
might have to be altered if, as appears likely, some of the weapon states will consider 
the designs of their military reactors and their fuel to be sensitive information. The 
IPFM has been exploring various technical approaches that could help, but the IAEA 
and the weapon states would have to work out compromises under which the most 
sensitive design and operating information would be concealed while still enabling the 
IAEA to obtain enough information to verify that no significant amount of HEU was 
being diverted. The best solution, however, would be for the weapon states to switch 
to LEU-fueled reactors. The international community then would not have to worry 
about possible diversions of HEU from the naval fuel cycles and the nuclear navies 
could preserve military secrets. 

Clandestine production. Finally, there is the challenge of detecting clandestine repro-
cessing or enrichment activities. This is a challenge that is already faced in non-weap-
on states that are parties to the NPT. Iraq mounted a clandestine enrichment program 
as did Libya and Iran. In all three cases, the programs were discovered before they went 
into operation. For Iraq, the discovery was as a result of that country having to accept 
intrusive inspections after its defeat in the 1991 Gulf War. This helped lay the basis 
for the Additional Protocol under which non-weapon states commit to declare to the 
IAEA all significant nuclear-related activities and allow the IAEA to check those dec-
larations.322 Iran voluntarily complied with the Additional Protocol for two and a half 
years between 2003 and 2006. During that period, the IAEA was able to visit suspect 
sites and detected undeclared enrichment-related activities.

The Additional Protocol also creates the possibility that the IAEA, if authorized by the 
IAEA Board, could carry out wide-area environmental monitoring to detect evidence 
of clandestine reprocessing or enrichment. There is a long Cold War history of atmo-
spheric measurements of the concentration of the 11-year half-life fission product kryp-
ton-85 to detect foreign reprocessing activities.323 Recently, published analyses have be-
gun to appear. Figure 7.3 shows the detection of krypton-85 at a site 60 kilometers away 
from a Japanese pilot reprocessing plant. Krypton-85 releases were detected with at 
least 50-percent probability down to levels corresponding to the separation of about 2 
kg of weapon-grade plutonium per week, i.e., about one bomb equivalent per month. 
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The gaseous releases from centrifuge enrichment plants are very small. The uranium 
hexafluoride (UF6) gas in the system is at less than atmospheric pressure with the result 
that leakage is generally of air into the system rather than UF6 outward except when 
natural-uranium feed and enriched-uranium product cylinders are detached from the 
system. Air filtration systems are also standard equipment. Still, the degradation prod-
ucts of UF6 in the environment, molecules containing both uranium and fluorine, 
do not occur naturally. It is therefore worthwhile to determine if extremely sensitive 
detection techniques could be developed for such molecules. Furthermore, if tight con-
trols could be established on UF6 at declared production plants, then a clandestine en-
richment plant would require a clandestine UF6 production plant. Such plants produce 
the UF6 at above atmospheric pressure and therefore leak more UF6 than centrifuge 
enrichment plants.325

When there is an indication of possible clandestine reprocessing or enrichment activ-
ity, the IAEA has the right to request an inspection. In a non-weapon state—and pre-
sumably in a nuclear-weapon-free world—inspectors would be free to take and analyze 
swipes. During the transition, at military nuclear sites in a weapon state, however, 
swipes could reveal information that a state considers sensitive: the isotopic makeup of 
or alloying material used in its weapon-grade plutonium, for example. 

This is a familiar situation for the verification of the Chemical Weapons Convention 
(CWC) since chemical manufacturers wish to protect proprietary processes. Neverthe-
less, the Organization for the Prohibition of Chemical Weapons (OPCW), which is 
responsible for the verification of the CWC, uses sensitive instruments, notably gas-
chromatograph mass spectrometers (GCMS) that are capable of identifying millions of 
chemical species and could be used for industrial espionage. For purposes of verifying 
the CWC, however, the chemical manufacturers and the OPCW have devised a “man-
aged access” approach under which the library of chemical signatures inside the GCMS 
memory is purged of all information other than that relating to chemical-weapon 
agents, their precursors and degradation products. 

Figure 7.3. Releases of the radioactive gas krypton-
85 make it possible to detect a reprocessing plant 
at some distance downwind. The figure shows 

the correlation between measurements of Kr-85 

concentrations (inverted below the axis) 60 km from 

the Tokai, Japan experimental reprocessing plant 

compared to the measured releases from the plant 

(above the axis).324
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The IAEA could similarly use instruments that have been rendered incapable of detect-
ing anything beyond information required by the inspectors. Figure 7.4 shows, for 
example, a technique that could be used as a substitute for swipe samples. Laser break-
down spectroscopy could be used to turn particles on a surface into ionized plasma 
that would emit light with wavelengths characteristic of the particles’ constituent at-
oms. If spectral lines characteristic of uranium and fluorine were found together, that 
would be an indicator of gas centrifuge enrichment. The lines of all other elements 
could be blocked.
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induced 
vapor

Unknown material
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Input optical-fibre
Collection

lenses

Figure 7.4. Laser breakdown spectroscopy. A laser is 

used to vaporize a microscopic amount of mate-

rial on a surface. The light emitted by the resulting 

incandescent vapor is analyzed by a spectrometer. 

An indicator of gas-centrifuge uranium enrichment 

having taken place in the facility would be the 

presence together of spectral lines of uranium and 

fluorine. The computer could block the detection 

of lines associated with other elements. Graphics 

adapted from the Canadian IAEA Safeguards Support 

Program.

Thus, under an FM(C)T, the safeguards obligations of the nuclear weapon states and 
the non-weapon states would begin to converge, with the IAEA having the responsibil-
ity of verifying non-production of fissile materials for weapons at both declared and 
suspect nuclear sites in all states. The authority of the IAEA to check for undeclared 
nuclear activities has been strengthened and codified in the Additional Protocol. It 
will be critical to the verifiability of nuclear disarmament that both weapon and non-
weapon states ratify this Protocol. 

In a nuclear-weapon-free world, several of the verification problems that will have to be 
dealt with today under a fissile cutoff treaty would be considerably eased. For one, there 
would be no stocks of fissile material not under international safeguards. Secondly, 
all states, including the nuclear weapon states, would have to adhere to a strict and 
strengthened Additional Protocol. Finally, managed access procedures could be greatly 
simplified because the nuclear-weapon states would no longer need to protect nuclear 
weapon-design information. 
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Appendix 7A. 
Verification of a Ban on Tritium Production for Weapons

Tritium (T), the super-heavy artificial isotope of hydrogen, is thought to be used by 
all the NPT nuclear weapon states in most of their nuclear warheads. India, Israel, and 
Pakistan also are suspected to be using tritium in their weapon programs. It is used to 
increase (“boost”) the amount of fission and hence explosive yield of a nuclear weapon 
by generating additional neutrons through the fusion reaction with deuterium (D), the 
heavy form of hydrogen that constitutes 0.015 percent of hydrogen in nature:

deuterium + tritium   helium-4 + neutron

Boosting has made possible the high-yield, compact nuclear warheads that characterize 
the arsenals of the NPT weapon states. Removing the D-T boost gas would reduce the 
yields of most of these warheads into the sub-kiloton range.326 It is estimated that 2–3 
grams of tritium are used for each warhead.

Due to its short half-life of 12.3 years, tritium has to be replenished on a regular basis. 
It can be produced in nuclear reactors, mostly by neutron capture in lithium-6, via the 
reaction: 

lithium-6 + neutron   helium-4 + tritium

This reaction process is similar to the production of plutonium by neutron capture on 
uranium-238. The same production reactors therefore can be used for both plutonium  
and tritium production. In heavy-water-moderated reactors, deuterium captures a  
neutron, generating tritium:

deuterium + neutron   tritium

Thus, tritium is unavoidably produced in the moderator and can be extracted with a 
detritiation facility.

Tritium is gaining significance within the nuclear proliferation process. This is exem-
plified by the successful attempts of India and Pakistan to acquire tritium-production 
technology from the West. Banning the production of tritium for weapons could also 
be a part of a broader nuclear disarmament process.

Production of tritium today
In 2009 there are about 10 production reactors remaining that are used for tritium gen-
eration or are available for that purpose (Table 7A.1). Few if any of these are dedicated 
to tritium production; some probably are primarily for plutonium production; two 
produce radioisotopes for sale; and one is a commercial power reactor. 

Production of tritium in the United States was interrupted with the shutdown of the 
K-Reactor at Savannah River Site in 1988. In 2003, the capability to produce tritium for 
U.S. weapons was re-established using the pressurized water reactors operated by the 
Tennessee Valley Authority at Watts Bar. Irradiated lithium-6 targets are transported 
to a tritium-extraction facility at the Savannah River Site that became operational in 
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2007.327 Russia continues to produce tritium as needed in two HEU-fueled reactors at its 
complex near Ozersk in the Urals.328 The Indian reactors Cirus and Dhruva are known 
to produce plutonium and tritium in lithium-6 targets. In addition, tritium is gained 
by detritiating the heavy water. Pakistan can produce tritium both in the core of the 
unsafeguarded Khushab reactor as well as in the moderator. The Kanupp reactor is 
under safeguards, but the IAEA has no mandate to inspect the detritiation of its heavy 
water.

State of tritium controls
Three levels of control can be distinguished: facility, national, and international. Mea-
sures taken at a higher level generally have effects at the lower levels. In all countries, 
some sort of tritium control is obligatory at the facility level for radiation-protection 
purposes. Most countries also have national-control systems that become effective 
above a certain threshold inventory of tritium. 

International tritium control is still in its infancy. The IAEA has no mandate for tritium 
control because it is not a fissile material and, during negotiations of the 1968 NPT, it 
was decided not to include tritium in the definition of “special nuclear materials” and 
not to place it under international nuclear safeguards.329

Country Facility Start up Tritium prod.
capacity by capture of  
neutrons in deuterium 

of heavy water

Tritium prod.
capacity by 

irradiation of 
lithium-6 targets

Actual usage 
for tritium (T), plutonium 

(Pu) prod. or other 
purposes

China
Second Ministry of Ma-
chine Building Industry

����
– ? only T

France
Celestin I/II, ��0 MWt 
heavy-water reactors 

����/��
� × �� g/yr � × ��0 g/yr

Pu (ended) 
and T

India

Cirus �0 MWt & Dhruva, 
�00 MWt heavy water 
reactors, Bhabha Atomic 
Research Center

���0 and ����
� and � g/yr

�� and �0 
g/yr

Pu and T

Israel 
Negev Nuclear Research 
Center Dimona, IRR-�, 
�0 MWt

����
� g/yr �0 g/yr Pu and T

Pakistan
Kanupp ��� MWe & 
Khushab �0 MWt heavy 
water reactors

���� and ����
� and � g/yr 0 and �0 g/yr

Kanupp:  
T, electric power 
generation
Khushab:  
Pu and T

Russia

Ozersk (former Che-
lyabinsk-��) Ruslan and 
Lyudmila LWRs ~�000 
MWt each 

���� and ����
– �000 g/yr

T, ���Pu and 
other com-
mercial  
radioisotopes

USA
Watts Bar, pressurized 
water reactor, ~��00 MWe

�00�
– �000 g/yr

T, electric power 
generation

Table 7A.1. Operating reactors available for tritium 
production, 2009.330 India has 13 operating unsafe-

guarded heavy-water power reactors that produce 

tritium in their moderator.
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In September 1990, the 4th review conference of the parties to the NPT recognized that 
tritium is—although not identified in NPT Article III.2—relevant to the proliferation of 
nuclear weapons. The conference therefore called for “early consultations among states 
to ensure that their supply and export controls are appropriately coordinated.”331 No 
subsequent activities were initiated within the NPT framework, but, as a consequence 
of this resolution, international coordination of export controls was strengthened.

The Coordinating Committee for Multilateral Export Control (CoCom) was the first 
institution that coordinated national export controls of tritium. According to CoCom 
regulations, licenses were required for exports of tritium and of equipment specifically 
designed for the production or recovery of tritium. But CoCom regulations did not re-
quire any verification provisions, and not many countries adhered to the regime.

The Wassenaar Arrangement resulted in a new control body and partly liberalized ex-
port controls. In 1992, the Nuclear Suppliers Group (NSG) adopted “Guidelines for 
Transfers of Nuclear-Related Dual-Use Equipment, Material and Related Technology.” 
The dual-use list covers not only tritium, tritium compounds and mixtures but also 
raw materials for the breeding of tritium and tritium facilities or components. The NSG 
guidelines are not legally binding, however, and do not include verification provisions. 
Tritium control for nonproliferation purposes at the international level is therefore 
still limited. A trilateral tritium control agreement on European tritium handling re-
search facilities that receive tritium from Canada may provide the basis for a stronger 
regime. 

Tritium control between Canada and Europe
In May 1991, EURATOM and Canada, the world’s largest producer of tritium for civil-
ian use, extended their 1959 agreement for cooperation in the peaceful uses of atomic 
energy.332 The agreement covers fusion-energy as well as fission research and develop-
ment. Tritium is used as fuel in fusion reactors. The parties agreed that EURATOM 
would establish control procedures for tritium shipments from Canada to EURATOM 
member states: “EURATOM shall apply to tritium items appropriate recording, ac-
counting and inventory procedures.” EURATOM verifies the inventory at the receiving 
facility as long as the tritium remains there and makes sure that the tritium is neither 
removed without authorization nor used for purposes other than fusion research, nor 
re-transferred beyond the territories of EURATOM member states without prior written 
consent of the Government of Canada.

EURATOM’s control system relies on two different procedures: 

Operators submit monthly declarations to the EU-Commission’s Directorate General 
for Energy and Transport, Direction H (DG TREN-H), providing information such as 
the amount of tritium stored, and whether removals or additions have taken place. 
These declarations are regularly analyzed by EURATOM and compared to data pro-
vided by Canadian suppliers.

Annual inspections of tritium facilities are conducted by EURATOM. These inspec-
tions review and evaluate the operators‘ tritium bookkeeping and physically verify 
their tritium holdings using an approved measuring method.

Thus far, only two facilities (Tritium Laboratory Karlsruhe and the Joint European To-
rus) have been subject to such supranational tritium control while hundreds of facili-
ties world-wide contain quantities exceeding one gram of tritium.333 These include sev-
eral detritiation facilities that are used for the extraction of tritium from heavy water 
used in reactors. 

•

•
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The fusion research facility ITER in Cadarache, France, will receive its first tritium sup-
ply at the earliest in 2016. The amounts of tritium located and produced in this place 
will be unprecedented. The operational inventory will be 2–5 kg; on-site stocks could 
be more than 20 kg; and annual production is likely to be close to 300 kg. This will 
raise the importance for tritium control for nonproliferation but creates significant 
challenges for EURATOM’s accountancy and inventory verification.334

International tritium controls for nonproliferation 
Tritium control on the international level could have two objectives: 

To prevent diversion of tritium from civilian facilities to be used for weapon pur-
poses. This is the same nonproliferation objective as international controls on fissile 
materials. 

To reduce the amount of tritium available for nuclear weapon states by stopping its 
production. Decay then would gradually reduce the stockpile. This objective has not 
yet been embraced by the nuclear weapon states. 

An International Tritium Control System (ITCS) has been proposed for the purpose of 
preventing diversion of civilian tritium to weapons use.335 Its four rules would be:

No tritium produced in civilian facilities would be made available for any nuclear 
explosion purpose.

No tritium would be exported to states not party to the treaty.

States party to the treaty could acquire tritium by import or indigenous production 
for civilian purposes, provided they carried out accountancy measures, reported the 
resulting data to a supervising international agency, and accepted agency inspections 
of all their tritium facilities and stocks.

If the accumulated amount or throughput of tritium (including imports and indige-
nous production) in a state party to the treaty exceeded a “significant quantity” (SQ, 
of, for example, one gram), it would be subject to inspection, including verification 
of the end-use of any exported tritium.

For nuclear-weapon-state parties to the ITCS, these obligations would apply only to 
their civilian facilities and materials. Nuclear-weapon uses of tritium produced in mili-
tary production facilities in nuclear weapon states would remain uncontrolled. 

Since the verification tasks of the ITCS are comparable to those carried out by the IAEA 
for plutonium and HEU, it would be worthwhile to consider giving the IAEA a mandate 
to verify the non-weapon use of civilian tritium. The IAEA is the main international 
organization within the nuclear nonproliferation regime that carries out verification 
tasks worldwide. The verification tasks regarding tritium are compatible with the prin-
ciples and norms of the IAEA Statute. According to Article III.5 of the IAEA Statute, the 
Agency is authorized “to establish and administer safeguards designed to ensure that 
special fissionable and other materials, services, equipment, facilities, and information 
made available by the Agency … are not used in such a way as to further any military 
purpose.” Such controls could be implemented at the request of the parties to any bi-
lateral or multilateral arrangement in the field of nuclear energy.336 The procedures and 

•

•

•

•

•

•
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measurement technologies applied for nuclear safeguards related to fissile materials can 
easily be adapted to the additional task of detecting clandestine tritium production. 
This as well as tritium accountancy and inventory verification can be implemented at 
reasonable cost.337

Integrating tritium controls into a Fissile Material (Cutoff) Treaty
Tritium controls could reinforce nuclear disarmament if a cutoff of the production of 
tritium for nuclear weapons were integrated into a fissile material (cutoff) treaty or 
FM(C)T.338 The goal of such an Integrated Cutoff (ICO) would be to end tritium sup-
plies for nuclear weapons program on the way to complete nuclear disarmament. The 
four tritium-related key rules of this ICO would be the following:

No tritium production for nuclear weapons purposes.

All military facilities for the production of tritium in weapon states would be con-
verted to civilian use or shut down.

No new facilities for the production of tritium for weapons would be constructed, 
including using new tritium production technologies such as particle accelerators.

No civilian facilities would be converted into military facilities or made use of for 
military purposes, and no tritium produced in civilian facilities would be transferred 
to military uses.

The reinforcement of disarmament by the decay of the military inventory of tritium 
with a half-life of 12.3 years could be accelerated by simply removing tritium from 
nuclear warheads and placing it under IAEA safeguards.339 Assuming that most nuclear 
weapons rely on tritium for boosting their yield, they would have a greatly reduced 
catastrophic potential as soon as the tritium was removed. The precondition for such 
a qualitative nuclear disarmament would be a decision to abandon high-yield nuclear 
weapons. This could be an attractive first quick step after a decision for global and 
complete nuclear disarmament.

Complete and non-discriminatory international control of tritium would be achieved 
by a combination of these two proposed agreements. Implementation of the ITCS 
without the ICO would lead to further discrimination against the non-nuclear weapon 
states, because they would have to fulfill more obligations than the nuclear weapon 
states. On the other hand, the ICO alone does not address the tritium control in the 
civilian sector and therefore could not assure that no tritium is transferred from civil-
ian to military use. Both ICO and ITCS are verifiable with similar technical means at 
reasonable cost.
 
One advantage of an ICO would be that it would simplify FM(C)T verification. This is 
because the same facilities can be used for the production of plutonium and tritium. In 
the absence of an ICO, non-intrusive FM(C)T inspection would be required of tritium-
production targets to verify that they did not include fertile material for producing 
plutonium or some other fissile material.

Under the draft FM(C)T of the International Panel on Fissile Materials, a state party to 
a FM(C)T could “reserve HEU to fuel reactors for other military purposes that are not 
banned by the treaty, such as producing tritium for nuclear weapons.”340 Russia does, 

•

•

•

•
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in fact, produce tritium in reactors fuelled with HEU. Safeguarding the HEU might 
require new methods if there are sensitivities, for example, about revealing the operat-
ing level of the reactors. The “zero” approach, where no military production reactors or 
reprocessing plants are allowed to operate, would be easier to verify. 

Since physical barriers can never be completely tight, the most efficient way to prevent 
the diversion of tritium for military purposes, besides binding and verified political 
commitments, is to minimize any production and application. Possible future civilian 
uses of tritium for fusion power, however, would thwart this goal.

Summary
The agreement between Canada and Euratom to assure the civilian use of tritium sup-
plied by Canada for Europe’s fusion research and development programs provides a 
prototype for an International Tritium Control System that would complement the 
Non-Proliferation Treaty with a ban on the diversion of civilian tritium to nuclear-
weapon use. 

As part of a nuclear disarmament agreement, a Fissile Material Cutoff Treaty could be 
broadened to ban the production of tritium for weapons. As a result of tritium decay, 
a cutoff of fresh tritium would, on a timescale of a decade or so, transform boosted fis-
sion and thermonuclear weapons into low-yield fission weapons.

The verification arrangements for these regimes have been scoped and it appears that 
the costs would not be prohibitive.
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8  Nuclear Power and  
Nuclear Disarmament
A civilian nuclear power program provides a state a foundation to produce fissile ma-
terials for nuclear weapons. It allows a country to train scientists and engineers, to 
build research facilities, to construct and operate nuclear reactors, and possibly also to 
learn techniques of reprocessing and enrichment that could later be turned to produc-
ing weapons materials. Even small civilian nuclear energy programs can involve large 
stocks and flows of nuclear-weapon-usable materials. 

The authors of the 1945 Franck Report, an early effort to anticipate the political and 
social problems created by nuclear technology for the post-war world, raised the pos-
sibility of “conversion of a peacetime nucleonics industry to military production.”341 
The 1946 Acheson-Lilienthal Report, the first comprehensive plan to control nuclear 
energy, recognized that a system of inspections alone might not suffice to constrain 
the “latent proliferation” capabilities of civilian nuclear power in a nuclear-weapon-
free world.342 

 “ We have concluded unanimously that there is no prospect of 
security against atomic warfare in a system of international 
agreements to outlaw such weapons controlled only by a sys-
tem which relies on inspection and similar police-like methods. 
The reasons supporting this conclusion are not merely techni-
cal, but primarily the inseparable political, social, and organi-
zational problems involved in enforcing agreements between 
nations each free to develop atomic energy but only pledged 
not to use it for bombs. National rivalries in the development 
of atomic energy readily convertible to destructive purposes are 
the heart of the difficulty.”

A civilian program could carry a country along a path of latent proliferation, in which 
the country moves closer to nuclear weapons without actually having to make an ex-
plicit decision to acquire them.343 Barriers to the use of nuclear power for weapons 
are a central part of international nonproliferation policy today and will need to be 
strengthened further in a disarming world.

In a disarmed world, the existence of a nuclear-power infrastructure would shorten the 
time for states, especially former nuclear weapon states, to acquire nuclear weapons. 
This has led some analysts to conclude that reliance on nuclear power will not be toler-
able in a nuclear-weapon-free world.344 
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On the other hand, some argue that the breakout capability inherent in civilian nuclear  
power could help stabilize the transition to a disarmed world by reassuring countries 
that they could respond in kind if others sought to break out of any disarmament 
agreement.345 States would, in effect, move to non-weaponized deterrence (“virtual  
arsenals”) based on civilian nuclear energy programs able to produce in a relatively 
short time fissile materials for a few or many nuclear weapons. As states gain confidence 
that a disarmed world is robust and will endure, the need for such a potential breakout 
capability could vanish over time.
 
The purpose of a breakout would be to obtain a military advantage or respond to some 
sudden perceived security threat. In a disarmed world, motivations of prestige or status,  
which may drive some countries today to acquire nuclear weapons, would be offset by 
the stigma associated with such weapons. 

It is prudent to assume that almost any state could construct a nuclear device if it ob-
tained the requisite amounts of highly enriched uranium or separated plutonium. A 
1988 paper co-authored by Carson Mark, who had been for 25 years head of the Theo-
retical Division at the Los Alamos National Laboratory (LANL), and four of his LANL 
colleagues, including the well-known weapons designer, Theodore Taylor, concluded: 

“ Crude nuclear weapons (similar to the Hiroshima gun-type and 
Nagasaki implosion-type weapons) could be constructed by a 
group not previously engaged in designing or building nuclear 
weapons provided that they have the technical knowledge, ex-
perience, and skills in relevant areas, e.g., the physical, chemi-
cal, metallurgical and nuclear properties of the various materials 
to be used, as well as the characteristics affecting their fabri-
cation, and the technology of high explosives and/or chemical 
propellants.”346

In the remainder of this chapter, we examine how fissile material could be acquired, 
either overtly and clandestinely, for different nuclear power infrastructures, ranging 
from a world without any significant nuclear power to a world in which many nations 
have their own enrichment and reprocessing plants. We then consider what constraints 
might be imposed on nuclear power to help stabilize a nuclear-weapon-free world.

A World without Nuclear Energy
In a world without civilian nuclear power there would be only a few internationally-
shared research reactors used for scientific, industrial, medical, and other civilian pur-
poses. But there would remain a widespread reservoir of knowledge of nuclear engi-
neering. In such a world, a country wishing to obtain nuclear explosive materials could 
proceed in two ways: 

Construct an enrichment plant to produce highly enriched uranium (HEU); or  

Construct a dedicated production reactor and reprocessing plant to obtain  
plutonium.

These are, in fact, the two paths that the United States pursued in parallel to acquire 
nuclear weapons during World War II. Both routes produced enough fissile material for 
a bomb in August 1945, a little more than two and a half years after Enrico Fermi and 
his colleagues produced the first sustained fission chain reaction in December 1942.
 

1.

2.
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The United States deployed huge resources and hundreds of thousands of people in 
this effort. But a much smaller effort would have sufficed. At their design power, the 
three plutonium production reactors built during World War II were able to produce 
together by late 1945 the six kilograms of plutonium required to make a Nagasaki-type 
bomb every two weeks.347 The K-25 gaseous diffusion enrichment plant built at Oak 
Ridge, Tennessee during World War II had a similarly large capacity, producing about 
one bomb’s worth (25 kg) of weapon-grade uranium a week by 1947.348 The project was 
secret at the time, but would be discovered without much delay in the modern world 
constantly overflown by imaging satellites. 

Today, if a state wanted to develop a clandestine nuclear-weapon capability, it would 
probably choose gas-centrifuge enrichment technology, which can be deployed on a 
small scale.349 Centrifuge plants need little electricity and have few emissions or other 
characteristic signatures, thus making detection extremely difficult (Appendix A).350 
Historically, for a state without centrifuge technology, developing this capability on a 
near-commercial scale has taken upwards of a decade (Figure 8.1). It may take signifi-
cantly less time, however, if a program sought only to make simple centrifuges, without 
aiming for the high separation efficiency, throughput and durability associated with 
current commercial requirements.351 

Figure 8.1. Timeline of selected centrifuge develop-
ment programs from the R&D stage to operation of a 
pilot facility. Studies of national centrifuge develop-

ment programs suggest it takes about 10–20 years 

to develop the basic technology. The time required 

to develop such basic first generation centrifuges 

is being reduced as key technologies for producing 

precision components are increasingly available 

worldwide and are being integrated into computer-

controlled machine-tools.352

Laser-isotope separation (LIS), which also has low energy requirements but much 
higher separation factor and unit throughput, could potentially pose an even more se-
vere problem than centrifuge technology. LIS was pursued in the 1970s and 1980s but 
gas-centrifuge technology became commercially competitive first. In 2006, however, 
General Electric and Hitachi acquired an Australian laser-enrichment process, SILEX, 
and are planning to build a large (3.5–6.0 million SWU/yr) enrichment plant based on 
this process in the United States.353 If this effort succeeds, other states may pursue laser 
enrichment programs.



Global Fissile Material Report 2009�0�

Although we are assuming a world with no nuclear power, some states would have 
spent fuel from past nuclear activities. Such countries could, in principle, mine this 
legacy material for plutonium. The IAEA estimated that, as of 2005, there were about 
165,000 tons of power reactor spent fuel stored worldwide, and projected that there 
might be 280,000 tons of power reactor spent fuel stored by 2015.354 Today, this spent 
fuel is stored on the surface. In a future world without nuclear power, it might be stored 
in underground repositories. IAEA policy is to continue safeguarding spent fuel even 
after repository closure.355 The breakout should therefore be detected at the latest when 
a country starts mining operations. Conceivably, significant quantities of spent fuel 
could be recovered within months from a buried repository.356 

Spent fuel from a commercial light-water reactor typically contains about one percent 
plutonium. Enough plutonium to make a first-generation Nagasaki-type bomb could 
therefore be recovered from a single ton of spent fuel.357 To separate this plutonium, a 
country would have to reprocess the spent fuel (Figure 8.2). 

Figure 8.2. The key steps in a basic reprocessing 
plant. With the current PUREX technology, the spent 

fuel is chopped into small pieces and dissolved in 

hot nitric acid. The plutonium is extracted in an 

organic solvent that is mixed with the nitric acid us-

ing blenders and pulse columns, and then separated 

with centrifuge extractors.

A state with access to spent fuel could construct in advance a “quick and dirty” re-
processing plant with minimal and rudimentary arrangements for worker radiation 
protection and radioactive waste management. This might be accomplished in a year 
or less. A relatively small reprocessing plant with a capacity of 50 tons heavy-metal per 
year could separate up to 500 kilograms of plutonium annually, or enough for a single 
bomb in a week or less.358

Thus, even in a world without nuclear energy, states with spent-fuel repositories could 
try to secretly position themselves to be only months or less away from a nuclear-weap-
on capability. The key question would be whether, in a nuclear-weapon-free world, 
repugnance of nuclear weapons would be so pervasive and societal verification suffi-
ciently well organized and effective, that it would be impossible to keep such a project 
secret (Chapter 9).
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A World with Nuclear Energy 
Today, thirty-one nations have nuclear power plants (Figure 8.3).359 Seven of these 
states have nuclear weapons: the United States, Russia, United Kingdom, France, China, 
India and Pakistan.360 Two states, Israel and North Korea, have nuclear weapons but do 
not have civil nuclear energy programs. At least six states with nuclear energy programs 
have had nuclear-weapon programs in the past: Argentina, Brazil, South Africa, South 
Korea, Sweden and Taiwan. About 30 countries have expressed interest in launching 
nuclear energy programs.361 Among these, 20 countries have announced plans to build 
power reactors by 2020.

Figure 8.3. Global distribution of operating nuclear 
power reactors, 2009. There are 31 states with 

nuclear powers plants, 19 of these are in Europe 

(including Russia and the Ukraine), 6 in Asia 

(including Taiwan), 5 in the Americas, and one in 

Africa. Since 2006, about 20 countries that have no 

nuclear power plants today have announced plans 

to build one or more reactors by 2020: they include 

Algeria, Australia, Bangladesh, Egypt, Indonesia, 

Israel, Jordan, Libya, Morocco, Nigeria, Qatar, Saudi 

Arabia, Syria, Turkey, the United Arab Emirates, 

Vietnam, and Yemen.

There are many ways to deploy and use nuclear energy, which differ with regard to the 
nuclear fuel cycle, ownership and management. Today, although it is a subject of de-
bate, every country is allowed to deploy its preferred fuel cycle and all relevant facilities 
are under national control. This means that the host state is in a position to take them 
over quickly and operate them successfully. The length of time it would take country 
to acquire nuclear weapons would therefore depend upon what nuclear facilities it has 
to begin with. Below, three classes of countries are considered:

Countries with reprocessing plants;

Countries without reprocessing plants or separated plutonium, i.e. operating their re-
actors on a “once-through” fuel cycle, but with national uranium-enrichment plants; 
and

Countries operating on a once-through fuel cycle and without national uranium-
enrichment plants.

•

•

•
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Figure 8.4. Radiation dose levels one meter away 
from 4 kilograms of plutonium. Even with different 

admixtures of transuranic elements (TRU), the 

dose rates are all hundreds of times lower than the 

level that the IAEA considers self protecting and 

thousands of times lower than is provided by the 

cesium and strontium in spent fuel (right bar).365 

WPu stands for weapon-grade plutonium; RPu for 

reactor-grade plutonium; TRU stands for all the 

transuranics in the spent fuel.

Countries with reprocessing. Countries that operate reprocessing plants or have pluto-
nium separated from fission products from the reprocessing of their spent fuel in other 
countries can obtain plutonium for weapons almost immediately, though it might still 
take days or weeks to process the plutonium into weapons.

The reactor-grade plutonium typically discharged from today’s commercial light-wa-
ter power reactors can be used to make nuclear weapons. A 1997 U.S. Department of 
Energy Report restated a U.S. position that dated back at least to 1977: “Virtually any 
combination of plutonium isotopes … can be used to make a nuclear weapon. […] reac-
tor-grade plutonium is weapon-usable, whether by unsophisticated proliferators or by 
advanced nuclear weapon states.”362

If it is available, nuclear-weapon designers prefer “weapon-grade” plutonium (more 
than 90% Pu-239), however. This could be obtained by any country with a power reac-
tor by withdrawing a batch of fuel after it had reached only about 5 percent of its de-
sign burnup. At this point, the 20-ton load of fuel typically discharged annually from a 
light-water reactor would contain about 40 kg of weapon-grade plutonium.363 This fuel 
could be reprocessed without much delay due to its low radiation level. 

Some advocates of reprocessing have recognized this problem and suggested alterna-
tive reprocessing technologies in which pure plutonium would not be separated out.364 
But none of the proposed technologies would significantly increase the time required 
for a country to obtain weapon-usable plutonium from the mixes containing the re-
cycled plutonium. Perhaps most importantly, the gamma radiation fields around all 
such mixes are orders of magnitude lower than the gamma radiation field around spent 
fuel (Figure 8.4). It therefore would be far less hazardous than spent fuel to handle and 
less demanding to reprocess.

The proliferation risks associated with reprocessing and the recycling of plutonium 
are seen as high in today’s world. In a nuclear-weapon-free world, fuel cycles involving 
separated plutonium might be considered intolerable.
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Countries with once-through nuclear fuel cycles and uranium-enrichment plants. 
Light-water reactors (LWRs) are likely to continue to dominate nuclear power world-
wide for the next several decades. Such reactors operate most economically on a once-
through fuel cycle. In such a fuel cycle, reactors are fueled with low-enriched uranium 
and the fuel that is discharged is stored and there is no plutonium separation. LWRs 
depend upon uranium enrichment, however, and today’s gas-centrifuge enrichment 
plants can be used to produce weapon-grade uranium as well as low-enriched ura-
nium.366

There are twelve states today with uranium enrichment plants (Figure 8.5). Of these, 
India and Pakistan operate only military enrichment plants. Iran’s enrichment pro-
gram has focused attention, however, on the fact that an increasing number of coun-
tries are pursuing enrichment programs—or might decide do so in the future. The 
Director General of the International Atomic Energy Agency has suggested that “we are 
going in the next 10 or 20 years to have 30 or 40 countries, in my estimation, who are 
virtual nuclear weapon states.” because they will have uranium enrichment.367

Figure 8.5. Global distribution of civilian uranium 
enrichment capacity, 2009. There are today 17 plants 

in 12 countries (France, Germany, the Netherlands 

and United Kingdom in Europe), including possibly 

three military enrichment plants in South Asia.

Centrifuge plants are organized into cascades designed to convert natural uranium into 
low-enriched uranium (LEU). A commercial plant typically has many such cascades op-
erating in parallel. The quickest path to produce weapon-grade uranium at a centrifuge 
facility designed to produce low-enriched uranium could be through “batch” recycling 
with no reconfiguration of the cascade piping. The product of some cascades would be 
fed into other cascades instead of natural uranium and the output of that second set of 
cascades would be fed into a third set. In this manner, it would be possible within days 
to begin the production of weapon-grade uranium (Figure 8.6). 
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Figure 8.6. Enrichment level of the product 
recovered from a centrifuge cascade after two 
batch-recycling steps. In this simulation, at time 

zero, low-enriched uranium (3.5%) is fed into three 

cascades connected in parallel. The output of these 

cascades reaches an enrichment level of 16.3%. This 

product is fed into a fourth cascade, which delivers 

weapon-grade uranium after about 3.5 days.368

For a small national enrichment facility sized to fuel a one GWe LWR, the time to 
produce HEU sufficient for a few weapons would be on the order of a few weeks. Com-
mercial centrifuge plants in operation today are typically very much larger, however, 
sized to fuel tens of power reactors. A facility sized to support about ten reactors would 
be capable of providing enough HEU for several weapons per week. 
 
Countries that have national enrichment plants therefore have near nuclear-weapon-
state status. In a nuclear-weapon-free world, it might be required to put these plants 
under some sort of multinational or international control and site them in countries 
that would not have the military forces or the expertise to seize and operate them in 
the face of international opposition.

Countries with once-through nuclear fuel cycles and no reprocessing or enrichment 
plants. Countries with no reprocessing or enrichment plants would still have spent nu-
clear fuel. If it were possible to build a clandestine “quick and dirty” reprocessing plant 
undetected, a country could begin to produce plutonium for weapons within weeks.

In summary, therefore, countries with reprocessing or enrichment plants could pro-
duce fissile materials for several weapons within days or weeks. Countries with nuclear-
power reactors could do so within months, if they were able to clandestinely build a 
quick and dirty reprocessing plant in advance without detection. If they were unable 
to do so—perhaps due to effective societal verification (Chapter 9)—then they might 
be on the order of a year from having nuclear weapons materials. Finally, in a world 
without nuclear power and with all spent fuel in monitored underground repositories, 
the world would have at least a few more months to respond to a country breaking out 
by using a repository as a plutonium mine.
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Figure 8.7 offers some notional timelines for the different fissile material production 
scenarios, which summarize the relative “breakout-resistance” of the different nuclear-
power situations discussed above. It is assumed states would choose a breakout option 
that would minimize the time available for the international community to intervene 
and prevent the production of a few nuclear weapons.

States that have never had a nuclear energy program would take the longest time to 
break out. For them to break out with a clandestinely built enrichment plant could take 
perhaps a decade. A reprocessing route would be quicker, but lacking spent fuel, along 
with the reprocessing plant they would need also to build a production reactor, which 
could most likely not be concealed. The time to build the two facilities and irradiate 
and reprocess the fuel would be a few years. States with greater fuel cycle expertise and 
capabilities—and more developed domestic markets for specialized components and 
materials normally associated with enrichment and reprocessing programs—would 
take correspondingly less time to build either a small enrichment or small reprocessing 
plant. A state with a domestic enrichment industry could build a clandestine facility 
within a year or so, or within a few weeks convert a civilian enrichment plant to pro-
duce HEU. A state with already separated civilian plutonium stockpiled at a domestic 
reprocessing plant under national control would be able to obtain weapon-usable ma-
terial immediately. The IAEA assumes that plutonium or HEU could be converted into 
weapons components within 1 to 3 weeks.369

Figure 8.7. Notional times to produce fissile material 
for a small number of nuclear weapons for states 
with different nuclear energy capabilities. The four 

scenarios, from left to right, correspond to states that 

have never had nuclear energy programs (far left); 

states that have ended their nuclear programs and 

retain only legacy spent fuel in a geological repository 

and some prior nuclear expertise; states with an active 

nuclear energy program based on a once-through 

nuclear fuel cycle and no national enrichment or repro-

cessing plants; and states with operating enrichment 

and reprocessing plants (far right). The total height of 

a bar represents the time to produce fissile materials. 

The time during which the program would be overt is 

the upper half of the figure and the covert period in 

the lower half. The breakout options include building 

a clandestine centrifuge enrichment plant (dark grey 

bars) and building a “quick and dirty” reprocessing 

plant either covertly or more quickly in an overt crash-

program (green).
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Transition Period
The discussion so far has focused on a nuclear-weapon-free world. But such a world will 
likely take a long time to achieve, and it is important to ask what would be the impact 
of nuclear power on stability during the transition period, which would be character-
ized by relatively small nuclear arsenals with tens to hundreds of warheads.

During the transition, the current nuclear weapon states would have access to large 
amounts of fissile materials recovered from dismantled nuclear weapons. These stock-
piles might be placed under some type of international monitoring to await disposi-
tion, but could be removed suddenly from monitoring if the host state decided to do so. 
During this period, therefore, former weapons material would provide a quicker route 
to rearmament than the domestic civilian nuclear energy sector.
 
For non-weapon states with a civilian nuclear power and fuel cycle infrastructure, 
nothing much would be changed by the disarmament process in the weapon states. 
They would retain the option of diverting materials from their civilian programs to 
weapons if the disarmament process somehow fell apart.

A key question for the achievement of a weapon-free world is whether, during the 
transition, reliance on civilian nuclear power increases in states that have it today and 
expands to new states. If the expansion includes a proliferation of fuel-cycle facilities 
to countries that today have no or only a negligible amount of nuclear power, then as 
the world moves toward nuclear disarmament, there would be additional countries 
with either stockpiles of nuclear weapon-usable material or facilities to produce such 
material. It is therefore not too early to think about and to begin to organize institu-
tional arrangements that would minimize the destabilizing impact of nuclear power in 
a nuclear-weapon-free world.

Institutions and Safeguards for a Nuclear-Weapon-Free World
The essential challenge of safeguarding nuclear power in a nuclear-weapon-free world 
is to lengthen the period between the start of any effort by a country to acquire nuclear 
weapons and its fruition, during which time the international community could de-
velop an effective response. 

At a minimum, all nuclear facilities would be placed under international safeguards, 
such as now implemented by the International Atomic Energy Agency (IAEA) in non-
weapon states. Such safeguards would include inspections at declared nuclear facilities 
and the universal implementation of the Additional Protocol, with perhaps strength-
ened authorities for the IAEA to look for undeclared, clandestine nuclear facilities.

Important additional measures would be regional, multinational and international ar-
rangements to discourage national fuel cycle facilities, such as reprocessing and en-
richment plants.370 International spent fuel storage sites and repositories, where states 
collectively own and operate sites, could offer a greater degree of oversight and security 
against plutonium mining. The transition from today’s national fuel-cycle facilities to 
multinational facilities would take time but, at the least, it could be required that any 
new facilities be multinational.

This raises questions about where such facilities would be built and by whom and what 
sort of multinational management structure provides effective control over the use of 
such a facility.371 Collective ownership works to create a potential political barrier to the 
host state seizing the plant for weapons purposes. In the longer run, the establishment 
of an international authority to oversee and manage all the sensitive parts of the fuel 
cycle for all countries—notably enrichment and reprocessing—may be necessary.372
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Conclusion
Possession of civilian nuclear power would shorten the time required for a state to 
break out of a disarmament agreement and produce nuclear weapons. By the same 
token, such possession also would allow a more rapid deployment or redeployment of 
nuclear weapons by states wishing to match such a breakout. The existence of a civilian 
nuclear program would probably also make more possible, though still difficult, a clan-
destine program by a state to produce fissile material for weapons, which if successful 
could reduce the time available for the international community to react against the 
country.

If civilian nuclear power were phased out in parallel with nuclear weapons disarma-
ment and before a possible expansion spread nuclear power to many more countries, it 
would have some security advantages in making it more difficult and time-consuming 
for the scores of countries without any nuclear infrastructure today to launch nuclear-
weapon programs from scratch. 

If civilian nuclear power is not phased out, it is important to limit to the extent pos-
sible national nuclear fuel cycle facilities. Reprocessing plants, by producing nuclear 
weapon material directly or nearly directly, present the greatest dangers in a nuclear-
weapon-free world. They provide the most plausible route to get weapon-usable mate-
rial, and they shorten the time for a breakout to days or weeks. Other countries with 
similar plants could respond by a similar breakout also in a short time. The speed of 
such breakouts would give little time for collective responses under the United Nations 
Charter, including international sanctions and other actions. Given this situation, seri-
ous consideration should be given to the possibility of phasing out reprocessing plants 
altogether. In principle, this should not be a difficult decision, since reprocessing will 
not be necessary or economic for the foreseeable future. In practice, however, the pow-
erful reprocessing and breeder reactor establishments in a number of countries would 
put up strong political resistance.

How important would it be to give the international community a few more weeks or 
months or even years to respond to a breakout? The answers depend upon political 
considerations beyond the issues of civilian nuclear power and fissile materials, and 
include: how a state might use a fleeting nuclear-weapons monopoly; whether the state 
in question is powerful enough militarily and economically to resist a non-nuclear re-
sponse; and what enforcement mechanisms could be built into a disarmament treaty.
In any case, as an adjunct to any nuclear disarmament treaty, it would be essential to 
create international institutions to operate and safeguard both enrichment and repro-
cessing plants (if they cannot be eliminated altogether) and spent fuel storage sites. 
Such a system should be established during the lengthy transition period to disarma-
ment by moving as many parts of the fuel cycle as possible from national to multina-
tional and preferably international control. 

Even with stringent and equitable new rules to govern nuclear power, its continued 
operation and certainly any global expansion will impose serious proliferation risks in 
the transition to nuclear disarmament. A phase-out of civilian nuclear energy would 
provide the most effective and enduring constraint on proliferation risks in a nuclear-
weapon-free world. The costs and benefits of such a phase-out, however, would require 
a broader discussion of global energy policy.
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9   Societal Verification
The concept of societal verification, the reporting of possible violations of international 
nuclear-disarmament agreements both by ordinary citizens and those such as nuclear 
scientists with direct knowledge of such violations was apparently first introduced by 
Leo Szilard, a physicist best known for his contributions to the making of the atomic 
bomb, and later for his advocacy that it not be used against Japan. The idea was even-
tually taken up by others, including Joseph Rotblat, a Manhattan Project scientist and 
founder of the Pugwash movement, who emphasized both its pivotal role in verifying a 
nuclear-weapon-free world and the difficulty of persuading scientists and technologists 
to act as whistle-blowers in a world of competing nation-states and strong traditions 
of patriotism. 

In this chapter, we briefly summarize the history of societal verification and discuss the 
actions of the most prominent modern whistle-blower, the Israeli nuclear technician, 
Mordechai Vanunu. 

Although a nuclear-weapon-free world may be some time away, there is already an 
agreement in the nuclear domain where societal verification could be usefully applied, 
the Nuclear Non-proliferation Treaty (NPT). Since the discovery of a covert nuclear 
program in Iraq, the International Atomic Energy Agency (IAEA) has begun to comple-
ment its traditional safeguards with the analysis of public information and informa-
tion provided by the intelligence communities of member states. To date, however, 
the IAEA hasn’t provided a formal channel for non-governmental organizations or 
individual scientists and technologists to reveal possible violations of the NPT. A better 
understanding of the potential and challenges involved in the use of information from 
such non-traditional sources as a means of detecting clandestine nuclear activities is 
emerging. But a strong and demonstrable commitment to nuclear disarmament by the 
nuclear weapon states may be required to create social legitimacy for such whistle-
blowing.

Szilard’s proposal
During World War II, as Manhattan Project scientists and engineers raced to build 
facilities to make highly enriched uranium and plutonium and to design the bomb, 
in 1944, Leo Szilard shifted his attention from advancing the project to the need for a 
system of international controls to prevent a post-war nuclear arms race between the 
United States and the Soviet Union.373 In March 1945, Szilard drafted a memo, “Atomic 
Bombs and the Postwar Position of the United States” for transmission to President 
Roosevelt.374 Szilard argued that, given the significant overlap in the technologies for 
peaceful applications of nuclear energy and for making bombs, a very tight system of 
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controls would be required including unrestricted access by international inspectors to 
the territory of all states to detect possible misuse of the peaceful atom as well as pos-
sible clandestine nuclear activities dedicated to making nuclear bombs. In the memo, 
Szilard argued:

“ That there may be dangerous loopholes in control systems which 
might be set up is illustrated by events that took place after the 
First World War. At that time there were many Germans who 
were willing to give information to the Inter-allied Commission 
about violations of the control regulations, but those who actu-
ally did so were publicly tried under the German Espionage Law 
and were given heavy sentences. The Treaty of Versailles did not 
stipulate that the German Espionage Law must be revoked.  
 
Clearly, it would be desirable to create a situation, which would 
permit us to appeal in various ways to physicists and engineers 
everywhere for information that would uncover violations of the 
controls. This would give us additional assurance that such vio-
lations would be detected, but it presupposes that we succeed in 
creating conditions that would enable us to guarantee the per-
sonal safety of their families.” 

 
These comments allude to the two potential modalities for societal verification, “citi-
zens reporting,” also known as “inspection by the people,” and “whistle-blowing” by 
those who have direct knowledge of violations of international treaties or agreements, 
in particular, scientists and technologists who are employed by relevant laboratories 
and industries. Szilard notes that societal verification requires legal sanction and, espe-
cially in the case of whistle-blowers, who often are sworn to secrecy as a condition of 
their employment, the assurance of physical protection for both them and their fami-
lies. This would be especially important if they resided in states where the punishment 
for whistle-blowing is likely to be severe.
 

 

Figure 9.1. Leo Szilard (1898–1964), the 

scientist who introduced the concept of 

societal verification in the nuclear age, here 

in September 1949 reading of the onset of 

the U.S.-Soviet nuclear arms race, which 

he anticipated and warned against. Credit: 

Argonne National Laboratory, courtesy AIP 

Emilio Segrè Visual Archives.
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After the war, Szilard and others elaborated on these ideas, specifically in the context 
of detecting violations of treaties and agreements in the area of nuclear weapons such 
as a ban on nuclear testing or a ban of nuclear weapons altogether. 

Obviously, societal verification, including whistle-blowing, can be and has been 
applied in monitoring agreements and reporting violations in many other con-
texts, e.g., human rights, humanitarian assistance, and environmental protection.  
Although a detailed discussion of these other areas would carry us too far afield, we 
mention them briefly below in those cases where the experience gained might provide 
useful lessons for the application of societal verification in the nuclear area.
 
An International Duty?
The most vigorous proponent of societal verification in recent years, particularly in the 
context of verifying a nuclear-weapon-free world, was the late Joseph Rotblat. A paper 
he wrote in 1993 provides a useful summary of previous work in this area, mostly dat-
ing from the 1950s and 1960s, as well as his own views about the role of societal verifi-
cation in a nuclear-weapon-free world and the importance of and obstacles involved in 
enlisting ordinary citizens as well as scientists and technologists.375 

Figure 9.2. Sir Joseph Rotblat (1908–2005), 
a Manhattan Project scientist, one of the 

founders of the scientists’ Pugwash move-

ment, and a strong advocate of societal 

verification. Rotblat, a Nobel Laureate, was 

a leading supporter of Israeli whistle-blower 

Mordechai Vanunu, arguing that Vanunu‘s 

exposure of Israel‘s nuclear weapon pro-

gram was an act of conscience. Credit: Peter 

Hönnemann. 

 
With regard to its role in a nuclear-weapon-free world, Rotblat agrees with the prevail-
ing view that, while there is considerable room for improvement in technical verifica-
tion methods such as physical inspection, instrumental detection and aerial reconnais-
sance, such methods cannot be relied on to provide complete assurance that all nuclear 
weapons had been eliminated or weren’t being secretly produced. Since the possession 
of a even few weapons might give a transgressing state the capability to exert political 
blackmail, a complementary societal verification system needs to be developed and 
used alongside technical verification means to provide the requisite assurance that vio-
lations of a treaty banning nuclear weapons would be detected in a timely manner. 
Others, including both proponents and opponents of abolition, share Rotblat’s view 
that technical verification means do not suffice, but are skeptical of the efficacy or are 
unfamiliar with the potential of societal verification.
  



Global Fissile Material Report 2009 ���

The skepticism about societal verification is based primarily on doubts about the will-
ingness of citizens, including scientists, to report violations of international treaties 
and agreements by their country, especially in non-democratic states, and the impact 
of false alarms on the verification system. Following earlier proposals, Rotblat, counters 
that, for societal verification to be effective, such reporting must be generally recog-
nized to be the right and duty of all citizens and that, to this end, the international 
treaty or agreement, specifically one that establishes a nuclear-weapon-free world, must 
contain a clause requiring that national laws be enacted that guarantee the right and 
require the duty.376

As to the presumed ineffectiveness of citizens reporting in non-democratic states, Rotb-
lat notes that the refusal of a state to sign the treaty would amount to a declaration that 
it intended to acquire nuclear weapons, while acceding to the treaty with the intention 
of cheating would be difficult because the international control agency would have the 
right to monitor for violations using both technical and societal means. For example, 
the probability of detecting a small, clandestine centrifuge plant by wide-area envi-
ronmental sampling would be greatly enhanced if the agency had information about 
where such a plant might be located. 

Rotblat was apparently the only scientist to leave the Manhattan Project when it be-
came clear in late 1944 that Germany didn’t have a viable nuclear weapons program; 
and given this background, it isn’t surprising that he emphasized the important role of 
scientists and technologists as potential whistle-blowers, a role that is to a degree sup-
ported by the openness of international science. 

Rotblat recognized that one of the most difficult aspects of societal verification is the taint 
of disloyalty, the stigma of spying on colleagues or fellow-citizens, and he issued a clarion 
call for a new mindset involving a loyalty to mankind instead of individual nations:377 

“ At present, loyalty to one’s nation is supreme, generally overrid-
ing the loyalty to any of the subgroups. Patriotism is the dogma; 
‘my country right or wrong’ the motto. And in case these slogans 
are not obeyed, loyalty is enforced by codes of national criminal 
laws. Any transgression is punished by the force of law: attempts 
by individuals to exercise their conscience by putting humanitar-
ian needs above those dictated by national laws are denounced 
by labeling those individuals as dissidents, traitors or spies. They 
are often severely punished by exile (Sakharov), long-term prison 
sentences (Vanunu), or even execution (the Rosenbergs).
 
  The time has now come to develop, and recognize consciously, 
loyalty to a much larger group, loyalty to mankind. […] Among 
scientists the feeling of belonging to mankind is already well 
developed. Science has always been cosmopolitan in nature; its 
methods and ethics are universal, transcending geographical 
frontiers and political barrier. Because of this, scientists have de-
veloped the sense of belonging to the world community, of being 
citizens of the world. […] This new loyalty is necessary for the 
protection of the human species, whether nuclear weapons are 
eliminated or not. But the recognition of the necessity of this 
loyalty, and the education of the general public about this need, 
would be of momentous importance in ensuring compliance 
with a treaty to eliminate nuclear weapons.”
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The historical record with regard to scientists acting as citizens of the world and not 
of individual states, especially with regard to the development of weapons of mass 
destruction, is not encouraging, however.378 The involvement in work on chemical 
weapons by the eminent German physical chemist, Fritz Haber; the work on nuclear 
weapons by Soviet scientist and later human-rights activist, Andrei Sakharov; and the 
work on Soviet biological weapons by Ken Alibek offer important examples.

During World War I, the Jewish-born Haber, who would win the Nobel Prize in chem-
istry in 1918 for the discovery of a process for the synthesis of ammonia, headed the 
effort to develop chemical weapons for Germany. He pursued the task with strong 
purpose and great energy and never tried to minimize his role or expressed any moral 
misgivings even after the war. In this respect, he remained a German patriot to the 
end, which came in 1933 with the rise of Hitler when he had to resign as director of 
the Kaiser Wilhelm Institute for Physical Chemistry. Still, in his farewell letter to his 
Institute colleagues, he could say: “Im Frieden der Menschheit, im Kriege dem Vaterlande!” 
(In peace for mankind, in war for the fatherland!)379

  
Unlike Haber, Sakharov, a leading Soviet nuclear weapon designer, acknowledged the 
terrible nature of the weapons he and his colleagues built after World War II. But they 
were also convinced that the effort to keep pace with the United States in the nuclear 
domain was essential, and the dedication and energy they brought to their work was 
characteristic of “a true war psychology.”380 The Soviet Government rewarded them 
amply for their successful efforts, and it was only later, after nuclear parity with the 
United States had been achieved, that Sakharov began to speak out publicly about the 
dangers of the nuclear arms race. His behavior was hardly unique: like their fellow 
citizens, many scientists become convinced of their patriotic duty to aid their country 
when its national security is threatened by external powers, and only have second 
thoughts later, if at all. 
 
Moreover, when Haber and Sakharov were engaged in the development of chemical 
and nuclear weapons, respectively, there were no international treaties or agreements 
prohibiting such work. This was not true in the case of Ken Alibek, however, who was 
informed after joining Biopreparat, the principal Soviet agency for R&D in biological 
weapons, in 1975, that the work he would be engaged in violated the 1972 Biological 
and Toxins Weapons Convention, of which the Soviet Union was a signatory. He was 
also told that the United States had a secret biological weapons program, however, and 
on this basis had no difficulty in engaging in his assigned tasks, which had the add-
ed attraction of involving significant technical challenges. Alibek later left the Soviet 
Union and revealed the details of the Soviet biological weapons program.381

 
In Alibek’s case, there was a legal basis for blowing the whistle, even if it was not acted 
on, but what of situations where there is no such basis, i.e., the activity in question isn’t 
prohibited by international treaty or agreement? An interesting case in point is that of 
Mordechai Vanunu, who worked as a technician in the secret Dimona nuclear weap-
ons facility in Israel from 1976 to 1985. During this time, Vanunu surreptitiously took 
photographs of the parts of the facility to which he had access. He subsequently shared 
these photos, along with his notes about the operation of the facility, with reporters 
for the Sunday Times. A front-page story, based on this information, was published by 
the Times on 5 October 1986. By that time, however, Vanunu had been kidnapped by 
Israeli intelligence agents and taken to Israel where he was tried in secret and sentenced 
to 18 years in prison for violating the secrecy oath that he took at the time of his em-
ploy.382 Vanunu was released in 2004, but has been denied permission to leave Israel 
where he is almost universally viewed as a traitor. 
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Figure 9.3. Two of the pictures taken by Vanunu 
inside Dimona in or before 1985, showing mock-up 

bomb components (left) and a control room of the 

Dimona plant (right). Vanunu shared these photos, 

along with his notes about the operation of the 

facility, with reporters for the London Sunday Times. 

A front-page story, based on this information, was 

published by the Times on 5 October 1986. By that 

time, however, Vanunu had been kidnapped by 

Israeli intelligence agents and taken to Israel where 

he was tried in secret and sentenced to 18 years in 

prison.

A small group of individuals, including Joseph Rotblat, supported Vanunu through 
his arrest, trial and punishment on the grounds that, on the one hand, the existence 
of a nuclear arsenal in Israel was already well-known and, on the other, that Vanunu 
acted out of a genuine concern that this secret, advanced nuclear arsenal was a threat 
to world peace. Thus, while he may have committed a crime in the sense of violating 
the Israeli Official Secrets Act—which Vanunu claims he signed before being informed 
that he would be working on nuclear weapons—Rotblat and others considered Vanunu 
to be a bona fide whistle-blower and a true prisoner of conscience, whose punishment, 
which included being kept in solitary confinement for ten years, was unduly harsh.383

Vanunu revealed new, concrete evidence of a large and sophisticated nuclear arsenal, 
and, in so doing, raised troubling questions about Israeli nuclear policy. However, since 
Israel is not a signatory of the NPT, its acquisition of nuclear weapons, which it has 
decided not to publicly acknowledge, does not violate international agreements. The 
issue then is the tension between a country’s desire to keep secret certain information 
about its activities, especially relating to national security, and the right of insiders to 
blow the whistle, even if they violate security regulations in doing so. 
 
Lessons for the Nuclear Domain?
There is a growing effort to better understand the opportunities and challenges of us-
ing whistle-blowing and other sources of information to uncover nuclear programs. 
In an important analysis, Ronald Mitchell examined how non-governmental “actors,” 
and non-governmental organizations (NGOs) in particular, could help in identifying 
undeclared nuclear facilities.384 Such groups have shown themselves capable and will-
ing to assist international regimes in contexts such as human rights, humanitarian 
assistance, and environmental protection by accurately and honestly monitoring and 
reporting violations of international treaties and agreements in these areas. Mitchell 
describes such actions as a “fire alarm” system and contrasts it to traditional safeguards 
procedures of the International Atomic Energy Agency, which he refers to as a “police 
patrol” system. 
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The limitations of the safeguards system came to prominence as a result of the failure of 
the IAEA to detect nuclear facilities in Iraq prior to the conclusion of the 1991 Gulf War — 
and remain a major concern for non-proliferation policy. While subsequent efforts to 
address this problem by increasing the IAEA’s authority to conduct more intrusive and 
unannounced inspections on the one hand, and to utilize intelligence information 
supplied by member states on the other, are both useful they have basic limitations. 
The Iraqi experience has not eliminated most states’ resistance to such inspections. 
Moreover, the resources that the IAEA can devote to such activities are limited. While 
“fire alarms” by member states related to clandestine activities can be very valuable, the 
IAEA has to very cautious in using such information as the states ringing the alarm of-
ten have their “own axes to grind,” and also may demand unacceptable quid pro quos. 

Mitchell concludes that there is a potentially useful role for a “fire alarm” system to 
detect undeclared nuclear activities utilizing information supplied by civil society 
groups, but only if several conditions are satisfied. In particular:

These groups have the capability to detect and report on suspect nuclear-related 
activities;  

The balance of incentives and disincentives to do so must favor the former; and  

The IAEA has the resources and political authority required to process this informa-
tion and to discriminate between false and true alarms, and use it. 

We discuss these requirements in turn in the following.
 
With reference to both (1) and (2), Mitchell makes the useful distinction between ac-
tors who are nationals of the government they are reporting on and those who are not. 
While the threat of retaliation for insiders is likely to be much greater than for outsid-
ers, the access of insiders to relevant information is also likely to be greater. Moreover, 
they also may have strong incentives to reveal such information because they oppose 
the acquisition of nuclear weapons on various grounds or as a way of embarrassing and 
bringing external political pressure on a government that they want removed for other 
reasons. 

An example often cited to illustrate the latter motive is the revelation in 2002 by the 
Iranian opposition group Mojahedin-e Khalq of the existence of a centrifuge facility 
at Natanz in Iran. Given that this group has its headquarters in Iraq, thus protecting 
it from retaliation by the Iranian government, it probably is more accurately char-
acterized as an insider/outsider organization. In addition, there is credible evidence 
in this instance that it served as a convenient conduit for the release of information 
acquired by a foreign government opposed to Iran’s nuclear activities. However, to the 
extent that such cooperation makes fire alarms more effective politically, they probably 
should be (discreetly) encouraged.

Also, while outsider NGOs in general have neither the financial resources nor the tech-
nological capabilities available to government intelligence organizations, some NGOs 
involved in monitoring non-nuclear activities have demonstrated impressive capabili-
ties as well as considerable zeal in pursuing their objectives. 
 

1.

2.

3.
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In the nuclear area, there exists a legion of local community-based anti-nuclear groups, 
especially around nuclear sites, including nuclear weapons facilities. They are particu-
larly visible in the United States and United Kingdom, but have also emerged else-
where.385 Over time, some of these groups become very expert in understanding the 
activities at the site they contest, and develop some prominence as principled critics. 
There are now also NGOs that exist as vehicles to expose wrong-doing by government 
programs—a leading U.S. example is the Project on Government Oversight.386 Both 
kinds of groups have served to attract whistle-blowers seeking to reveal problems at 
nuclear facilities where they work. 

While NGOs operating in the nuclear domain currently don’t have great technical 
skills, some, e.g., Greenpeace, the National Resources Defense Council and the Insti-
tute for Science and International Security, have demonstrated the capacity to monitor 
radiation levels or interpret commercial satellite imagery (Figure 9.4), while others, 
such as the Stockholm International Peace Research Institute and the Monterey In-
stitute for International Studies have compiled impressive data bases based on open 
source information. Moreover, technological developments may significantly increase 
these capabilities. The cost of satellite imagery, for example, has declined considerably 
in recent years while its spatial resolution has increased. 

October 2007

August 2007

Figure 9.4. The Al Kibar site in Syria in August and 
October 2007. On 6 September 2007, Israel attacked 

a target inside Syria. Analysts with the Institute for 

Science and International Security (ISIS), a Wash-

ington-based group, acquired commercial satellite 

imagery taken before and after the raid and were 

able to pinpoint the site of the attack (35.708 N, 

39.833 E). A box-shaped building had disappeared 

and efforts were underway to clean-up the site. In 

May 2008, the IAEA informed Syria that it intended 

to send a team of inspectors to Syria to “review all 

available information and to visit the Dair Alzour 

[Al Kibar] site and three other locations alleged by 

some Member States to be of relevance.”387 Credit: 

Google Earth (August 2007) and Digital Globe/ISIS 

(October 2007).
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Understandably, states that provide intelligence information must protect their sources.  
This requires that the IAEA to be very cautious in evaluating and acting on such infor-
mation, however, since accusations that prove to be false alarms entail significant po-
litical costs. Accepting information from non-state actors could considerably increase 
the difficulty of distinguishing false from true alarms. Even assuming that most out-
sider NGOs have strong incentives to accurately report their findings, the information 
provided by insiders is potentially much more valuable, while also generally being 
more difficult to verify.
 
The larger political problem is that while some countries welcome the opportunity 
to provide select information to the IAEA about illicit nuclear activities in states they 
consider to be “rogues,” they are much less enthusiastic about empowering non-state 
actors to do the same because of concerns that the latter might blow the whistle on 
questionable activities within their own borders, particularly with regard to matters 
related to national security.

For their part, many insiders will only provide information if they can do so without 
revealing their identities. Here, technology may be coming to the rescue. Various po-
tential methods have recently been described that use proxy computers in countries 
that don’t censor the internet to assist people to communicate their information un-
traceably.388

 
In sum, the information provided by non-state actors, both insiders and outsiders, 
might significantly assist the IAEA in detecting undeclared nuclear activities. But this 
will require the creation of a system for collecting and evaluating the information, and 
developing procedures for how to respond. This will be even more important in verify-
ing a nuclear-weapon-free world. 

There is, in fact, already a precedent in the field of human rights. The International 
Criminal Court, charged with prosecuting cases of genocide, provides in its founding 
treaty, the Rome Statute, that individuals or organizations may submit information on 
crimes within the jurisdiction of the Court and that “witnesses” must be protected. 
Such information from a non-state party is called a “communication.”389

The ICC procedure is clearly defined: 

“ when the Prosecutor receives a communication, … the Prosecu-
tor shall not seek to initiate an investigation unless he first con-
cludes that there is a reasonable basis to proceed. Once a decision 
to initiate an investigation is taken, senders of related communi-
cations are promptly informed of the decision, with reasons for 
the decision.”

“ The Statute does not specify what the communication should 
contain. The Office analyses all communications received and 
the extent of the analysis is affected by the detail and substantive 
nature of the information available. If the available information 
does not provide sufficient guidance for an analysis that could 
lead to a determination that there is a reasonable basis to pro-
ceed, the analysis is concluded and the sender informed. This 
decision is provisional and may be revised in the event that new 
information is forthcoming.” 
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The obligation to protect witnesses (Article 43.6 of the Rome Treaty) states that 

“ the Registrar shall set up a Victims and Witnesses Unit within 
the Registry. This Unit shall provide, in consultation with the Of-
fice of the Prosecutor, protective measures and security arrange-
ments, counselling and other appropriate assistance for witness-
es, victims who appear before the Court, and others who are at 
risk on account of testimony given by such witnesses.” 

It is possible to imagine similar whistle-blowing and witness-protection provisions in a 
treaty that eliminates and prohibits nuclear weapons. 

Conclusion
The greatest obstacle to establishing a credible system for verifying global nuclear dis-
armament, including the use of societal means, is that the existing nuclear weapons 
states don’t want to give up their weapons. This resistance links the problems of global 
disarmament and a credible verification system, of which societal verification would be 
an essential component, and suggests they are two sides of a coin: one cannot have dis-
armament without effective verification or effective verification without disarmament. 

Regarding the need of societal verification for disarmament, there is no doubt that 
advances in technology can make traditional verification means more sensitive, hence 
less ambiguous, as well as less intrusive and more cost effective. A system for sounding 
the alarm on suspicious activities will still be needed, however, as a complement to 
traditional verification.
 
Regarding the need of disarmament to make societal verification possible, despite con-
siderable support in the nonproliferation community for universal implementation 
of the Additional Protocol to IAEA Safeguards, including the possibility of extending 
its current reach via, e.g., wide area environmental sampling, there is also significant 
resistance to such initiatives without a concomitant commitment on the part of the 
weapons states to disarmament. The need for such a quid pro quo will also be true in 
the case of societal verification. For example, Rotblat’s vision of changing the mindset 
of scientists from citizens of a particular country to “citizens of the world” cannot 
be realized selectively. It is reasonable to expect that only when scientists in nuclear 
weapon states stop work on such weapons will their peers in other countries refuse to 
participate in such programs and blow the whistle on those who do. 
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Appendix A

Fissile Materials and Nuclear Weapons
Fissile materials are essential in all nuclear weapons, from simple first-generation 
bombs, such as those that destroyed Hiroshima and Nagasaki more than sixty years 
ago, to the lighter, smaller, and much more powerful thermonuclear weapons in arse-
nals today. The most common fissile materials in use are uranium highly enriched in 
the isotope uranium-235 (HEU) and plutonium. This Appendix describes briefly the 
key properties of these fissile materials, how they are used in nuclear weapons, and how 
they are produced. 

Explosive Fission Chain Reaction 
Fissile materials can sustain an explosive fission chain reaction. When the nucleus of a 
fissile atom absorbs a neutron, it will usually split into two smaller nuclei. In addition 
to these “fission products,” each fission releases two to three neutrons that can cause 
additional fissions, leading to a chain reaction in a “critical mass“ of fissile material (see 
Figure A.1). The fission of a single nucleus releases one hundred million times more en-
ergy per atom than a typical chemical reaction. A large number of such fissions occur-
ring over a short period of time, in a small volume, results in an explosion. About one 
kilogram of fissile material—the amount fissioned in both the Hiroshima and Nagasaki 
bombs—releases an energy equivalent to the explosion of about 18 thousand tons (18 
kilotons) of chemical high explosives.

Figure A.1. An explosive fission chain-reaction 
releases enormous amounts of energy in one-mil-
lionth of a second. In this example, a neutron is 

absorbed by the nucleus of uranium-235 (U-235), 

which splits into two fission products (barium and 

krypton). The energy set free is carried mainly 

by the fission products, which separate at high 

velocities. Additional neutrons are released in the 

process, which can set off a chain reaction in a 

critical mass of fissile materials. The chain reaction 

proceeds extremely fast; there can be 80 doublings 

of the neutron population in a millionth of a second, 

fissioning one kilogram of material and releasing an 

energy equivalent to 18,000 tons of high explosive 

(TNT).
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The minimum amount of material needed for a chain reaction is defined as the criti-
cal mass of the fissile material. A “subcritical” mass will not sustain a chain reaction, 
because too large a fraction of the neutrons escape from the surface rather than being 
absorbed by fissile nuclei. The amount of material required to constitute a critical mass 
can vary widely—depending on the fissile material, its chemical form, and the charac-
teristics of the surrounding materials that can reflect neutrons back into the core.

Along with the most common fissile materials, uranium-235 and plutonium-239, the 
isotopes uranium-233, neptunium-237, and americium-241 are able to sustain a chain 
reaction. The bare critical masses of these fissile materials are shown in Figure A.2. 

Figure A.2. Bare critical masses for some key fissile 
isotopes. A bare critical mass is the spherical mass 

of fissile metal barely large enough to sustain a 

fission chain reaction in the absence of any material 

around it. Uranium-235 and plutonium-239 are 

the key chain-reacting isotopes in highly enriched 

uranium and plutonium respectively. Uranium-

233, neptunium-237 and americium-241 are, like 

plutonium-239, reactor-made fissile isotopes and 

could potentially be used to make nuclear weapons 

but have not, to our knowledge, been used to make 

other than experimental devices. 

Nuclear Weapons
Nuclear weapons are either pure fission explosives, such as the Hiroshima and Nagasaki 
bombs, or two-stage thermonuclear weapons with a fission explosive as the first stage. 
The Hiroshima bomb contained about 60 kilograms of uranium enriched to about 80 
percent in chain-reacting U-235. This was a “gun-type” device in which one subcritical 
piece of HEU was fired into another to make a super-critical mass (Figure A.3, left). 

Gun-type weapons are simple devices and have been built and stockpiled without a 
nuclear explosive test. The U.S. Department of Energy has warned that it may even 
be possible for intruders in a fissile-materials storage facility to use nuclear materials 
for onsite assembly of an improvised nuclear explosive device (IND) in the short time 
before guards could intervene.

The Nagasaki bomb operated using implosion, which has been incorporated into most 
modern weapons. Chemical explosives compress a subcritical mass of material into a 
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high-density spherical mass. The compression reduces the spaces between the atomic 
nuclei and results in less leakage of neutrons out of the mass, with the result that it 
becomes super-critical (Figure A.3, right). 

Figure A.3. Alternative methods for creating a 
supercritical mass in a nuclear weapon. In the tech-

nically less sophisticated “gun-type” method used 

in the Hiroshima bomb (left), a subcritical projectile 

of HEU is propelled towards a subcritical target of 

HEU. This assembly process is relatively slow. For 

plutonium, the faster “implosion” method used 

in the Nagasaki bomb is required. This involves 

compression of a mass of fissile material. Much less 

material is needed for the implosion method be-

cause the fissile material is compressed beyond its 

normal metallic density. For an increase in density 

by a factor of two, the critical mass is reduced to 

one quarter of its normal-density value.

For either design, the maximum yield is achieved when the chain reaction is initiated 
at the moment a chain reaction in the fissile mass will grow most rapidly, i.e., when the 
mass is most supercritical. HEU can be used in either gun-type or implosion weapons. 
As is explained below, plutonium cannot be used in a gun-type device to achieve a 
high-yield fission explosion.

In modern nuclear weapons, the yield of the fission explosion is typically “boosted” 
by a factor of ten by introducing a mixed gas of two heavy isotopes of hydrogen, deu-
terium and tritium, into a hollow shell of fissile material (the “pit”) just before it is 
imploded. When the temperature of the fissioning material inside the pit reaches about 
100 million degrees, it ignites the fusion of tritium with deuterium, which produces a 
burst of neutrons that increases the fraction of fissile materials fissioned and thereby 
the power of the explosion. 

In a thermonuclear weapon, the nuclear explosion of a fission “primary” generates  
X-rays that compress and ignite a “secondary” containing thermonuclear fuel, where 
much of the energy is created by the fusion of the light nuclei, deuterium and tritium 
(Figure 5.2 in Chapter 5). The tritium in the secondary is made during the explosion 
by neutrons splitting lithium-6 into tritium and helium. 
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Modern nuclear weapons generally contain both plutonium and HEU. Both materials 
can be present in the primary fission stage of a thermonuclear weapon. HEU also is 
often added to the secondary stage to increase its yield without greatly increasing its 
volume.

Because both implosion and neutron-reflecting material around it can transform a sub-
critical into a supercritical mass, the actual amounts of fissile material in the pits of 
modern implosion-type nuclear weapons are considerably smaller than a bare or unre-
flected critical mass. Experts advising the IAEA have estimated “significant quantities” 
of fissile material, defined to be the amount required to make a first-generation implo-
sion bomb of the Nagasaki-type (see Figure A.3, right), including production losses. 
The significant quantities are 8 kg for plutonium and 25 kg of U-235 contained in HEU. 
The United States has declassified the fact that 4 kg of plutonium is sufficient to make 
a nuclear explosive device. 

A rough estimate of average plutonium and HEU in deployed thermonuclear weapons 
can be obtained by dividing the estimated total stocks of weapon fissile materials pos-
sessed by Russia and the United States at the end of the Cold War by the numbers of 
nuclear weapons that each deployed during the 1980s: about 4 kg of plutonium and 
25 kg of HEU.

Production of Fissile Materials
Fissile materials that can be directly used in a nuclear weapon do not occur in nature. 
They must be produced through complex physical and chemical processes. The dif-
ficulties associated with producing these materials remains the main technical barrier 
to the acquisition of nuclear weapons. 

Highly enriched uranium (HEU). In nature, U-235 makes up only 0.7 percent of natu-
ral uranium. The remainder is almost entirely non-chain-reacting U-238. Although an 
infinite mass of uranium with a U-235 enrichment of 6 percent could, in principle, sus-
tain an explosive chain reaction, weapons experts have advised the IAEA that uranium 
enriched to above 20 percent U-235 is required to make a fission weapon of practical 
size. The IAEA therefore considers uranium enriched to 20 per cent or above “direct 
use” weapon-material and defines it as highly enriched uranium. 

To minimize their masses, however, actual weapons typically use uranium enriched to 
90-percent U-235 or higher. Such uranium is sometimes defined as “weapon-grade.” 
Figure A.4 shows the critical mass of uranium as a function of enrichment.

The isotopes U-235 and U-238 are chemically virtually identical and differ in weight 
by only one percent. To produce uranium enriched in U-235 therefore requires sophis-
ticated isotope separation technology. The ability to do so on a scale sufficient to make 
nuclear weapons or enough low-enriched fuel to sustain a large power reactor is found 
in only a relatively small number of nations. 

In a uranium enrichment facility, the process splits the feed (usually natural uranium) 
into two streams: a product stream enriched in U-235, and a waste (or “tails”) stream 
depleted in U-235. Today, two enrichment technologies are used on a commercial scale: 
gaseous diffusion and centrifuges. All countries that have built new enrichment plants 
during the past three decades have chosen centrifuge technology. Gaseous diffusion 
plants still operate in the United States and France but both countries plan to switch to 
more economical gas centrifuge plants. 
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Figure A.4. The fast-neutron critical mass of ura-
nium increases to infinity at 6-percent enrichment. 
According to weapon-designers, the construction of 

a nuclear device becomes impractical for enrich-

ment levels below 20 percent. The critical mass data 

in the figure is for a uranium metal sphere enclosed 

in a 5-cm-thick beryllium neutron “reflector” that 

would reflect about half the neutrons back into the 

fissioning mass.

Gas centrifuges spin uranium hexafluoride (UF6) gas at enormous speeds, so that the 
uranium is pressed against the wall with more than 100,000 times the force of gravity. 
The molecules containing the heavier U-238 atoms concentrate slightly more toward 
the wall relative to the molecules containing the lighter U-235. This effect can be ex-
ploited to separate the two isotopes. An axial circulation of the UF6 is induced within 
the centrifuge, which multiplies this separation along the length of the centrifuge, 
and increases the overall efficiency of the machine significantly (see Figure A.5 for an 
illustration).

Plutonium. Plutonium is an artificial isotope produced in nuclear reactors when ura-
nium-238 (U-238) absorbs a neutron creating U-239 (see Figure A.6). The U-239 sub-
sequently decays to plutonium-239 (Pu-239) via the intermediate short-lived isotope 
neptunium-239.

The longer an atom of Pu-239 stays in a reactor after it has been created, the greater 
the likelihood that it will absorb a second neutron and fission or become Pu-240—or 
absorb a third or fourth neutron and become Pu-241 or Pu-242. Plutonium therefore 
comes in a variety of isotopic mixtures. 

The plutonium in typical power-reactor spent fuel (reactor-grade plutonium) contains 
50–60% Pu-239, and about 25% Pu-240. Weapon designers prefer to work with a mix-
ture that is as rich in Pu-239 as feasible, because of its relatively low rate of generation 
of radioactive heat and relatively low spontaneous emissions of neutrons and gamma 
rays (Table A.1). Weapon-grade plutonium contains more than 90% of the isotope Pu-
239 and has a critical mass about three-quarters that of reactor grade plutonium. 
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Figure A.5. The gas centrifuge for uranium en-
richment. The possibility of using centrifuges to 

separate isotopes was raised shortly after isotopes 

were discovered in 1919. The first experiments using 

centrifuges to separate isotopes of uranium (and 

other elements) were successfully carried out on a 

small scale prior to and during World War II, but 

the technology only became economically competi-

tive in the 1970s. Today, centrifuges are the most 

economic enrichment technology, but also the most 

proliferation-prone.

Figure A.6. Making plutonium in a nuclear reactor. 
A neutron released by the fissioning of a chain-re-

acting U-235 nucleus is absorbed by the nucleus of 

a U-238 atom. The resulting U-239 nucleus decays 

with a half-life of 24 minutes into neptunium, which 

in turn decays into Pu-239. Each decay is accompa-

nied by the emission of an electron to balance the 

increase in charge of the nucleus and a neutrino.
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Isotope Critical Mass  
[kg]

Half Life
[years]

Decay Heat
[watts/kg]

Neutron Generation
[neutrons/g-sec]

Pu-238 10 88 560 2600

Pu-239 10 24,000 1.9 0.02

Pu-240 40 6,600 6.8 900

Pu-241 13 14 4.2 0.05

Pu-242 80 380,000 0.1 1700

Am-241 60 430 110 1.2

WPu (94% Pu-239) 10.7 2.3 50

RPu (55% Pu-239) 14.4 20 460

 
Table A.1. Key properties of plutonium isotopes 
and Am-241 into which Pu-241 decays. Data from: 

U.S. Department of Energy, “Annex: Attributes of 

Proliferation Resistance for Civilian Nuclear Power 

Systems,” in Technological Opportunities to Increase 

the Proliferation Resistance of Global Nuclear Power 

Systems, TOPS, Washington, DC, U.S. Department 

of Energy, Nuclear Energy Research Advisory Com-

mittee, 2000, www.ipfmlibrary.org/doe00b.pdf, p. 

4; see also, J. Kang et al., “Limited Proliferation-

Resistance Benefits from Recycling Unseparated 

Transuranics and Lanthanides from Light-Water 

Reactor Spent Fuel,” Science & Global Security, Vol. 

13, 2005, p. 169.

For a time, many in the nuclear industry thought that the plutonium generated in 
power reactors could not be used for weapons. It was believed that the large fraction 
of Pu-240 in reactor-grade plutonium would reduce the explosive yield of a weapon to 
insignificance. Pu-240 fissions spontaneously, emitting neutrons. This increases the 
probability that a neutron would initiate a chain reaction before the bomb assembly 
reached its maximum supercritical state. This probability increases with the percentage 
of Pu-240. 

For gun-type designs, such “pre-detonation” reduces the yield a thousand-fold, even 
for weapon-grade plutonium. The high neutron-production rate from reactor-grade 
plutonium similarly reduces the probable yield of a first-generation implosion design— 
but only by ten-fold, because of the much shorter time for the assembly of a super-
critical mass. In a Nagasaki-type design, even the earliest possible pre-initiation of the 
chain reaction would not reduce the yield below about 1000 tons TNT equivalent. That 
would still be a devastating weapon.

More modern designs are insensitive to the isotopic mix in the plutonium. As summa-
rized in a 1997 U.S. Department of Energy report: 

“ Virtually any combination of plutonium isotopes … can be used 
to make a nuclear weapon … reactor-grade plutonium is weap-
ons-usable, whether by unsophisticated proliferators or by ad-
vanced nuclear weapon states …”

“ At the lowest level of sophistication, a potential proliferating 
state or sub-national group using designs and technologies no 
more sophisticated than those used in first-generation nuclear 
weapons could build a nuclear weapon from reactor-grade pluto-
nium that would have an assured, reliable yield of one or a few 
kilotons (and a probable yield significantly higher than that). At 
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the other end of the spectrum, advanced nuclear weapon states 
such as the United States and Russia, using modern designs, 
could produce weapons from reactor-grade plutonium having 
reliable explosive yields, weight, and other characteristics gener-
ally comparable to those of weapons made from weapon-grade 
plutonium.”

For use in a nuclear weapon, the plutonium must be separated from the spent fuel and 
the highly radioactive fission products that the fuel also contains. Separation of the 
plutonium is done in a “reprocessing” operation. With the current PUREX technol-
ogy, the spent fuel is chopped into small pieces and dissolved in hot nitric acid. The 
plutonium is extracted in an organic solvent that is mixed with the nitric acid using 
blenders and pulse columns, and then separated with centrifuge extractors. Because all 
of this has to be done behind heavy shielding and with remote handling, reprocessing 
requires both resources and technical expertise. Detailed descriptions of the process 
have been available in the published technical literature since the 1950s.

Spent fuel can only be handled remotely, due to the very intense radiation field. This 
makes its diversion or theft a rather unrealistic scenario. Separated plutonium can be 
handled without radiation shielding, but is dangerous when inhaled or ingested.
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This list of nuclear weapons locations includes sites where there is reason to believe 
that: 1) nuclear weapons probably are deployed or stored; and 2) nuclear weapons and 
their components are designed, fabricated and assembled, or dismantled. It is based on 
open sources.390 

Country Location/Name Region/Province Weapon System Remarks

Belgium
Kleine Brogel Air 
Base

Limburg B61-3/4 
US bombs for delivery by 
Belgian F-16s of the 10th 
Wing

Subtotal 1

China391

Baoji area Shaanxi Various
Regional warhead storage 
site

Chinese Academy of 
Engineering Physics, 
Mianyang (Science 
City)

Sichuan Various Warhead design

Danyang Air Base Hubei Bombs
Potential weapons storage 
facility for nuclear bombs, 
near H-6 bomber base392

Huaihua region  
(55 Base)

Hunan DF-4 SSM

Regional warhead storage 
site for 803, 805 and 
814 Missile Brigades 
subordinate to 55 Base HQ

Huangshan region 
(52 Base)

Anhui, Jiangxi DF-3A/DF-21 SSM

Regional warhead storage 
site for 807, 811, 815 and 
817 Missile Brigades 
subordinate to 52 Base HQ

Kunming region  
(53 Base)

Yunnan DF-3A/DF-21 SSM

Regional warhead 
storage site for 802 and 
808 Missile Brigades 
subordinate to 53 Base HQ

Jianggezhuang Naval 
Base

Shandong JL-1 SLBM Possible warhead storage

Luoyang region  
(54 Base)

Henan
DF-4/DF-5A/DF-31 

SSM

Regional warhead storage 
site for 801, 804 and 
813 Missile Brigades 
subordinate to 54 Base HQ

Pingtung area 
(Institute of 
Materials)

Sichuan Various

Nuclear weapons 
fabrication, with possible 
underground warhead 
storage near Mianyang

Appendix B

Worldwide Locations of 
Nuclear Weapons, 2009
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Country Location/Name Region/Province Weapon System Remarks

China

Shenyang region  
(51 Base)

Liaoning, Jilin DF-3A/DF-21 SSM

Regional storage site 
for 806, 810, 816, and 
818 Missile Brigades 
subordinate to 51 Base HQ

Xining region  
(56 Base)

Qinghai, Shaanxi
DF-3A/DF-4/DF-21 

SSM

Regional storage site 
for 806, 809, 812 Missile 
Brigades subordinate to 56 
Base HQ

Yidu area Shandong DF-21 SSM Possible warhead storage

Yulin Naval Base Hainan JL-2 SLBM Possible warhead storage

Zitong (Research and 
Design Academy of 
Nuclear Weapons)

Sichuan Various
Warhead assembly, 
disassembly and 
dismantlement393

Subtotal 14

France

Centre d‘Etudes  
de Valduc

Bourgogne
TN75, TN81, TNA, 

TNO

Assembly, disassembly and 
dismantlement of nuclear 
warheads

Ile Longue Naval 
Base

Bretagne M45 (M51) SLBM

TN75 warheads on 
Triumphant-class SSBNs. 
From 2010 TNO warheads 
on M51 SLBM

Istres Air Base Provence ASMP (ASMP-A)

TN81 warheads for ASMP 
for Mirage 2000N. From 
2010 TNO warheads for 
ASMP-A

Luxeuil-les-Bains 
Air Base

Franche-Comté ASMP (ASMP-A)

TN81 warheads for ASMP 
for Mirage 2000N. From 
2010 TNO warheads for 
ASMP-A

Saint-Dizier Air Base Champagne-Ardenne ASMP-A
Deployment of ASMP-A for 
Rafale K3 begins in 2009

South of Ile Longue Bretagne TN75 (TNO)

Warhead storage site for 
M45 SLBMs at nearby 
SSBN base. From 2010 also 
M51 SLBMs with TNO

Toulon Naval Base, 
or vicinity394 Côte d’Azur ASMP (ASMP-A)

TN81 warheads for ASMP 
for Super Étendard on 
Charles de Gaulle aircraft 
carrier. From 2011 TNA 
warheads on ASMP-A for 
Rafale MK3

Subtotal 7

Germany Büchel Air Base Rheinland-Pfalz B61-3/4

US bombs for delivery by 
German PA-200 Tornados 
of the 33rd Fighter-Bomber 
Wing

Subtotal 1

India

Chandighar Plant Punjab Various
Possible production of 
nuclear weapons

Jodhpur Storage 
Facility

Rajasthan Prithvi/Agni SSM
Potential underground 
facility for Prithvi and/or 
Agni launchers

Unknown facility 
(Air Force)

Unknown Bombs

For possible use by Jaguar-
IS at Gorakhpur and 
Lohegaon air bases, and 
Mirage 2000H at Ambala 
and Gwalior air bases
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Country Location/Name Region/Province Weapon System Remarks

India

Unknown facility 
(Army)395 Unknown Prithvi/ Agni SSM

For use by 222nd and 
333rd Missile Groups 
(Prithvi), and 334th and 
335th Missile Groups 
(Agni)

Unknown facility 
(Navy)

Unknown Dhanush SSM
For Dhanush ship-
launched SSMs396

Subtotal 5

Italy

Aviano Air Base Friuli-Venezia Giulia B61-3/4
US bombs for delivery by 
US F-16s of the 31st Fighter 
Wing

Ghedi Torre Air Base Lombardia B61-3/4
US bombs for delivery by 
Italian PA-200 Tornados of 
the 6th Wing

Subtotal 2

Israel397

Dimona  
(Negev Nuclear 
Research Center)

n.a. Various
Plutonium, tritium, and 
warhead production 
complex

Sdot Micha Base 
and/or Tirosh Depot

n.a. Jericho II SSM
Warheads for 
approximately 50 MRBMs 
in caves

Soreq Nuclear 
Research Center

n.a. Various
Possible warhead design 
and fabrication

Tel Nof Air Base n.a. Bombs
For F-16Is. Nuclear bombs 
possibly in adjacent WSAs 
near base

Subtotal 4

Netherlands Volkel Air Base Noord-Brabant B61-3/4
US bombs for delivery by 
Dutch F-16s of the 1st Wing 

Subtotal 1

North Korea398 ? ? ?
It is unknown how North 
Korea has weaponized its 
nuclear capability

Subtotal ?

Pakistan

Fatejhang National 
Defense Complex

Punjab SSM
Missile development and 
potential warhead storage 
capability

Masroor Weapons 
Depot

Sindh Various
Potential storage of bombs 
for Mirage Vs at Masroor 
Air Base, and/or warheads 

Quetta Air Base Balochistan Bombs

Potential storage site with 
underground facilities in 
high-security weapons 
storage area near Quetta 
Air Base

Sargodha Weapons 
Depot399 Punjab Various

Potential storage site for 
bombs for F-16s at nearby 
Sargodha Air Base, and 
warheads for SSMs

Shanka Dara Missile 
Complex

Punjab SSM
Missile development and 
potential warhead storage 
capability
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Country Location/Name Region/Province Weapon System Remarks

Pakistan

Unknown facility 
(Air Force)

? Bombs

Central Air Force storage 
facility with bombs for 
F-16s at F-16s at Sargodha 
Air Base, and Mirage Vs at 
Kamra Air Base

Unknown facility 
(Army)

? SSM/GLCM

Central Army storage 
facility with warheads for 
SSMs and Babur cruise 
missiles

Wah Ordnance 
Facility400 Punjab Various

Possible warhead 
production, disassembly 
and dismantlement facility

Subtotal 8

Russia401

Barnaul Missile 
Division

Altai Krai SS-25 ICBM Warheads on 36 ICBMs

Belaya Air Base Irkutsk AS-4 ASM, bombs

For Tu-22M3 Backfire 
bombers. Weapons 
possibly stored in remote 
WSA

Borisoglebsk 
(Voronezh-45)

Voronezh Various
National level weapons 
storage site

Chazma (Abrek) 
Bay SLBM Storage 
Facility

Primorsky SLBM/SLCM/ASW
Possible storage of 
warheads for SLBMs and 
other naval weapons

Chebsara  
(Vologda-20)

Vologda Various
National level weapons 
storage site

Dodonovo 
(Krasnoyarsk-26)

Krasnoyarsk Various
National level weapons 
storage site

Dombarovskiy-
Yasnyy Missile 
Division

Orenburg SS-18 ICBM Warheads for 34 ICBMs

Engels Air Base Saratov AS-15 ASM, bombs

For Tu-160 Blackjack and 
Tu-95 Bear bombers. 
Weapons probably stored 
in adjacent WSA 

Golovchino 
(Belgorod-22)

Belgorod Various
National level weapons 
storage site

Irkutsk Missile 
Division

Irkutsk SS-25 ICBM Warheads for 27 ICBMs

Karabask 
(Chelyabinsk-115)

Chelyabinsk Various
Possible national level 
storage facility for 
Chelyabinsk-70

Korfovskiy 
(Khabarovsk-47)

Khabarovsk Various
National level weapons 
storage site

Korolev area Moscow Gazelle ABM
Warheads for 12 
interceptors

Kozelsk Missile 
Division

Kaluga SS-19 ICBM Warheads for 31 ICBMs

Krasnoarmeyskoye 
(Saratov-63)

Saratov Various
National level weapons 
storage site402

Lakhta-Kholm Air 
Base

Arkhangelsk AS-4 ASM, bombs
For Tu-22M3 Backfire 
bombers. Possible WSA 
near by
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Country Location/Name Region/Province Weapon System Remarks

Russia

Lesnoy  
(Sverdlovsk-16/45)403 Sverdlovsk Various

Warhead assembly 
plant and national level 
weapons storage site404

Lytkarino area Moscow Gazelle ABM
Warheads for 16 
interceptors

Mongokhto 
(Alekseyevka)  
Air Base

Khabarovsk AS-4, bombs

For Tu-22M3 Backfire 
bombers. Weapons 
possibly stored in WSA 
near base 

Mozhaysk-10 Moscow Various
National level weapons 
storage site

Nerpichya Weapons 
Storage Facility

Kola Various

Potential storage facility 
for naval weapons, 
including for nearby 
Bolshaya Lopatka Naval 
Base

Nizhniy Tagil Missile 
Division

Sverdlovsk SS-25 ICBM Warheads for 27 ICBMs

Novosibirsk Missile 
Division

Novosibirsk SS-25 ICBM Warheads for 36 ICBMs

Okolnaya SLBM 
Storage Facility

Kola SLBM
Possibly storage of 
warheads for SLBMs and 
other naval weapons

Olenegorsk Storage 
Facility

Kola Various

National level nuclear 
weapons storage site 
(possibly two: Olenegorsk-
2 near Ramozero and 
Olenegorsk-8 near Vysokiy)

Rybachiy Naval Base Kamchatka SS-N-18 SLBM
Warheads on SS-N-18s 
onboard Delta III-class 
SSBNs

Rzhanitsa  
(Bryansk-18)

Bryansk Various
National level weapons 
storage site

Sarov  
(Arzamas-16)405 Nizhni Novgorod Various Possibly limited storage 

Sebezh-5 Pskov Various
National level weapons 
storage site

Selikhino 
(Komsomolsk-31)

Khabarovsk Various
National level weapons 
storage site

Shaykovka Air Base Kaluga AS-4 ASM, bombs
For Tu-22M3 Backfire 
bombers. Weapons 
probably in remote WSA406

Skhodnya area Moscow Gazelle ABM
Warheads for 16 
interceptors

Snezhinsk407 
(Chelyabinsk-70)

Chelyabinsk Various
Nuclear warhead design 
laboratory and national 
level weapons storage site

Sofrino area Moscow Gazelle ABM
Warheads for 12 
interceptors

Soltsy Air Base Novgorod AS-4 ASM, bombs
For Tu-22M3 Backfire 
bombers. Possible WSA 
near base

Tatishchevo Missile 
Division

Saratov SS-19, SS-27 ICBM
Warheads for 41 SS-29 and 
50 SS-27 ICBMs
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Country Location/Name Region/Province Weapon System Remarks

Russia

Teykovo Missile 
Division

Ivanovo SS-25, SS-27 ICBM
Warheads for 9 SS-25 and 
13 SS-27 ICBMs

Trekhgorny408 
(Zlatoust-36)

Chelyabinsk Various Warhead assembly409

Ukrainka Air Base Amur AS-15 ASM, bombs
For Tu-95 Bear bombers. 
Possible WSA near base

Uzhur Missile 
Division

Krasnoyarsk SS-18 ICBM Warheads for 34 ICBMs

Vidyaevo Naval Base Kola Various
Warheads for naval forces 
in central storage

Vilyuchinsk SLBM 
Storage Facility

Kamchatka SLBM
Warheads for SS-N-18 
SLBMs, possibly also other 
naval weapons

Vnukovo area Moscow Gazelle ABM
Warheads for 12 
interceptors

Vozdvizhenka Air 
Base

Primorsky AS-4 ASM, bombs
For Tu-22M3 Backfire 
bombers. Possible WSA 
near base

Vypolzovo Missile 
Division

Novogorod/Tver SS-25 ICBM Warheads for 18 ICBMs

Yagelnaya Naval 
Base

Kola SS-N-23 SLBM

Warheads on SLBMs on 
Delta IV-class SSBNs. 
Possible WSA near base. 
Might also store other 
naval weapons

Yoshkar-Ola Missile 
Division

Mari El SS-25 ICBM Warheads for 27 ICBMs

Zalari (Irkutsk-45) Transbaikal Various
National level warhead 
storage site

Subtotal 48410

Turkey Incirlik Air Base Adana B61-3/4
US bombs for delivery by 
F-16s from other US bases 

Subtotal 1

United Kingdom

Aldermaston 
Atomic Weapons 
Establishment

England UK Trident System
Warhead design. Possibly 
a few warheads present

Burgfield 
Atomic Weapons 
Establishment

England UK Trident System
Warhead assembly, 
disassembly and 
dismantlement

Coulport Royal Navy 
Ammunition Depot

Scotland UK Trident System
National level warhead 
storage site

Faslane Royal Navy 
Base

Scotland
Warheads and 

Trident II D5 SLBM
On deployed Vanguard-
class SSBNs

Subtotal 4

United States

Bangor (Kitsap) 
Naval Submarine 
Base

Washington
W76, W76-1, W88, 
Trident II D5 SLBM

On deployed Ohio-class 
SSBNs

Barksdale  
Air Force Base

Louisiana
B61-7, B83-1, 
W80-1/ALCM

For B-52Hs of the 2nd BW

Kings Bay Naval 
Submarine Base

Georgia
W76, W76-1, W88, 
Trident II D5 SLBM

On deployed Ohio-class 
SSBNs
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Country Location/Name Region/Province Weapon System Remarks

United States

Kirtland  
Air Force Base

New Mexico
B61, W62, W80, B83, 

W78, W87411

National level Air Force 
warhead storage site

Lawrence Livermore 
National Laboratory

California W62, W83, W87
Warhead design. Fissile 
material to be cleaned out

Los Alamos  
National Laboratory

New Mexico
B61, W76, W78, W80, 

W88

Warhead design, 
surveillance and 
maintenance

Malmstrom 
Air Force Base and 
Missile Field

Montana W62,412 W78, W87
Warheads for 150 
Minuteman III ICBMs

Minot  
Air Force Base and 
Missile Field

North Dakota
B61-7, W62,413 W78, 

B83-1, W87

Warheads for 150 
Minuteman III ICBMs and 
bombs for B-52Hs of the 
5th BW

Nellis  
Air Force Base

Nevada
B61, W62, W80, B83, 

W78, W87414

National level Air Force 
warhead storage site

Pantex Plant Texas Various
Warhead assembly, 
disassembly and 
dismantlement

Seymour-Johnson  
Air Force Base

North Carolina B61-3/4 For F-15Es of the 4th FW

Strategic Weapons 
Facility Atlantic 
(Kings Bay)

Georgia
W80-0/TLAM-N, 

W76, W76-1, W88, 
Trident II D5 SLBM

National level Navy 
warhead storage site

Strategic Weapons 
Facility Pacific 
(Bangor)

Washington
W80-0/TLAM-N, 

W76, W76-1, W88, 
Trident II D5 SLBM

National level Navy 
warhead storage site

Warren Air Force 
Base and Missile 
Field

Colorado, Nebraska, 
Wyoming

W62,415 W78, W87
Warheads for 150 
Minuteman III ICBMs

Whiteman Air Force 
Base

Missouri B61-7/11, B83-1 For B-2s of the 509th BW

Subtotal 15

Total 111

Abbreviations: ABM = Anti-Ballistic Missile; ALCM = Air-Launched Cruise Missile; ASM = Air-to-Surface Mis-

sile; ASMP = Air-Sol Moyenne Portée; ASW = Anti-Submarine Warfare; BW = Bomb Wing; FW = Fighter Wing; 

GLCM = Ground-Launched Cruise Missile; HQ = Headquarters; ICBM = Intercontinental Ballistic Missile; SLBM 

= Submarine-Launched Ballistic Missile; SLCM = Sea-Launched Cruise Missile; SSBN = Nuclear Powered Bal-

listic Missile Submarine; SSM = Surface-to-Surface Missile; TLAM/N = Tomahawk Land-Attack Missile/Nuclear; 

WSA = Weapons Storage Area.
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