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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 urani-
um and plutonium. These fissile materials are the key ingredients in nuclear weapons, 
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 and naval fuel stock-
piles for tens of thousands of nuclear weapons. On the civilian side, enough plutonium 
has been separated 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 hundreds of 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. 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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Accounting for Fissile Material Production and Stocks in Nuclear Weapon States

Global Fissile Material Report 2010: Balancing the Books reviews the official declarations 
of fissile material production and stocks by the United States and the United Kingdom 
and provides revised estimates of the past production and current holdings of highly 
enriched uranium (HEU) and plutonium for six nuclear weapon states that have not 
declared their holdings and for the non-weapon states collectively. Fissile material pro-
duction by North Korea, the one nuclear weapon state not covered in this volume, was 
discussed in Global Fissile Material Report 2009.1 This is the first comprehensive public 
update of this information since the groundbreaking work done by Albright, Berkhout, 
and Walker in the 1990s.2

Under the Nonproliferation Treaty (NPT), non-nuclear-weapon state parties to the 
treaty are obligated to declare all their nuclear materials to the International Atomic 
Energy Agency (IAEA) and make them available for its safeguards. These declarations 
are considered confidential, however, and are not made public. As the world moves 
toward nuclear disarmament, it will be necessary for the weapon states as well to make 
such declarations and to accept IAEA monitoring on their civilian and excess weapon 
materials. In a disarmed world, all fissile material would have to be accounted for and 
under international safeguards.

This overview chapter addresses three broad issues: 

Why it is important for the weapon states to develop and make public detailed  
accounts of their fissile material production, disposition and stocks;

The issues they face in developing the basis for such fissile material declarations, and 
how the declarations could be sequenced; and

Why international verification of declarations, to the extent feasible, is important, 
and the importance of carrying out international “nuclear archaeology” projects 
before shutdown production facilities are decommissioned and production waste is 
permanently disposed of. 

Chapter 1 summarizes the current status and our current knowledge of global and 
national nuclear weapon and fissile material stockpiles. The following chapters discuss 
in detail the production histories and current status of public understanding of the 

•

•

•

Overview
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fissile-material stocks of the individual nuclear weapon states, other than North Korea, 
and of the non-weapon states collectively. 

The Importance of National Accounts of Fissile-material Production, Use and Stocks 
All nuclear-weapon states maintain accounting systems for fissile materials that, at a 
minimum, track their current inventories. In addition, some states have fissile-mate-
rial accounting systems that provide a detailed record of production, use, and transfers 
between facilities. The United States has a Nuclear Materials Management and Safe-
guards System (NMMSS) that currently tracks 17 types of nuclear materials, including 
enriched uranium in different enrichment ranges, plutonium, and other fissile isotopes 
including uranium-233, neptunium-237, and americium-241.3

Despite the fact that there are today no NPT requirements on states to make informa-
tion on their fissile-materials stocks available to other governments or the public, some 
non-weapon and weapon states have made public information on their holdings of 
fissile material. Under the Plutonium Management Guidelines, nine states (the NPT 
weapon states plus Belgium, Germany, Japan, and Switzerland), annually declare their 
holdings of civilian plutonium, and three (France, Germany, and the United Kingdom) 
now also make public their holdings of civilian HEU. In addition, the United Kingdom 
and United States have declared their military HEU and plutonium inventories. 

As detailed in Chapter 2, the United States has provided historical production data 
by year and site with the HEU divided into enrichment ranges and its plutonium into 
Pu-240 percentage ranges, i.e., weapon-grade and non-weapon-grade stocks. After de-
claring its military stocks in 1998,4 the United Kingdom published in 2000 and 2006 
respectively much more limited information on its plutonium and HEU production 
and use.5 These declarations are reviewed in Chapter 5.

The justifications given by the United States and United Kingdom for making the infor-
mation on fissile materials public are worth quoting. In its first (1993) report on HEU, 
the United States asserted that:

“ The American public will have information that is important to 
the current debate over proper management and ultimate dis-
position of uranium … The quantities may aid in public discus-
sions of issues related to uranium storage safety and security. 
The data will be of some aid to regulators who will oversee envi-
ronmental, health and safety conditions at the national labora-
tories [and] have valuable nonproliferation benefits by making 
potential International Atomic Energy Agency safeguards easier 
to implement.”

The 1996 U.S. plutonium report argues that:

“ Openness is essential to public accountability and trust … The 
DOE believes that this report will aid in discussions of pluto-
nium storage, safety, and security with stakeholders as well as 
encourage other nations to declassify and release similar data. 
These data will also be available for formulating policies with 
respect to disposition of excess nuclear materials.”
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In its 2006 report on HEU, the United Kingdom asserted the importance of such decla-
rations for the verification of nuclear disarmament:6

“ The UK believes that transparency about fissile 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 confidence that any figures declared for defence 
stockpiles of fissile material are consistent with past acquisition 
and use.”

The United Kingdom also urged that other countries should prepare such declarations 
for themselves as soon as possible, because of the problem of ephemeral and inad-
equate records. In this connection, the authors of the UK report offered as a cautionary 
example the problems that they had encountered with such production records:7

“ 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.”

Thus, the United Kingdom learned that its national accounting system was inadequate 
to provide a complete record of its production and use of fissile materials. This may be 
one reason why the United Kingdom did not attempt to produce detailed historical 
reports of production and disposition such as those of the United States. Other nuclear 
weapon states are probably in a similar position.

The U.S. and British experiences show the discipline imposed by public declarations of 
fissile stocks is needed to ensure that the nuclear weapon states maintain the highest 
standards of accounting and management of their fissile materials. All organizations 
where fissile materials are handled should have to account for and assure the accuracy 
of their holdings and governments should develop consistent and comprehensive sys-
tems to track all fissile material production and transfers.

A comprehensive accounting system also would strengthen central oversight of secu-
rity of the materials. Audits and consistency checks are necessary not only for the veri-
fication of disarmament but to detect the diversion of fissile materials. As discussed in 
Chapters 2 and 8, for example, the U.S. government continues to debate whether up to 
300 kilograms of weapon-grade uranium—enough for over ten first-generation nuclear 
weapons—were diverted from a U.S. naval propulsion reactor fuel fabrication plant to 
Israel in the late 1960s. 

Declarations also would open up the policy debate on nuclear reductions by making 
clearer which countries have excess stocks. 
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Decisions to Make Public Fissile Material Declarations 
Despite the initiatives of the United States and the United Kingdom, starting in the 
1990s, to make public declarations of their fissile material holdings, no other weapon 
state has done so.

As discussed in Chapter 6, France has been open about the shutdown of its military 
uranium enrichment and plutonium production facilities. It invited international ob-
servers to witness that the sites were not operating and were being dismantled. France 
has made no information public, however, on the size of its military fissile-material 
stocks.

Russia’s declarations in the 1990s that it had at least 500 tons of weapon-grade HEU 
and 50 tons of weapon-grade plutonium beyond its post-Cold War military require-
ments made clear that Russia is not shy of revealing that it possesses very large quanti-
ties of these materials.8 Its reluctance to go into further detail may stem from a resur-
gent culture of secrecy and an inadequate historical accounting system. As shown in 
Chapters 3 and 4, however, technical articles and memoirs have been making increas-
ing amounts of information available about Russia’s plutonium and HEU production 
histories. This has allowed a significant reduction in previous uncertainties about the 
size of Russia’s stocks of these materials. 

China’s stockpiles are much smaller than those of Russia and the United States and, at 
present, China does not feel secure enough to make public exactly how much less.9 As 
with Russia, however, there are new sources of official and unofficial information that 
allow for more accurate independent estimates of the histories of China’s plutonium 
and HEU production and of its current stocks. Chapter 7, for instance, uses newly re-
leased official information about the early years of China’s nuclear program and media 
reports and memoirs to show that China’s plutonium stockpile may be significantly 
smaller than many previous estimates. 

Israel opposes any public discussion of its nuclear weapons for fear of provoking its 
neighbors to produce their own and / or increasing international pressure on it to dis-
arm. As discussed in Chapter 8, despite official Israeli efforts, Mordechai Vanunu, who 
worked as a technician at the Dimona nuclear facility from November 1976 until Oc-
tober 1985 made public a considerable amount of information about its plutonium-
production program. Independent technical assessments using commercial satellite 
imaging have been made more difficult by a 1997 U.S. law discouraging commercial 
companies from releasing high-resolution imagery of Israeli sites. Israel may no longer 
be building up its nuclear arsenal. If this is the case, it could signal that fact to the inter-
national community by shutting down the Dimona plutonium-production reactor.10

India and Pakistan are locked in a nuclear-arms race, with India also looking over its 
shoulder at China. Neither India nor Pakistan is interested in an open domestic or 
international debate over how much fissile material it needs. Chapter 9 shows that 
there is enough new information available, however, to suggest that India’s stockpile 
of weapon-grade plutonium may be smaller than previously estimated. Chapter 10 dis-
cusses the continuing uncertainties about the number and capacities of Pakistan’s en-
richment plants and hence about the size its HEU stocks. 
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Pakistan perceives a fissile-material gap relative to India and has been using this as a 
basis for blocking talks on a Fissile Material Cutoff Treaty at the United Nations Confer-
ence on Disarmament in Geneva.11

Phased declarations of increasing detail. Fissile-material declarations as comprehen-
sive as those of the United States cannot be expected from all nuclear weapon states 
in the near term. All should, however—if only for internal security reasons—start the 
process of preparing the accounting basis for public declarations. This will require both 
a careful inventory of current stocks and, to the extent possible, a reconstruction of the 
history of past fissile material production and removals. This could provide the basis 
for a phased series of declarations of increasing detail.

An initial declaration could simply be of total current holdings of plutonium and HEU. 
In its most basic form, such a declaration would consist of two numbers. This is what 
the United Kingdom did in 1998.12 Russia and France could make such declarations 
today. The next step would be to declare separately the total amounts of HEU and plu-
tonium separately in warheads, naval reserves, excess military material, civilian stocks, 
and spent fuel. Declarations organized along these lines would not go beyond informa-
tion that the United States has already made public.13

International Verification 
International verification of declarations would start with rough consistency checks. 
During the Cold War and since, the United States and Soviet Union/Russia each de-
voted substantial resources to studying each other’s nuclear complexes and those of the 
other nuclear weapon states. They therefore would be expected to check declarations of 
production-histories against their own observations.

Declaring countries could further strengthen the credibility of their declarations if they 
made available to the IAEA and each other copies of their detailed production records. 
In 2008, North Korea reportedly shared with the United States eighteen thousand pages 
of operating records of its plutonium production operations.14 It would be very difficult 
to alter or counterfeit such a comprehensive set of records in a consistent way.

Once nuclear weapon states release production histories by site and facility, physical 
checks could be made. This process would involve “nuclear archaeology,” which could 
reveal evidence of the quantities and types of fissile materials that had been produced 
at each site.15 Such international verification projects could initially be limited in scope 
to selected individual sites.

The best-established example of nuclear archaeology for plutonium production relies on 
measurements of the transmutation of trace isotopes in the graphite of graphite-mod-
erated plutonium production reactors. This so-called Graphite Isotope-Ratio Method 
(GIRM) estimates the cumulative neutron flow through the graphite and thereby the 
cumulative plutonium production in the reactor.16 Equivalent methods are being inves-
tigated for heavy-water-moderated reactors, which also have played important roles in 
the production of weapons plutonium.17

There is no corresponding evidence of cumulative production of HEU left behind in 
the processing equipment used in enrichment plants. Detailed evidence exists, how-
ever, in the associated depleted uranium that is often stored for decades in cylinders 
next to the plants. Preliminary analyses suggest that the relative content of uranium-
234 and uranium-235 in a particular cylinder could, at the very least, clarify whether 
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the sampled material was associated with LEU or HEU production.18 Analysis of the 
depleted uranium could also determine its age and, through the presence or absence 
of uranium-232 and uranium-236, which are produced by neutron capture in natural 
uranium, whether reprocessed uranium had been enriched.

Samples of the fissile materials themselves would provide additional information. For 
example, the fraction of plutonium-239 in a given batch of material would confirm the 
discharge burnup of the fuel from a given production reactor.

A window of opportunity. Today, fissile material production facilities are being shut 
down and prepared for decommissioning and dismantlement in a number of weapon 
states.

The United States has started decommissioning the five heavy-water production reac-
tors at its Savannah River Site and is planning to dismantle eight out of the nine graph-
ite-moderated production reactors at its Hanford site. The United Kingdom and France 
have started decommissioning their principal production reactors. Russia and China 
have not yet decommissioned their shutdown production reactors.

Countries should not dismantle key components of their production reactors until 
international bilateral and multilateral nuclear-archaeology initiatives can be set up, 
under IAEA supervision, and with participation from non-weapon states, to develop 
and implement on-site sampling methods and benchmark computer simulations that 
can be used to verify the fissile material production history at each facility. The weapon 
states might begin by each identifying one production reactor as a potential test bed for 
international studies to clarify the capabilities and limits of nuclear archaeology.

The weapon states also should build nuclear archaeology into their plans to dispose of 
the depleted uranium that was produced in association with their highly enriched ura-
nium. Once, this depleted uranium is disposed of, a valuable opportunity to provide 
evidence about enrichment program histories will have been lost.

Plutonium and HEU-containing wastes also should not be irreversibly disposed before 
international checks can be made of the total amounts of material that they contain. 
It is unfortunate in this context that the IAEA did not take advantage of a U.S. offer 
to verify the amount of plutonium that the United States is disposing in its deep-un-
derground Waste Isolation Pilot Plant (WIPP) in New Mexico. It may be impractical to 
open up the chambers where the United States has already sent about 3 tons of pluto-
nium in wastes from defense facilities but the planned disposal of many more tons of 
plutonium there could still be checked.

Societal Verification. There will clearly be limits on how accurately outside inspectors 
could reconstruct all of a country’s past production. For the United States and Russia, 
even one percent uncertainties in the reconstruction of fissile material stocks would be 
equivalent to hundreds of warheads.

For this reason, verification regimes for nuclear disarmament will also have to rely on 
“societal verification,” i.e., citizen and insider ”whistle blowing” on significant viola-
tions of nuclear disarmament agreements. Hundreds of personnel would have to be 
involved in such a deception, including officials, scientists, engineers, and guards. Any 
one of them could become a whistleblower and, in a well-designed verification regime, 
would be encouraged to do so.19
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In the interim, as shown in this report, independent analysts have been able to make 
informed guesses and estimates about fissile production facilities and activities, even 
in nuclear weapon states that have not made formal declarations of their fissile mate-
rial stocks. Such assessments can help advocates of international transparency within 
internal government debates to argue that a country has little to lose in making pub-
lic information for which approximate estimates have already been published. The 
availability of credible independent estimates such as those reported here—even if 
uncertain—also can provide a basis for public calls to end arms races and make deeper 
reductions in nuclear weapons and fissile material stockpiles.
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1  Nuclear Weapon and Fissile Material 
Stockpiles and Production
In 2010, the global stockpile of highly enriched uranium (HEU) was about 1475 ± 125 
tons,� enough for more than 60,000 simple, first generation fission weapons. About 
98 % of this material is held by the nuclear weapon states, with the largest HEU stock-
piles being held by Russia and the United States. The large uncertainty in the estimate 
is due to Russia not declaring how much HEU it produced before stopping production 
in the late 1980s. The United States, which ended production in 1992, has published 
an official history of its HEU production.

Today, only India and Pakistan are believed to be producing HEU. But their programs 
are relatively small scale. As a result, the global HEU stockpile is shrinking as Russia 
and the United States together blend down HEU that they have declared as excess to 
military needs at a rate of over 30 tons per year to produce low-enriched uranium for 
power reactor fuel. 

The non-nuclear weapon states account for about 20 tons of HEU, almost all of which 
was provided to them as research reactor fuel by the weapon states. This stockpile is de-
clining as research reactors are converted to low-enriched uranium fuel or closed down 
and the HEU fuel is blended down or returned to the country of origin. 

The global stockpile of separated plutonium in 2010 was about 485 ± 10 tons. About 
half of this stockpile was produced for weapons, while the other half has mostly been 
produced in civilian programs in nuclear weapon states. As a result, about 98 per cent 
of all separated plutonium is in the nuclear weapon states. There are more than 10 
tons of plutonium in the non-weapon states, most of which is in Japan, the only non-
weapon state with a large program to separate plutonium from spent nuclear fuel.

The stockpile of separated plutonium for weapons continues to increase because of 
production in Israel, India, and Pakistan. As yet, this new production is not being offset 
by fabrication of excess Russian and U.S. weapon plutonium into reactor fuel. The five 
NPT nuclear-weapon states stopped production decades ago. 

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

2205 pounds. 
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The global plutonium stockpile in civilian programs is growing at a faster rate than the 
military stockpile. Active weapon plutonium production programs operate on a much 
smaller scale than the commercial reprocessing programs in France, Russia, and the 
United Kingdom. Japan’s reprocessing program continues to be stalled with the start-
up of the Rokkasho plant now delayed till late 2012. 

Nuclear Weapon Stocks
There are today nine nuclear weapon states. In historical order they are: the United 
States, Russia, the United Kingdom, France, China, Israel, India, Pakistan, and North 
Korea. Estimates of their nuclear-weapon stocks are shown in Table 1.1.

Country Current Nuclear Warheads

United States about ��00, with about �000 awaiting dismantlement

Russia about �0,000, with a large fraction awaiting dismantlement 

France fewer than �00

United Kingdom fewer than ���

China about ��0

Israel �00 – �00

Pakistan �0 – �0

India �0 – �0

North Korea fewer than �

Table 1.1. Estimated nuclear-weapon stockpiles, 2010. Source: FAS/NRDC.20

The United States, Russia, France, and the United Kingdom have been reducing their 
deployed arsenals from Cold War levels. China and Israel may have kept their arsenals 
roughly constant for decades, while India and Pakistan are building up their weapon 
stockpiles. North Korea, having carried out nuclear weapon tests in October 2006 and 
again in April 2009, effectively capped its plutonium stockpile by halting production 
and disabling parts of its production facilities.

United States and Russia. The United States and Russia signed the New-START agree-
ment in April 2010, limiting the two countries to 1550 deployed strategic warheads 
each. This limit is to be reached within seven years of the treaty entering into force. 
As with previous bilateral U.S.-Russian agreements, New-START does not require the 
dismantlement of warheads taken off deployment. The United States seeks to include 
tactical weapons and strategic warheads held in reserve in the scope of the next U.S.-
Russia arms reduction agreement.21

United States. In May 2010, the United States declared a stockpile of 5113 warheads as 
of the end of September 2009.22 This stockpile included almost 2000 strategic warheads 
deployed on about 800 missiles and bombers, 500 non-strategic warheads and 2,600 
warheads in reserve. An additional 3500 – 4500 warheads are awaiting dismantlement.23 
The 2010 U.S. Nuclear Posture Review Report indicated that the number of warheads in 
the dismantlement queue will increase as warheads are removed from deployment to 
meet New-START targets, and that eliminating the dismantlement backlog will take 
over a decade.24
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Along with the current size of its nuclear arsenal, the United States announced that 
from fiscal years 1994 through 2009, it dismantled 8748 nuclear warheads (Figure 
1.1).25 The United States dismantled 356 warheads in 2009, compared to an average 
dismantlement rate of over 1000 warheads per year in the late 1990s. The current low 
rate of dismantlement is due to the greater priority accorded warhead life-extension 
programs at the assembly and disassembly facility in Pantex, Texas. Life-extension pro-
grams replace components and, in some cases, add new capabilities to the warheads.26

Figure 1.1. U.S. warhead dismantlement rates from 
1945 to 2010. The United States dismantled fewer 

than 400 warheads in 2009, about one fourth the 

average dismantlement rate in the early 1990s. 

Source: FAS and U.S. Departments of Defense and 
Energy.27

Russia. Russia continues to maintain secrecy over the total size and composition of its 
nuclear arsenal. Until the START Treaty expired in 2009, Russia and the United States 
exchanged information on their deployed strategic warheads. Such exchanges are to 
resume once New START is ratified.

United Kingdom. In May 2010, Foreign Secretary William Hague told Parliament that 
the UK’s total stockpile of nuclear warheads would not exceed 225 warheads, and the 
United Kingdom would retain up to 160 operationally available warheads.28 The 65 
remaining warheads are maintained intact to support the logistics and maintenance 
requirements of the operational arsenal.29

In October 2010, as part of military spending cuts, the UK Strategic Review announced 
plans to cut the arsenal by the mid-2020s to no more than 120 operationally available 
warheads, reduce the overall nuclear weapon stockpile to no more than 180, to delay 
decision on new Trident missile submarines till 2016—in effect extending the life of 
the current submarine fleet—and defer a new nuclear warhead until at least the late 
2030s.30

France. France has not revealed whether or not it has yet met the target announced in 
2008 by President Nicolas Sarkozy of reducing the arsenal to “fewer than 300 nuclear 
warheads.”31
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There is no significant new information concerning the active nuclear arsenals or nu-
clear weapon plans of China, Israel, India, Pakistan, and North Korea.

Highly Enriched Uranium Stocks
The estimates for national highly enriched uranium (HEU) stockpiles presented here 
and in Figure 1.2 are discussed at length in the country chapters in this report. The 
United States and United Kingdom are still the only states to have declared the size of 
their HEU stockpiles.

The new estimates, and the significant uncertainties associated with them, do not 
change the fundamental fact that about 98 per cent of all highly enriched uranium 
is held by the nuclear weapon states, and that most of this material is held by Russia 
and the United States. The current global inventory of highly enriched uranium is es-
timated to be about 1475 ± 125 tons.

Figure 1.2. National stocks of highly enriched 
uranium as of 2010. 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 IPFM 

estimates, often with large uncertainties.32  HEU in 

non-nuclear weapon (NNW) states is under IAEA 

safeguards. A 20 % uncertainty is assumed in the 

figures for total stocks in China and for the military 

stockpile in France, about 30% for Pakistan, and 

about 40% for India. The 413 tons of eliminated 

Russian HEU include 400 tons from the 500-ton HEU 

deal and 13 tons from the Material Consolidation 

and Conversion (MCC) project. About 4 tons of HEU 

remain for blend-down within the MCC project.

Russia. The largest stockpile of HEU is held by Russia, which is estimated to have pro-
duced about 1250 ± 120 tons of 90 % enriched HEU (Chapter 4). This figure does not 
include the 220 tons of HEU that was used to manufacture fuel for naval reactors, re-
search reactors and fast reactors, most of which contained less than 90 % uranium-235. 
This is consistent with the 1993 statement made by Viktor Mikhailov, Russia’s Minister 
of Atomic Energy that “the 500 metric tons of [weapon-grade] HEU that is up for sale 
represents somewhere around 40 percent of all reserves that we [Russia] possess.”33 This 
would suggest that as of 1993 the Russia had a stockpile of about 1250 tons of 90 %- 
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enriched HEU. Mikhailov’s statement suggests the Soviet Union may have produced a 
total of 1340 tons of 90 %-enriched HEU, since an estimated 90 tons was consumed by 
that date in nuclear-weapon tests, in plutonium and tritium production reactors, and 
lost in processing waste.34

As of mid-2010, Russia has an estimated 770 ± 120 tons of highly enriched uranium. 
This includes material in and available for weapons, and reserved for naval and re-
search reactor fuel. As of September 2010, this stockpile included 100 tons of HEU that 
was to be blended down by 2013 as part of the 1993 U.S.-Russia HEU purchase Agree-
ment. Russia had blended down a total of 400 tons of the 500 tons of weapon-grade 
HEU that it committed to blend down under this agreement.35

United States. The United States made public a report of its production and consump-
tion of HEU as of the end of September 1996 and subsequently updated this declaration 
to the end of September 2004. This information is analyzed in Chapter 2. The total U.S. 
HEU stockpile continues to decline because of the continuing blend-down of 210 tons 
of HEU declared as excess to military requirements. As of April 2010, the United States 
had blended down a total of about 131 tons of this excess HEU.36

France. For more than thirty years, France operated a dedicated gaseous diffusion 
enrichment plant near Pierrelatte (in the South-East of France) for the production of 
weapon-grade uranium. As of 2010, there is virtually no information publicly available 
on the capacity of the plant and its operational history. The lifetime HEU produc-
tion of the plant therefore remains highly uncertain. France also operated high-power 
HEU-fueled reactors for the production of plutonium and tritium, which may have 
consumed 5 – 7 tons of its HEU stockpile, and also used the Pierrelatte plant to produce 
fuel for naval and power reactors. Both factors add to the uncertainties in any stock-
pile estimate based on the open literature. In Chapter 6, we estimate France’s current 
inventory of military HEU to 26 ± 6 tons, a large fraction of which—possibly up to 20 
tons—could be declared excess today. In addition, France has declared a civilian HEU 
inventory of 4.9 tons, which includes 3.3 tons of unirradiated material.

United Kingdom. In 1998, as part of its Strategic Defence Review, the United Kingdom 
announced an inventory of 21.9 tons of military HEU.37 Almost the same amount was 
declared in 2006 in a follow-on report of an audited stock of 21.86 tons of HEU as of 
31 March 2002.38

Over half of the HEU in the UK stockpile was supplied by the United States. Some was 
bartered for UK-supplied LEU, plutonium, and tritium. Both countries have officially 
declared that 7.5 tons of HEU were transferred between 1960 and 1979. They have not 
made public, however, how much U.S. HEU was transferred to the United Kingdom 
subsequently. In Chapter 5, it is estimated that more than 6.5 tons of U.S. HEU were 
transferred to the United Kingdom after 1980, bringing the total to at least 14 tons of 
weapon-grade uranium received from the United States. The United Kingdom is esti-
mated to have produced about 9 – 13 tons of HEU between 1955 and 1962 at the gaseous 
diffusion plant (GDP) at Capenhurst (see Chapter 5). In 1963, the Capenhurst GDP 
switched to producing LEU, and it was shutdown in 1982. 

The United Kingdom appears to have 10–15 tons of fresh (unirradiated) highly en-
riched uranium in reserve. Most if not all of this material is probably earmarked for 
future use in naval propulsion reactors and would be sufficient to fuel the UK nuclear 
fleet of current size for about a century.
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China. China maintains great secrecy about its military stockpiles of fissile materials. 
In Chapter 7, it is estimated that China may have produced 20 ± 4 tons of HEU, and 
now may have a stockpile of about 16 ± 4 tons of HEU. These estimates take into ac-
count removals, i.e., China’s use of HEU in nuclear-weapon tests and in research reactor 
fuel, as well as the use of its enrichment plants to produce LEU for naval-reactor fuel.

The estimate in Chapter 7 of China’s HEU holdings is lower than most previous values. 
It is based upon a new assessment of the capacity and operating history of the Lanzhou 
and Heping gaseous diffusion plants where China produced its highly enriched ura-
nium. The Lanzhou gaseous diffusion enrichment plant is believed to have produced 
HEU from 1964 to 1980, before switching to produce LEU until it was finally shutdown 
in 1987. The Heping plant is believed to have produced HEU from 1975 to 1987. Previ-
ous estimates typically assumed that these plants ended HEU production in 1987 and 
1989, respectively.39

Pakistan. Pakistan continues to produce highly enriched uranium for weapons. There 
is great uncertainty about the evolution of Pakistan’s enrichment capacity, especially 
over the past decade (see the discussion in Chapter 10). It is estimated that, as of 2010, 
Pakistan would have produced 2.7 ± 1 tons of weapon-grade (90 %-enriched) HEU. 
Pakistan’s six nuclear weapon tests in 1998 would have consumed on the order of 0.1 
tons, leaving it with an HEU stockpile of 2.6 ± 1 tons of HEU.

India. To date, India’s HEU production has been principally intended to fuel its nuclear 
submarine propulsion program. This HEU may be much less than weapon-grade (see 
Chapter 9). Assuming an enrichment level of 30 %, India is estimated to have had a 
stockpile of 1.3 ± 0.5 tons of highly enriched uranium as of 2010. 

India’s prototype submarine was launched in July 2009. As of September 2010, its re-
actor was not yet operational.40 The hulls of two more submarines have been com-
pleted.41 India is expected to build a fleet of three to five nuclear submarines.42 India 
has been increasing its uranium enrichment capacity. In October 2009, the Director of 
the Bhabha Atomic Research Center (BARC) announced that India’s installed enrich-
ment capacity had been “substantially enhanced,” in part by installing more power-
ful centrifuges.43 Recent satellite imagery suggests that India also may be adding new 
enrichment halls at its Rare Materials Plant (RMP) in Rattehalli, Mysore (Karnataka).44 
India is planning a second enrichment facility, the “Special Material Enrichment Facil-
ity,” in Chitradurga district in Karnataka, which may be used to produce low-enriched 
uranium to fuel commercial light-water power reactors.45

Civilian Use of HEU
There are more than a hundred civilian facilities worldwide in which HEU is used as 
reactor fuel. This includes research reactors, critical assemblies, pulsed-power reactors, 
which have lifetime cores that can contain large quantities of barely-irradiated HEU, 
and Russian nuclear-powered icebreaker and container ships. Table 1.2 lists the types, 
numbers and locations of HEU facilities in operation as of April 2010.

In April 2010, the United States convened a Nuclear Security Summit in Washington, 
DC, to promote the goal of securing what was described as “all vulnerable nuclear 
material” in four years. The forty states that participated (including eight of the nine 
nuclear weapon states) agreed in the final communiqué that “highly enriched ura-
nium and separated plutonium require special precautions and [we] agree to promote 
measures to secure, account for, and consolidate these materials, as appropriate; and 
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encourage the conversion of reactors from highly enriched to low enriched uranium 
fuel and minimization of use of highly enriched uranium, where technically and eco-
nomically feasible.”46

Russia 
and NIS

China Europe United 
States

Other Total

Critical assemblies �� � � � � ��

Pulsed reactors �� 0 � � 0 ��

Steady-state reactors (< 0.�� MW) � � � � �� ��

Steady-state reactors (0.�� – � MW) � 0 0 0 0 �

Steady-state reactors (�.� – � MW) 0 0 0 0 0 0

Steady-state reactors (�.� – �0 MW) � 0 0 � � �

Steady-state reactors (> �0 MW) � 0 � � 0 �0

In nuclear powered civilian vessels �� 0 0 0 0 ��

Total 81 4 18 15 14 132

Table 1.2. Civilian HEU-fueled reactors worldwide, 2010.47 The table does not include military naval reactors.

As part of this summit, Chile committed to remove 18 kg of HEU; Ukraine to remove 
all HEU by the next Nuclear Security Summit, to be held in South Korea in 2012; and 
Mexico and Vietnam committed to convert their research reactors to LEU fuel.48 No 
commitments were made to reduce civilian stockpiles of separated plutonium. 

As of April 2010, twenty-one non-weapon states had been virtually cleared of HEU, de-
fined as holding less than one kilogram of highly enriched uranium (see Chapter 11).  
The non-weapon states still possess about 20 tons of HEU, a significant fraction of 
which is in spent research reactor fuel (about half of this HEU is in Kazakhstan, and is 
only about 20 % enriched). Figure 1.3 shows the location of civilian HEU worldwide. 
Most is located in a few weapon states.

Canada’s NRU reactor, which was shut down in May 2009 after operators discovered 
a heavy-water leak, is now ready to resume production of medical isotopes using HEU 
targets.49 Canada has committed to end the use of HEU for this purpose by 2016 when 
the NRU is scheduled to shut down. HEU targets are also used in Europe and Russia. 
The conversion of the FRM-II reactor in Germany from 93 percent to 50 percent urani-
um-235 enriched fuel originally planned for December 2010 has been postponed until 
at least 2018.50 FRM-II uses up to 40 kg of weapon-grade uranium in fuel each year. The 
status of HEU in civilian research reactors in these and other non-weapon states and 
the prospects for conversion and cleanout are discussed in Chapter 11.

In Russia and China, new HEU fueled reactors are coming on line. Start-up of the new 
high-flux PIK research reactor fueled with 90% highly enriched uranium, at the Saint  
Petersburg Institute of Nuclear Physics in Russia which was due to start in 2010 was de-
layed for at least a year.51 It is the first new research reactor to use HEU-based fuel since 
Germany’s FRM-II reactor went critical in 2004. Based on its power level of 100 MWt, 
the estimated HEU demand could be on the order of 100 kg per year.
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Figure 1.3. Distribution of civilian HEU worldwide 

as of 2010. There are still more than 50 sites in 

about 30 countries where the material can be found 

in significant quantities, at operational or shut 

down, but not yet decommissioned HEU-fueled 

reactors. See also Table 11.1.

In China, a 60 MWt Experimental Fast Reactor (CEFR) went critical in July 2010.52 It 
is fueled with about 250 kg of 65-percent enriched HEU provided by Russia.53 China is 
seeking to purchase two Russian designed BN-800 reactors.54 The CEFR is to use pluto-
nium-uranium fuel in later loadings. 

Civilian Uranium Enrichment Plants
The number and capacities of civilian enrichment plants, operating, under construc-
tion, and planned, continues to grow (Appendix 1A). Some of the planned projects 
have suffered problems in the past year and may be delayed. Currently, civilian en-
richment plants in ten states produce low-enriched uranium for power-reactor fuel. 
Thus far, India and Pakistan have only military enrichment programs. Iran has begun 
producing uranium enriched to almost 20 %, which sets a precedent for a non-weapon 
state. North Korea revealed a small centrifuge enrichment plant in November 2010.

United States. In June 2010, the European enrichment consortium Urenco began op-
erations of its Urenco-USA uranium centrifuge enrichment facility in Eunice, New 
Mexico.55 The facility is the first new enrichment plant in the United States since 1956; 
it is expected to reach a capacity of 5.9 million SWU per year.

In May 2010, the U.S. Department of Energy announced a $2 billion loan guarantee for 
Areva’s 6.6 million SWU Eagle Rock Enrichment Facility near Idaho Falls, Idaho.56 The 
loan is conditioned on the facility obtaining a construction and operating license from 
the Nuclear Regulatory Commission. The license application was submitted in 2008. 
The NRC submitted a draft Environmental Impact Statement for the facility in July 
2010. Areva plans to begin construction in 2011 and begin operation in 2014.

Two other planned enrichment facilities in the United States have both faced problems. 
In July 2010, the USEC American Centrifuge Plant (Figure 1.4) was denied a $ 2 billion 
loan guarantee by the United States Department of Energy.57 The DOE determined that 
USEC had insufficient experience with its technology to overcome problems of “either 
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major cost overruns or reliability problems or both.” USEC subsequently resubmitted 
its loan-guarantee application after addressing DOE concerns and having acquired new 
financial backing from Toshiba and Babcock & Wilcox.58

Figure 1.4: Centrifuges developed by USEC for the American Centri-
fuge Plant. The USEC AC100 centrifuge has a design capacity of 350 

SWU per year and is over 12 meters tall. For comparison, a current 

Urenco centrifuge, the TC-21, has a capacity of 90–100 SWU per  

year and a height of about 6 meters, while Russian centrifuges are 

typically of the order of 5 SWU per year and have a height of about  

1 meter.59 Source: www.usec.com.

In August 2010, the Global Laser Enrichment (GLE) project in North Carolina delayed 
again a decision on building a commercial-scale facility.60 The decision was originally 
expected in 2009 but is now scheduled for 2012. Owned by a consortium of General 
Electric (United States), Hitachi (Japan) and Cameco (Canada), GLE is based on an Aus-
tralian laser enrichment method, SILEX. Independent analysts concerned about the 
prospect of the world’s first commercial laser enrichment facility are demanding that 
the U.S. Nuclear Regulatory Commission (NRC) consider proliferation implications in 
deciding whether to license the GLE facility.61 The NRC has so far been reluctant to 
consider such an assessment.62

Russia. Russia’s state-owned nuclear corporation Rosatom has offered to sell up to 49 % 
of its ownership of the Urals Electrochemistry Combine uranium enrichment plant at 
Novouralsk to Kazakhstan’s Kazatomprom.63 This marks the first possible sale of a share 
in an existing Russian nuclear enterprise to a foreign company. It replaces an earlier 
agreement to expand the uranium enrichment capacity at Angarsk by building a new 
facility there. Unlike Angarsk, the Novouralsk facility was a major contributor to the 
production of Russia’s HEU stockpile.

China. China is reported to have developed and to be operating its own centrifuge 
enrichment plant, with a capacity of about 500,000 SWU.64 The uranium enrichment 
plant is described as a demonstration project that started in 2007 at a site in Lanzhou 
and may have gone on-line early in 2010. This facility is in addition to the Russian-
supplied enrichment plants in China, which have a combined capacity of 1.5 million 
SWU per year.
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Iran. Iran’s main enrichment site is Natanz, where both a Pilot Fuel Enrichment Plant 
(PFEP) and the underground fuel enrichment plant (FEP) are located. In September 
2009, a second uranium enrichment plant was disclosed to be under construction near 
the city of Qom in Iran (Figure 1.5). The Fordow fuel enrichment plant (FFEP) is to 
be located inside a mountain, apparently to protect the site against attack. Iran de-
clared that, “based on [its] sovereign right of safeguarding … sensitive nuclear facili-
ties through various means such as utilization of passive defense systems … [Iran] has 
decided to construct a new pilot fuel enrichment plant (up to 5 % enrichment)” at this 
site.65 The IAEA has verified that the FFEP is designed to hold a total of about 3000 cen-
trifuges. As of September 2010, however, no centrifuges had been installed.66

Figure 1.5. Iran’s second enrichment plant 
(34.885 N, 50.996 E), near the city of Qom. 
The partially-built Fordow fuel enrichment 

plant (FFEP) was disclosed on 25 September 

2009, during a G20 summit in Pittsburgh, 

PA. At about the same time, Iran submitted a 

letter to the IAEA declaring the plant. IAEA 

inspectors first visited the site in late Octo-

ber 2009 and confirmed that the plant could 

eventually hold about 3000 centrifuges.67 

Source: Google Earth.

In February 2010, Iran started production of 19.75 percent enriched uranium at its Pilot 
Fuel Enrichment Plant (PFEP) at Natanz. Reportedly, this enriched uranium is intended 
to produce fuel for the Tehran Research Reactor TRR-1. As of November 2010, Iran had 
produced about 33 kg of 20 % enriched uranium.68 Iran has announced that it is plan-
ning to start building a third uranium enrichment plant in early 2011.69

Since October 2010, various reports began to suggest that a sophisticated computer mal-
ware (worm) attack may have targeted Iranian nuclear facilities for more than a year, 
which could help explain why the number of operational centrifuges at Natanz began 
to decrease after May 2009.70 In November 2010, Symantec published a detailed report 
analyzing the malware (Stuxnet). The report confirms that the worm is most prevalent 
in Iran (more than 60 % of infected hosts) and designed to sabotage industrial control 
systems and, even though not explicitly considering enrichment plants, reveals that 
frequency converters (operating between 800 and 1200 Hz, i.e., a typical frequency 
range for gas centrifuges) are the main target of the attack.71 In late November, some 
reports suggested that Iran had temporarily halted all enrichment activities.72

Argentina. In October 2010, Argentina announced that it was preparing to resume 
uranium enrichment at its Pilcaniyeu gaseous diffusion plant, with the first enriched 
product expected in September 2011.73 According to Argentina’s National Atomic En-
ergy Commission (CNEA), the reactivation of the plant will allow Argentina to remain 
and establish itself in the “select group of nine countries that control enrichment tech-
nology.”74 The plant previously operated from 1983 to 1989 with a capacity of 20,000 
SWU per year. The plant has been under safeguards by the IAEA and by the Brazil-
ian-Argentine Agency for Accounting and Control of Nuclear Materials (ABACC) since 
1993. It is reported that the refurbished facility will have an expanded capacity eventu-
ally on the order of 3 million SWU.75
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North Korea. In November 2010, North Korea provided U.S. observers access to a newly 
constructed uranium enrichment plant set up since early 2009 inside a pre-existing 
building at the Yongbyon site. The facility is reported to contain up to 2000 centri-
fuges, with a total enrichment capacity of 8,000 SWU per year, and is intended to 
produce LEU enriched to 3.5 % in uranium-235.76 This LEU is meant to fuel a 100 MWt 
light-water reactor also being constructed at the site. North Korean operators suggested 
that the centrifuges were modeled after the centrifuges at Urenco’s Almelo plant and at 
Japan’s Rokkasho enrichment plant.77

Separated Plutonium
The global stockpile of plutonium, estimated as 485 ± 10 tons, continues to grow, with 
most of the increase coming from civilian reprocessing programs rather than produc-
tion for weapons (Figure 1.6 and Appendix 1B). The global military plutonium stockpile 
will begin to shrink when Russia and the United States, which have the largest stocks 
of weapons plutonium, begin disposing of the 34 tons of weapon plutonium they each 
have declared excess to their military needs. The civilian plutonium stockpile will in-
crease if Japan, India, and China go forward with their currently planned reprocessing 
programs. 

The amount of weapon-state separated plutonium under IAEA safeguards and moni-
toring is expected to increase. In April 2010, the United States and Russia agreed on a 
revision of their Plutonium Management and Disposition Agreement, originally signed 
in 2000.78 In September 2010, they submitted a joint letter to the IAEA requesting that 
the Agency establish verification measures with respect to their excess weapon-grade 
plutonium disposition programs.79 The United States and Russia have set the goal of 
preparing the appropriate verification agreements in 2011.

Figure 1.6. National stocks of separated pluto-
nium. Civilian stocks are based on the most recent 

INFCIRC/549 declarations for January 2010 and are 

listed by ownership, not by current location. Weap-

on stocks are based on non-governmental estimates 

except for the United States and United Kingdom 

whose governments have made declarations. Uncer-

tainties of the military stockpiles for China, France, 

India, Israel, Pakistan, and Russia are on the order 

of 10 – 30 %. The plutonium India separated from 

spent heavy-water power-reactor fuel has been 

categorized by India as “strategic,” and not to be 

placed under IAEA safeguards. Russia has 6 tons of 

weapon-grade plutonium that it has agreed to not 

use for weapons but not declared excess.
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Weapons Plutonium
Russia and the United States have the largest stockpiles of plutonium produced for weap-
ons. While the United States has declared its history of production and utilization of 
weapon plutonium, there remain considerable uncertainties in estimates of Russia’s 
stockpile. These uncertainties are significantly reduced, however, as a result of a careful 
reanalysis of public information (Chapter 3). Like the United States, the United King-
dom has declared its plutonium production and these reports are discussed in Chapters 
2 and 6 respectively. Along with the United States, the United Kingdom has declared its 
plutonium production and these reports are discussed in Chapter 2 and 6, respectively.  

Chapters 7 and 9 present significantly lowered estimates of weapon plutonium pro-
duction in China and India. The estimates for Israel and Pakistan (Chapters 8 and 10, 
respectively) are consistent with earlier analyses. 

Russia. It is estimated that Russia produced about 130 ± 8 tons of plutonium for weap-
ons before ending production in 1994 (Chapter 3). The last plutonium production 
reactor, ADE-2 at Zheleznogorsk, was shut down in April 2010.80 Under a Russian-U.S. 
agreement, plutonium produced since 30 September 1994 by this reactor and its coun-
terparts, ADE-4 (shut down in April 2008) and ADE-5 in Seversk (shut down in June 
2008) will not be used in Russia’s weapons program. During this period, the three 
reactors produced about 15 tons of weapon-grade plutonium. This material will be 
consolidated at Zheleznogorsk. Nine tons of this plutonium are included in the 34 tons 
that Russia has committed to blend down.

Under the agreement with the United States on plutonium management and disposi-
tion, which was revised in 2010, Russia will use 25 tons of excess weapon-origin pluto-
nium to produce MOX for its BN-600 and BN-800 fast-neutron reactors. Russia plans 
to have the BN-800 ready for operation by 2012–2013 and the BN-600 adapted to use 
MOX fuel by 2013–2014. MOX use in these reactors is not planned to begin, however, 
until 2018. As the first step in this process, in August 2010, Russia’s state-owned nuclear 
corporation Rosatom announced a decision to construct a MOX production plant at 
the Mining and Chemical Combine, Zheleznogorsk.81

France. France has used a fleet of dedicated production reactors at its Marcoule site in 
the South-East of France, and most likely also several natural-uranium-fueled power 
reactors, to produce its stockpile of weapons plutonium. Due to the diversity of reac-
tor types employed, and the possibility of using them at different times in different 
ways for military purposes, estimates of France’s inventory of weapons plutonium re-
main highly uncertain. We find that 4.6 ± 0.5 tons of weapon-grade plutonium were 
produced in the dedicated production reactors. Six power reactors in France and one 
in Spain could have contributed another 1.7 tons to that stockpile. Overall, France ap-
pears to have much more weapons plutonium today (about 6 tons) than it needs for its 
current nuclear arsenal (about 1.5 tons).

China. China is estimated to have produced 2 ± 0.5 tons of plutonium for weapons 
(Chapter 7). Subtracting about 0.2 tons consumed in its nuclear tests, China’s current 
inventory of weapon-grade plutonium would be 1.8 ± 0.5 tons. 

This value is smaller than earlier estimates because of a new assessment of the power 
levels and the operating histories of the two Chinese plutonium production reactors at 
Jiuquan and Guangyuan, which operated from 1966 – 1984 and from 1973 – 1990, re-
spectively. The reactors are now believed to have had an original design power of about 
250 MWt each, considerably less than earlier estimates for Guangyuan. 
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This inference is based in part on information released in 2010 about an underground 
complex of three 80 MWt Chinese plutonium-production reactors at Fuling, in Sich-
uan province, which were intended originally as a backup for the Jiuquan reactor. The 
Fuling underground reactors were abandoned before they were completed and China 
instead built the Guangyuan reactor, which appears to be a copy of Jiuquan.

India. The revised estimate for India (Chapter 9) is that it has a stockpile as of 2010 of 
weapon-grade plutonium of 0.5 ± 0.15 tons, slightly less than previous estimates. About 
0.09 tons may have been consumed in nuclear weapons tests and in the first core of the 
Fast Breeder Test Reactor (FBTR).

The stockpile estimate is lower than previous values largely due to the assumption 
of reduced lifetime capacity factors for India’s two plutonium production reactors at 
the Bhabha Atomic Research Centre (BARC), in Mumbai. The 40 MWt CIRUS reactor, 
which began operating in 1963, is to be shut down in December 2010, and there are 
plans to build a new 100 MWt reactor in Vizag, Andhra Pradesh.82 This would be the 
same capacity as Dhruva, the second BARC production reactor, which was commis-
sioned in 1985.

The estimate of India’s current reactor-grade plutonium stockpile, separated from the 
spent fuel discharged by India’s unsafeguarded heavy-water power reactors, has also 
been reduced. This stockpile is now estimated to be 3.5 ± 0.5 tons. A total of about  
9 tons of plutonium may have been produced in unsafeguarded spent fuel as of 2010. 
About 2 tons of plutonium may have been fabricated into fuel for the FBTR and for 
the first core of the 500 MWe Prototype Fast Breeder Reactor (PFBR) which is under 
construction.

Israel. Israel has produced plutonium for nuclear weapons at its Dimona reactor and its 
associated reprocessing plant since the mid-1960s. As detailed in Chapter 8, there are 
important uncertainties about the power of the Dimona reactor, which may have been 
increased from an initial design value of 24 MWt to 40 MWt and then to 70 MWt, with 
the reactor power possibly reaching 150 MW for a period in the late 1970s and early 
1980s. It is estimated that, as of 2010, Israel’s cumulative production of plutonium is 
0.8 ± 0.15 tons.

Pakistan. Pakistan has been building its second and third production reactors (Chap-
ter 10). It may have produced 0.06 – 0.13 tons of weapon-grade plutonium from its 
Khushab-I reactor, assuming a reactor power of 40–50 MWt and an average capacity 
factor of 50 – 80 %. The second production reactor has been completed at Khushab and 
may have started operation in late 2009 or early 2010.83 A third production reactor 
is nearing completion.84 Based on the number and sizes of their mechanical cooling  
towers, all three reactors appear to be of similar power. 

North Korea. North Korea resumed reprocessing activities in April 2009, after having 
agreed in 2007 to halt its weapons program and started disabling its production reac-
tor and reprocessing plant. In November 2009, North Korea announced that it had 
completed reprocessing the 8000 remaining spent nuclear fuel rods from its Yongbyon 
production reactor to separate their plutonium for weapons.85 This could have added 
8 – 12 kg of plutonium to its stockpile, giving North Korea a stockpile in 2010 estimated 
at 34 kg. 
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Civilian Plutonium
The separation of plutonium in civilian programs in France, the United Kingdom, Rus-
sia, and Japan is taking place at a higher rate than the worldwide production of plutoni-
um for weapons. Since 1996, nine countries (Belgium, China, France, Germany, Japan, 
Russia, Switzerland, the United Kingdom and United States) have submitted annual 
declarations of their stocks of civilian plutonium to the IAEA (INFCIRC/549), which 
posts them on its website.86 Appendix 1C and Figure 1.7 summarize this data.

 
Figure 1.7. Civilian separated plutonium, as declared 
in the INFCIRC/549 declarations for December 31st 
of the respective years. In contrast to the stockpiles 

shown in Figure 1.6, these values are by listed 

by storage location not by ownership. Weapons 

plutonium declared excess by the United States (and 
Russia) is not included in this chart. 

France. France declared that its total holdings of civilian plutonium as of 31 December 
2009 were about 82 tons, of which about 26 tons is foreign-owned. The total holdings 
have gone down by 2 tons from 2008.87 The amount of separated plutonium owned by 
France has grown slightly, however, from 55.5 tons in 2008 to 55.9 tons in 2009. The 
reduction is due to the end of foreign reprocessing contracts and the reduction of for-
eign separated plutonium held in France by 2.4 tons. The 2010 French National Radio-
active Materials and Wastes Management Scheme projects that the civilian separated 
stockpile will be 54 tons in 2020 and 53 tons in 2030.88

United Kingdom. The United Kingdom’s Magnox reprocessing plant (B205) continues 
to operate poorly as does the THORP plant, in which foreign LWR fuel is reprocessed. 
B205 was originally scheduled to be shut down in 2012. In August 2010, however, the 
UK Nuclear Decommissioning Authority pushed back to 2017 the expected date for 
B205 to complete reprocessing the backlog of Magnox power reactor spent fuel and to 
be shutdown, noting that this “assumes that there are no events or issues that signifi-
cantly interrupt spent fuel transport or reprocessing.”89 The THORP reprocessing plant 
also continues to limp along. It is currently restricted to reprocessing 200 – 300 tons per 
year of spent fuel, less than a quarter of its design throughput of 1200 tons per year.90

India. The completion of India’s Prototype Fast Breeder Reactor (PFBR) is reported to 
be delayed.91 The reactor is now expected to go critical in March 2012.92 Construction 
of the 500 MWe reactor started in 2004 and it was initially expected to be commis-
sioned by December 2010. India’s Department of Atomic Energy is seeking approval to 
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begin work in 2011 on dedicated fuel fabrication and reprocessing plants to support 
the PFBR.93 The new facilities will be co-located with the breeder reactor at Kalpakkam, 
with two additional breeder reactors planned for the site.94

In March 2010, the United States and India signed an agreement that will allow India 
to reprocess U.S.-supplied light-water-reactor nuclear fuel and spent fuel produced in 
American reactors supplied to India.95 The “Arrangements and Procedures Pursuant to 
Article 6(iii) of the Agreement for Cooperation Concerning Peaceful Uses of Nuclear 
Energy” allows for India to set up at least two and possibly three or more new safe-
guarded plants for reprocessing such fuel:

“ The Government of the United States of America and the Gov-
ernment of India understand the need for sufficient indigenous 
Indian capacity to reprocess or otherwise alter in form or content, 
under IAEA safeguards, U.S.-obligated nuclear material subject 
to the Agreement for Cooperation. Based on this understand-
ing, the Parties agree to pursue the steps necessary, consistent 
with their national laws, to permit reprocessing or alteration in 
form or content of nuclear material subject to the Agreement 
for Cooperation at one or more new additional national facilities in 
India, (beyond the two facilities provided for in these Arrange-
ments and Procedures) established by the Government of India 
and dedicated to the reprocessing and, as required, other altera-
tion in form or content of safeguarded nuclear material under 
IAEA safeguards.” [Emphasis added]

India currently has three plants for reprocessing heavy-water reactor fuel: Trombay at 
Mumbai (50 tons of fuel per year, commissioned in 1964), PREFRE at Tarapur (100 ton 
capacity, commissioned in 1977), and KARP at Kalpakkam (100 ton capacity, commis-
sioned in 1998).

Japan. Japan has not yet begun separating plutonium at its 800 tons per year Rokkasho 
reprocessing plant except during startup tests of the facility. Local inventories have 
therefore remained rather stable, reaching a new maximum of 10 tons in December 
2009. The start of commercial operations at the Rokkasho reprocessing plant, expected 
in October 2010, will be delayed by at least two years.96 This latest announcement 
marks the eighteenth time that the facility has been delayed. Operation was originally 
planned to start by December 1997. The current problem is related to the melter, in 
which highly radioactive liquid waste generated by reprocessing spent nuclear fuel is 
to be mixed into glass for long-term storage. As a result, Rokkasho did not continue its 
testing program and separated no plutonium in the past year. 

The rationale for Japan’s reprocessing program was to produce plutonium fuel for a 
planned fleet of fast breeder reactors. The breeder reactor program has suffered its own 
problems. Japan’s prototype fast breeder reactor, Monju, suffered an accident in Au-
gust 2010, in which a 3-ton refueling device fell inside the reactor vessel while being 
removed.97 The accident occurred while the reactor was being prepared to restart op-
eration for the first time since a December 1995 shutdown due to a major sodium leak 
and fire.98 The 1995 accident occurred during the first year after the reactor first went 
critical. The accident will further delay the reactor resuming operation.

China. China has completed a pilot reprocessing plant with a capacity of 50–60 tons 
of spent fuel per year capable of being expanded to 100 tons per year. The reprocessing 
plant was expected to begin ‘hot tests’ with spent fuel in early 2010.99 As of October 
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2010, the plant had not been allowed to separate any plutonium and normal operation 
is now not expected till 2012.100

In October 2010, China’s National Nuclear Corporation (CNNC) signed an agreement 
for Belgonucleaire and two other companies to build a pilot MOX fuel fabrication facil-
ity.101 Together the reprocessing plant and the MOX plant will allow China to separate 
and use plutonium in the civilian fuel cycle. The China National Nuclear Corporation 
plans to build a much larger (800 tons per year) reprocessing plant, to begin operation 
in 2025, and presumably will build a matching MOX plant.102

Germany. Germany declares its plutonium holdings annually to the IAEA, but these 
declarations are only partially useful, because these documents apparently list pluto-
nium stocks even when plutonium-uranium (MOX) fuel has already been loaded into 
power reactors, but not yet reached a minimum burnup level.103 Accordingly, this fuel 
is considered “unirradiated,” suggesting larger plutonium stockpiles than are actually 
present outside reactors. In addition, Germany does not report stockpiles located out-
side the country.104

For Germany’s current plutonium holding and our estimate of future trends, we use 
the response of the German Federal Government to a request for information from 
members of the German Bundestag.105 Accordingly, 62.4 tons of plutonium will have 
been separated and used once the German program of plutonium-use in power reactor 
ends.106 As of 31 December 2008, almost 60 tons of this total had already been sepa-
rated with the final 2.5 tons awaiting separation in the United Kingdom. As of that 
date, 50.8 tons of plutonium had been loaded to reactors and 2.1 tons of fresh MOX 
were stored at German reactor sites (compared to 5.6 tons listed in the INFCIRC/549 
declaration for the same date). In other words, 9.5 tons of German plutonium remained 
in foreign countries, 7 tons of which already were separated as of 31 December 2008.

Figure 1.8 summarizes the situation and expected future trends: by the end of 2008, 
11.6 tons (62.4 minus 50.8 tons) of plutonium remained for use in Germany between 
2009 and 2016.

Figure 1.8. The end of plutonium use in Germany is 
in sight. According to information made public by the 

German Bundestag, 11.6 tons of plutonium remained 

as of 31 December 2008. It is currently planned that 

MOX use will end by 2016 when a total of 62.4 tons 

of separated plutonium have been used as MOX in 

German reactors. Plutonium usage for the period of 

2000–2008 is estimated from an industry source.107
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Appendix 1A. Uranium Enrichment Plants

 

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

Argentina

Pilcaniyeu Civilian Resuming operation yes �0 – �000

Brazil

Resende Civilian Under construction yes ��0 

China

Shaanxi Civilian Operating (yes) �00–�000

Lanzhou II Civilian Operating offered �00

Lanzhou (new) Civilian Operating no �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

Iran

Natanz Civilian Under construction yes ��0

Qom Civilian Under construction yes � – �0

Japan

Rokkasho Civilian Operating yes << �0�0

Netherlands

Almelo Civilian Operating yes ��00

North Korea

Yongbyon ? ? no ?

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 offered ���00

Piketon, Ohio Civilian Under construction offered ��00

Eunice, NM Civilian Operating offered ��00

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

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

2008 0.�
0.�

��.�
��.�

�.�
0.0

��.�
0.0

�0�.�
��.0

��.�
0.0

0.0 <0.0� ��.� 0.0 0.� 0.0

2009 0.0
0.0

��.�
��.�

�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), n.d. = not disclosed  

  Stored outside the country (not included in local inventory) 

Since 1996, nine countries (Belgium, China, France, Germany, Japan, Russia, Switzer-
land, the United Kingdom and United States) have been declaring annually and pub-
licly their stocks of civilian plutonium to the IAEA (INFCIRC/549). Russia does not in-
clude in its declaration excess weapons plutonium, whereas the United States does. The 
annual inventories (as of December 31st of the respective year) 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 ir-
radiated fuel. In December 2009, the civilian stockpile of separated plutonium reached 
a new maximum value of 251.6 tons, not including the weapons plutonium declared 
excess by the United States and Russia.108
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2  United States
The United States was the first country to produce highly enriched uranium and plu-
tonium for weapons. In the 1990s, it published official histories of its historical pro-
duction and use of these materials, based on data in the national Nuclear Material 
Management and Safeguards System. Plutonium: The First 50 Years describes the history 
of U.S. production, use, and stocks of plutonium as of the end of 1994. Highly Enriched 
Uranium: Striking a Balance provides the corresponding information for HEU through 
the end of September 1996 and Highly Enriched Uranium Inventory updates this informa-
tion through the end of September 2004.109 The plutonium report is currently being 
updated.

Cumulatively, the United States produced about 850 tons of HEU. The bulk was for 
weapons and was mostly produced before the mid-1960s, when the U.S. nuclear-war-
head stockpile peaked at over 30,000 weapons. U.S. production of HEU for weapons 
ended in 1964.110 Additional HEU, enriched to more than 96 % in uranium-235, was 
produced for naval-reactor fuel through 1992. Thereafter, huge quantities of weapon-
grade uranium became available from excess Cold War weapons. This HEU is being 
stockpiled for future use in naval-reactor fuel.

As of the end of September 2004 (the end of the U.S. fiscal year), about 180 tons of HEU 
had been consumed in nuclear reactor fuel, nuclear tests, transfers to foreign countries, 
and down-blending to low-enriched uranium (LEU). About 100 tons had been fabricat-
ed into naval fuel that is to be disposed of in a geological repository after use, another 
130 tons have been designated for the naval-fuel reserve, and yet another 174 tons had 
been declared excess for all military purposes and are mostly to be blended-down to 
LEU. This leaves about 260 tons of HEU in or available for U.S. nuclear weapons.

U.S. production of weapon-grade plutonium also peaked in the 1950’s and early 1960’s. 
During the 1960s, nine of the fourteen U.S. production reactors were shut down. Five 
continued to operate into the 1980s, primarily to produce tritium, the 12-year half-life 
heavy hydrogen isotope used in “boost” gas to increase the yield of the fission triggers 
in modern weapons.111 All U.S. production reactors were finally shut down in 1987.112

Cumulatively, the United States produced and acquired about 110 tons of plutonium. 
As of the end of September 1994, the United States had used about 10 tons of this 
plutonium and still had about 85 tons of weapon-grade plutonium and 15 tons of non-
weapon-grade but weapon-usable plutonium. All of the non-weapon-grade plutonium 
and 47 tons of the weapon-grade plutonium have been declared excess for military use, 
leaving about 38 tons remaining in or available for nuclear weapons.
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Although the United States has reduced its stocks of weapons HEU and plutonium, us-
ing as weapons equivalents 20 kg of HEU and 4 kg of plutonium,113 the remaining stocks 
available for weapons use are still sufficient for about 10,000 weapons. In May 2010, 
the United States declared that it had 5113 warheads in its active stockpile plus “several 
thousand” that had been retired and were awaiting dismantlement.114

Figure 2.1. U.S. HEU and plutonium sites. Lynchburg, VA, and Erwin, TN, host HEU fuel fabrication sites.

Highly Enriched Uranium (HEU)
Highly enriched uranium was first produced for the Hiroshima bomb, which contained 
about 60 kg of uranium enriched to an average of 80 % in the chain-reacting isotope U-
235. Natural uranium contains about 0.7-percent U-235 mixed with non-chain-react-
ing U-238. Uranium enriched to more than 20 % in U-235 is considered weapon-usable 
and is designated as “highly enriched uranium” or HEU. Several isotope separation 
techniques have been used for enriching uranium. These are described in Appendix A 
to this report. 

During 1945– 47, a little over a ton of HEU was produced by electromagnetic separation 
at the Manhattan Project’s Y-12 plant near Oak Ridge, Tennessee. The focus of U.S. HEU 
production shifted quickly, however, to two huge gaseous diffusion plants (GDPs), one 
at Oak Ridge, Tennessee, and one at Portsmouth, Ohio (Table 2.1).115

Site Isotope Separation 
Technology

HEU Production Peak Annual Production
(U-235 in HEU)

Oak Ridge, Tennessee Electromagnetic ����–���� 0.� tons in ����

Oak Ridge, Tennessee Gaseous diffusion ���� –���� �� tons/yr in ����–����

Portsmouth, Ohio Gaseous diffusion ����–���� �� to �0 tons/yr in ���0–����

Table 2.1. The enrichment plants that produced U.S. HEU.116
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The Oak Ridge GDP, whose construction began during World War II, produced HEU for 
weapons during 1945–1964 and thereafter produced only low-enriched uranium for 
nuclear power-plant fuel until 1985. The Portsmouth GDP (Figure 2.2) started produc-
tion in 1956 and also produced HEU for weapons until 1964 when the U.S. stockpile 
peaked. Then it shifted to producing mostly low-enriched uranium for power-reac-
tor fuel and HEU enriched to an average of 97.4 %, for naval-propulsion reactor fuel. 
Cumulatively, 164 tons of super-grade uranium were produced at a net average rate of 
about 6 tons per year. This ended in 1992, when huge quantities of excess weapon-
grade HEU (greater than 90 % enriched) became available due to the first post-Cold 
War downsizing of the U.S. weapons stockpile. Future U.S. naval reactors are being de-
signed to be fueled with this uranium.117 Figure 2.3 shows the history of net U.S. HEU 
production, measured by its contained U-235 by site and by year. 

Table 2.2 shows a summary of the U.S. government’s declarations of its HEU acquisi-
tions, removals and stocks as of 30 September 2004. It indicates that, of the approxi-
mately 850 tons of HEU that the United States originally produced and acquired, about 
690 tons remained in 2004. Of that remainder, about 260 tons was available for nuclear 
weapons and associated research and development. The remainder was mostly in or 
reserved for naval-fuel or programmed for disposition. 

There was an “inventory difference” of 3 tons between the recorded difference between 
production, use and waste and measured stocks. This inventory difference included 
both the inaccuracy of the records and historic measurements and the possibilities of di-
versions. Three tons are only 0.4 percent of the total production but would be sufficient 
to make 150 nuclear weapons. Some of the entries in the table are discussed below. 

Figure 2.2. The U.S. Portsmouth Gaseous Diffusion 
Plant when it was operating. The three large  

buildings contained 1812 enrichment stages and 

cover an area of 0.36 square kilometers. When 

operating at its design capacity of 8.3 million 

separative work units (SWUs) per year, it required 

2.1 GWe of electrical power. Note the plumes of 

condensed water vapor coming out of its cooling 

towers. Source: U.S.  Enrichment Corporation.
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Figure 2.3. History of net U.S. production of HEU 
by site (tons/year U-235 content).118 At the peak of 

U.S. HEU production, enough material was being 

produced for more than 4,000 warheads per year.

U.S. exports and imports of HEU. The United States exported about 35 tons of U-235 
in HEU to other countries for use in research and naval-reactor fuel and in neutron 
targets for the production of medical isotopes. Of this, 18.6 tons had been exported for 
non-military uses as of September 30, 1996.119 An additional 0.3 tons was exported for 
such uses between 1996 and 2004. As of the end of September 2004, of the material 
shipped abroad for research-reactor fuel and other purposes, HEU originally contain-
ing 4.7 tons of U-235 had been returned (see Chapter 11 for an update). In addition, 
in 1994, the United States acquired from Kazakhstan 0.65 tons of formerly Soviet HEU 
and blended it down to LEU.120

Almost all of the remaining U.S. HEU exports, containing 16 tons of U-235 were 
shipped to the United Kingdom for use in naval-reactor fuel (Chapter 5). About half a 
ton was shipped to France to fuel naval prototype reactors.121

Consumption in production-reactor fuel. An estimated 56.8 tons of U-235 in HEU 
were either fissioned or transmuted into U-236 in production and other reactors. More 
than 80% of this consumption was in the Savannah River plutonium/tritium produc-
tion reactors.122

Losses of HEU in nuclear explosions and to fission in naval-reactor fuel. For secrecy 
reasons, the U.S. HEU declarations do not separate HEU used in nuclear explosions 
from fissions and transmutations in naval-reactor fuel. Combined, as of 30 September 
1996, these uses were reported to total about 32 tons of U-235. This combined number 
was not updated to 2004, however, because there were no nuclear tests after 1992 and 
the amount of U-235 consumed in naval reactors between 1996 and 2004 therefore 
would have been revealed. It is not clear why the U.S. Navy considers the U-235 con-
sumption rate to be sensitive information. Below is a rough attempt to estimate the 
amount that would have been consumed in nuclear tests.

It is assumed that an average U.S. warhead contains 20 kg of HEU. If this is applied to 
the average U.S. nuclear test, one thousand U.S. tests would have used 20 tons of HEU. 
Based, however, on the fact that only 358 U.S. tests had yields above 20 kilotons,123 
most U.S. tests were of fission triggers, which contain little or no HEU. If the explosives  
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with yields above 20 kilotons had second stages containing 20 kilograms of 85%-en-
riched uranium each,124 then the amount of U-235 used in nuclear explosions would 
be about 7 tons and the residual of about 25 tons would have been consumed in naval-
reactor fuel.

Material Balance Category U-235 (tons) HEU

Acquisitions Domestic enrichment��� ��0.� �0��.�

From blending 0.� �.�

Less re-feed into enrichment plants –���.� –���.�

Receipts from foreign countries �.� n/a

Miscellaneous receipts and classified transactions �.� n/a

Total acquisitions 751.9 n/a

Removals Fission and transmutation in non-naval reactor fuel –��.� –��.0���

Losses in explosions & fissions in naval-reactor fuel (as of ����) –��.� n/a

Waste (“normal operating losses”) –�.� n/a

Transfer to foreign countries: peaceful uses –��.� n/a

Transfers to foreign countries: military uses –��.0 n/a

Down-blending –��.� –��.0

Total removals –160.3 n/a

Calculated U.S. inventory, 30 Sept. 2004 593.3 n/a

Stocks Measured U.S. HEU Inventory, 30 Sept. 2004 590.5 686.6

In warheads, naval fuel or Pantex and Y-�� sites ���.� ���.�

At other DOE sites ��.� ��.�

– fabricated into naval fuel –��.� –�00.0

– reserved for naval reactor fuel –��0.� –���.0

– slotted for blend-down to LEU or a waste repository –���.0 –���.0

– reserved for research and space reactors –��.� –�0.0

Remainder in and available for weapons 231.8 231.8

Inventory 
difference

Acquisitions – Removals – Stocks ~~ � n/a

Table 2.2. U.S. HEU acquisitions, removals and 
stocks as of 30 Sept. 2004. The DOE’s Pantex site 

near Amarillo, Texas is where U.S. nuclear warheads 

are assembled and disassembled. The HEU-con-

taining thermonuclear “secondaries” are produced 

and dismantled at the DOE’s Y-12 site in Oak Ridge, 

Tennessee. “n/a” means that the information is not 

available in the DOE report.127

We assume that the DOE estimate of the amount of U-235 consumed in naval reactor 
fuel only covers spent naval fuel that has been returned to the DOE. Based on the 83 
percent residual enrichment of the uranium in the spent naval fuel stored at Idaho Na-
tional Laboratory in 1996,128 one can estimate that about 49% of the U-235 originally 
in this fuel was consumed and that there would have been somewhat more than 50 
tons HEU originally in the naval reactor fuel.129

It is stated in Highly Enriched Uranium: Striking a Balance that, as of 30 September 1996, 
about one hundred metric tons of HEU were “in naval reactor cores [or to be] fabricated 
into fuel in the near future.”130 If the 100 tons were distributed between U.S. nuclear 
ships and submarines in proportion to their shaft horsepower, then the two reactor 
cores of a Nimitz aircraft carrier would contain about 5 tons and the single reactors of 
Trident ballistic-missile submarines would contain about 1 ton each.131
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The resulting spent fuel is shipped for interim storage at the Idaho National Laboratory. 
It is expected that this spent naval reactor fuel will go to a deep-underground reposi-
tory.132 The 100 tons plus the amount of HEU originally in the spent fuel transferred to 
DOE before 30 September 1996 plus 50-odd tons of HEU in naval spent fuel that was 
transferred to DOE is roughly consistent with the 162 tons of super-grade HEU that was 
produced for the Navy.

“Normal operating losses” of HEU. As of the end of September 1996, HEU losses to var-
ious waste streams were estimated as containing cumulatively about 5 tons of U-235, 
about equally distributed between Department of Energy facilities and private facilities 
that fabricate naval and research reactor fuel.133 An additional 0.5 tons of U-235 was 
assigned to normal operating losses between 1996 and 2004.134

“Inventory differences.” After estimation of all the removals, as of 2004, about 3 tons 
of U-235 in HEU remained unaccounted for.135 At the site level, contributions to this 
total include about 1 ton at the Y-12 plant in Oak Ridge, Tennessee, where the thermo-
nuclear components for U.S. nuclear weapons are made and dismantled; and about one 
third ton each at the Portsmouth Gaseous Diffusion Plant (where about half of U.S. 
HEU was produced), the former Apollo HEU fuel fabrication plant, the Nuclear Fuel 
Services fuel fabrication plant, and the Rocky Flats Plant (where composite HEU-plu-
tonium pits for nuclear-weapon primaries were apparently produced). The most plau-
sible explanation for most of these differences is underestimates of losses to waste. At 
the Apollo plant, however, a major HEU theft (hundreds of kilograms) probably did 
take place.136 At the Savannah River Site, where HEU fuel was used in the production 
reactors and reprocessed, the inventory difference was negative by about 0.4 tons, i.e., 
there was more HEU than could be accounted for. Perhaps the losses there had been 
overestimated.

Figure 2.4. The cores of the two reactors powering 
each Nimitz-class aircraft carrier contain several 

tons of weapon-grade uranium. Image Source: U.S. 

Department of Defense.137
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Disposition of HEU declared excess for weapon purposes. In 1994, the United States 
declared 174 tons of HEU excess for military purposes. Of this, 156 tons are being 
blended down to low-enriched uranium. The remaining 18 tons include about 17 tons 
of naval-reactor spent fuel.138

In 2005, another 200 tons of U.S. HEU were declared excess for weapon purposes. Of 
this, 20 tons were placed in a reserve to supply research and space reactors.139 Another 
20 tons are to be blended down to low-enriched uranium (LEU) for power reactor fuel.140 

The remaining 160 tons were to be placed in a reserve for naval-reactor fuel but about 31 
tons were later determined as likely not to meet Navy specifications and instead will be 
blended down to LEU. Another 10 tons of HEU has been identified in domestic and for-
eign research-reactor spent fuel that might either be disposed of in a repository or recov-
ered by reprocessing in the Savannah River Site H-canyon and blended down to LEU.

Altogether, 235 tons of U.S. HEU (containing 153 tons U-235) have been designated for 
blend-down to LEU or for geological disposal. Of this, as of the end of March 2010, 131 
tons of HEU (75 tons U-235) had been blended down and 104 tons (78 tons U-235) re-
mained to be eliminated.141 Given that 61 tons HEU (31 tons U-235) had been blended 
down as of 30 September 2004, the remaining disposition program as of that date will 
further reduce the U.S. HEU stockpile by 174 tons (122 tons U-235).

After disposition of these materials, the United States will still have about 260 tons of 
HEU (230 tons U-235) available for weapons and about 130 tons of weapon-grade ura-
nium reserved for naval-reactor fuel.

Plutonium
The world’s first nuclear reactors were built for the United States’ World War II nuclear-
weapon program. The first significant amounts of plutonium produced in the United 
States were used in the nuclear explosive that was tested in New Mexico on 16 July 1945 
and then the bomb based on that design that was detonated over the Japanese city of Na-
gasaki on 9 August 1945. This plutonium was produced by the first three graphite-mod-
erated, water-cooled reactors built on the U.S. Department of Energy’s (DOE’s) Hanford 
site on the Columbia River in Washington State. Later, an additional six such production 
reactors were built at Hanford and another five, moderated and cooled by heavy water, 
were built on the DOE’s Savannah River Site in South Carolina. The primary mission of 
the Savannah River reactors was to produce tritium for U.S. nuclear weapons but they 
produced a great deal of weapon-grade plutonium as well (Table 2.3 and Figure 2.5).142

Hanford Site Dates of operation Savannah River Site Dates of Operation

B-reactor ���� –���� R-reactor ����–����

D-reactor ���� –���� P-reactor ����–����

F-reactor ����–���� K-reactor ����–����

H-reactor ���� –���� L-reactor ���� –����

DR-reactor ���0 –���� C-reactor ���� –����

C-reactor ����–����

KW-reactor ����–���0

KE-reactor ���� –����

N-reactor ����–����

Peak site Pu-production rate 5.3 tons in 1965 2.1 tons in 1964

Table 2.3. U.S. production reactors and their periods of operation.143
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Eight of the nine Hanford production reactors were shut down permanently between 
1964 and 1971—the period during which the U.S. nuclear stockpile peaked. The Han-
ford N-reactor continued to operate during 1971– 82, primarily to produce electric 
power, with fuel-grade plutonium for the U.S. breeder-reactor program as a byproduct. 
In 1983, in response to plans by the Reagan Administration to increase the size of the 
U.S. stockpile, the N reactor was shifted back to producing weapon-grade plutonium 
but was shut down in 1987 after the 1986 Chernobyl accident provoked concerns about 
its lack of an accident-containment building.144

Table 2.4 summarizes the information in the DOE’s 1996 report on the U.S. Govern-
ment’s acquisition, use and stocks of plutonium as of the end of 1994.145 Below, some of 
the elements of this table are briefly discussed.

Production. Figure 2.5 shows the declared historical production of plutonium at the 
two U.S. production sites. According to the production records, the Hanford reac-
tors produced cumulatively 67 tons of plutonium and the Savannah River reactors  
36 tons. 

Figure 2.5. Declared historical production of U.S. 
plutonium at the two U.S. plutonium-production 
sites. Source: Plutonium: The First 50 Years, Tables 2 

and 3. These sites produced a total of 103 tons  

of plutonium.

All of the plutonium produced by the Savannah River reactors was “weapon-grade” 
(relatively pure Pu-239 containing less than 7 % Pu-240), but 12.9 tons of the Hanford 
plutonium—although weapon-usable was not weapon-grade. This includes 4 tons of 
plutonium that was never separated from the irradiated fuel within which it was cre-
ated (see below).

In addition to plutonium, the Hanford reactors were used to produce on the order of a 
ton of U-233 and some tritium.146
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Material Balance Category Plutonium (tons)

Acquisitions Domestic production reactors �0�.�

Other U.S. Government-owned reactors 0.�

Abroad (almost entirely from UK) �.�

Power-reactor fuel reprocessed at West Valley, NY, ����–�� �.�

Total acquisitions ���.�

Removals �0�0 nuclear tests and the Nagasaki bomb –�.�

Waste (but see Appendix �A). –�.�

Exported, mostly for breeder-reactor R&D –0.�

Fissioned in test breeder reactors and transmuted��� –�.�

Decayed (mostly ��.�-year half-life Pu-���) –0.�

To U.S. civilian industry –0.�

Total removals –9.2

Acquisitions less removals �0�.�

Inventory difference –�.�

Stocks Actual U.S. inventory, 31 December 1994 99.5

Declared excess for weapon purposes in ���� and �00� –��.�

Available for nuclear weapons ��.�

In weapons & reserve/excess plutonium pits at Pantex Plant ��.�

Rocky Flats pit-production facility (since removed)��� ��.�

Hanford and Savannah River production sites��� ��.0

Los Alamos and Livermore��0 weapon laboratories �.0

Idaho National Laboratory (mostly for breeder reactor R&D)��� �.�

Elsewhere 0.�

Table 2.4. U.S. acquisition, use and stocks of pluto-
nium as of the end of 1994.  Source: Plutonium: The 

First 50 Years, Table 1 and Figure 4. 

Imports and exports. The United Kingdom reported in 2000 that it had transferred 
5.9 tons of plutonium to the United States. This includes: 5.4 tons “under Barter ar-
rangements” (in exchange for HEU and tritium) and 0.5 tons in a context that is not 
described.152 The United States exported 0.7 tons of plutonium to Western Europe and 
Japan, mostly in support of plutonium breeder reactor research programs.153

Wastes. The main uncertainty with regard to removals of plutonium from stockpile 
has to do with wastes. In the 1996 DOE report, it was estimated that about 3.4 tons of 
U.S. plutonium went into various waste streams.154 Since 1996, large investments have 
been made in getting better estimates of the plutonium in waste and it has been found 
that losses to wastes were greatly underestimated at some sites, notably at the Hanford 
and Idaho National Laboratory sites. Also, residues containing an estimated 3.5 tons of 
plutonium from the Rocky Flats site, and 0.2 tons from the Hanford site, from which 
it had been planned to recover plutonium, have been reclassified as wastes. As a result 
of these and other such changes, the estimated amount of plutonium in waste has in-
creased greatly, to about 12.7 tons (Appendix 2A). This development has led the U.S. 
Government to commission an update of the 1996 plutonium report that will focus 
especially on the waste situation. The update is to be completed by the end of 2010. It 
should clarify how much of the growth in waste quantities is as a result of reclassifica-
tion. To the extent that additional plutonium has been found in waste, a recalculation 
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of the inventory difference will be required.155 The reassessment also may reveal that, 
because plutonium going into waste was underestimated, more plutonium was pro-
duced than originally estimated. 

Plutonium declared excess. The United States has declared “excess to its national-securi-
ty needs” 61.2 tons of plutonium, including 53.9 tons of separated plutonium and the 7.6 
tons of plutonium in unreprocessed government-owned spent fuel.156 This leaves 38.3 
tons of weapon-grade plutonium in: weapons; “reserve” pits stored at the DOE’s Pantex 
warhead assembly/disassembly plant in Texas;157 the Los Alamos nuclear-weapon labora-
tory, where plutonium R&D and pit production is carried out; and for criticality experi-
ments in the high-security Device Assembly Facility (DAF) on the Nevada Test Site.

Most U.S. excess weapon-grade plutonium is still in warheads or in pits stored at the 
Pantex Plant in Amarillo, Texas, where U.S. warheads are assembled and disassem-
bled.158 The plutonium in spent fuel is to be disposed of eventually with other spent 
fuel in a deep underground repository. Plutonium in dilute waste is being shipped to 
the Waste Isolation Pilot Plant (WIPP) in New Mexico.159 About three tons from the 
former Rocky Flats pit production facility have already been deposited there.160 The 
remainder of the plutonium that has been declared excess is being shipped to the for-
mer K-production-reactor building at DOE’s Savannah River Site (SRS) which has been 
converted into an interim plutonium-storage facility. Four tons of plutonium from the 
Zero Power Plutonium Reactor, currently at the Idaho National Laboratory, have been 
declared excess for weapons use but some of this plutonium may be shipped to the DAF 
at the Nevada Test Site.161

At the Savannah River Site, at least 34 tons of the excess U.S. separated weapon-grade 
plutonium, including that from excess pits, is to be manufactured into mixed-oxide 
(MOX, uranium-plutonium) fuel for commercial nuclear power reactors as agreed un-
der a U.S.-Russian plutonium disposition agreement.162 A MOX fuel-fabrication plant is 
currently being built for this purpose. Some impure plutonium may be reprocessed in 
the “H-canyon,” where the HEU “driver fuel” of the Savannah River production reac-
tors was formerly reprocessed. The extracted plutonium would either be used as feed 
for the MOX plant or “vitrified” (glassified) and disposed of in canisters of solidified 
radioactive waste that are being produced from high-level reprocessing waste there.163

The Window of Opportunity for Nuclear Archaeology
In the 1980s, independent analysts collected data on the histories of the U.S. Gov-
ernment’s purchases of natural uranium, its uranium-enrichment activities, and the 
thermal power generated by U.S. plutonium-production reactors.164 These are broadly 
consistent with the subsequent government declarations.165

Two specific opportunities to do nuclear archaeology to check U.S. declarations of its 
HEU and plutonium production would be analyses of:

The trace isotopes in the depleted uranium associated with U.S. HEU production; 
and 

Trace isotopes and transmutation products in the graphite of the Hanford plutonium- 
production reactors.

Such studies could be carried out as the DOE disposes of the depleted uranium and the 
graphite in eight of the nine reactors.

1.

2.
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Depleted uranium. As of 30 June 1992, the U.S. Department of Energy (DOE) reported 
that it had an inventory at its Paducah, Kentucky, and Portsmouth, Ohio, gaseous dif-
fusion plants of about 360,000 tons of depleted uranium.166 This is more than the 
250,000 tons of natural uranium purchased by the DOE’s predecessor organization, 
the U.S. Atomic Energy Commission, to produce HEU for weapons and reactor fuel.167 
Some of the DOE’s depleted uranium is from its enrichment of uranium for utilities 
that purchased and delivered their own natural uranium to the government-owned 
enrichment plants. 

Of the depleted uranium, about 98,000 tons are reported to have enrichments greater 
than 0.31% U-235. This indicates that the United States has not yet gone back to ex-
tract more U-235 from the high-U-235 depleted uranium produced by U.S. enrichment 
prior to 1964.168 That depleted uranium remains available in its original state for foren-
sic analysis. The window for doing such analysis is beginning to close, however, as the 
Department of Energy has built a conversion facility at each of its two storage sites to 
convert most of the depleted uranium hexafluoride into oxide form for disposal.169 The 
DOE also has decided to offer for sale for re-enrichment about 75,000 tons of depleted 
uranium hexafluoride with a U-235 assay greater than 0.35 %.170

Hanford production reactors. Above, it was noted that U.S. plutonium production may 
have been underestimated because it was not realized at the time how much plutonium 
was going into waste. An independent estimate of cumulative “plutonium-equivalent” 
production in the graphite-moderated reactors (including their relatively small amount 
of U-233 and tritium production) could be made through measurements of trace ele-
ments and their transmutation products in the graphite. The fraction of trace elements 
transmuted would provide a measure of the cumulative neutron “fluence” through the 
graphite, which is in turn related to the cumulative plutonium-equivalent production 
of the reactor.171

Here too, the opportunity to make these measurements will not be available indefi-
nitely. The DOE has developed a tentative plan to dismantle the graphite cores of eight 
of the nine Hanford production reactors, starting with the K-East reactor in 2013.172 
The B-Reactor (Figure 2.6) has been turned into a museum. 

Such forensic analyses, although incomplete, could provide additional consistency 
checks on U.S. production declarations. To provide a credible basis for verifying disar-
mament, such measurements should be done by international teams. 

For the United States to be able to account internationally for all the plutonium it pro-
duced, it also is important that additional U.S. plutonium waste not be disposed of ir-
retrievably in the deep-underground Waste Isolation Pilot Plant (WIPP) in New Mexico 
before the IAEA is able to verify by random checks that the drums buried do indeed 
contain, within measurement error,173 the declared quantities of plutonium.174

Measurements also should be taken on random containers of the vitrified high-level 
waste at the Savannah River and Hanford sites to confirm that they contain the de-
clared quantities of plutonium before they are disposed of in a geological repository. 
This could be done most reliably by taking samples of the feed going into the vitrifica-
tion process.175
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Figure 2.6. Loading face of the Hanford “B” pluto-
nium-production reactor under construction during 
World War II. The fuel was loaded into the ends of 

the tubes protruding from the graphite moderator 

while the reactor was operating. Cooling water then 

flowed through the same tubes until the irradiated 

fuel was pushed out of the back of the reactor into a 

storage pool. Source: U.S. Department of Energy.176
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Appendix 2A. 

Plutonium Wastes from the U.S. Nuclear Weapons Complex177

In 1996, the U.S. Department of Energy (DOE) estimated that the United States pro-
duced and acquired 111.4 tons of plutonium. DOE reported that 12 tons of this pluto-
nium was no longer available for use, including an estimated 3.4 tons lost to waste.178 
The “inventory difference” between the book inventory, based on the DOE’s records 
and estimates of production, acquisitions and removals, and the measured quantity in 
the physical inventory was 2.8 tons, i.e., 2.8 tons of the plutonium produced was not 
accounted for.179

Based on more recent waste characterization data,180 approximately 12.7 tons—more 
than 10 percent of the total amount of Pu-239 produced and acquired—is now esti-
mated to have gone into waste streams. Five DOE sites are responsible for about ninety-
nine percent of these wastes (Figure 2A.1). 

Of the 12.7 tons listed in Table 2A.1, about:

2.7 tons are in high-level radioactive wastes stored as liquids in tanks or granulated 
material in bins on the sites of former U.S. military reprocessing plants; 

7.9 tons are in solid waste, which DOE is in the process of disposing in the Waste 
Isolation Pilot Project (WIPP), a geological repository in New Mexico for transuranic 
wastes; and

2.1 tons are in solid and liquid wastes buried in soil prior to 1970 or held up in facili-
ties at several DOE sites. DOE considers most of this plutonium to be permanently 
disposed.

The dramatic increase from the DOE’s 1996 waste estimate is due to: 

Reclassification as waste of more than 3.7 tons of plutonium in process residues at 
Rocky Flats and Hanford originally set aside for plutonium recovery for weapons; and  

Improvements in waste characterization data. 

Accounting for Plutonium in Waste
Plutonium-bearing waste is produced at reprocessing plants and where plutonium is 
fabricated into weapon components and fuel. Plutonium is a “transuranic” element 
because it has heavier than uranium. Transuranic (TRU) waste is defined by the U.S. 
Environmental Protection Agency (EPA, 40 CFR 91) as having a concentration greater 
than 100 nano-Curies per gram of alpha-emitting isotopes with half-lives greater than 
twenty years. For plutonium-239, the transuranic that dominates in DOE TRU waste, 
100 nano-Curies/gm translates into 1.6 milligrams of Pu-239 per kg of waste. 

•

•

•

1.

2.
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Figure 2A.1. Plutonium-239 in wastes at DOE Sites. Data from Table 2A.1 below.

Prior to the early 1970’s, TRU wastes were disposed as low-level radioactive wastes di-
rectly into the ground. In 1970, however, the U.S. Atomic Energy Commission (DOE’s 
predecessor agency) decided to require disposal of TRU wastes in a geologic repository 
designed to contain them for at least 10,000 years. Since 1970, pending deep disposal, 
U.S. TRU wastes have been stored in retrievable interim storage containers.

In 1980, the U.S. Congress authorized the design and construction of the deep-under-
ground Waste Isolation Pilot Project (WIPP) near Carlsbad, New Mexico, for TRU waste 
generated for military purposes.181 A bedded salt formation was chosen because of its 
long-term stability and self-sealing properties. The WIPP facility is located 660 meters 
underground and has an authorized disposal capacity of 175,000 cubic meters. Based 
on recent waste characterization data, DOE estimates that 83,050 cubic meters of TRU 
wastes containing 7.9 tons of plutonium will be disposed in WIPP. About half of this 
plutonium already has been emplaced.182

Reclassification. During the Cold War, residual plutonium from production processes 
was stored and recovered if the cost was less than making new plutonium in produc-
tion reactors. After the down-sizing of its Cold War warhead stockpile, DOE no longer 
needed these residues and reclassified them as waste. About 3.5 tons of plutonium in 
residues from DOE’s Rocky Flats plant have been disposed at WIPP.183 At Hanford, 0.2 
tons of plutonium in residues, originally set aside for recovery for weapons, also is 
bound for disposal at WIPP.184 Additional amounts of plutonium at the Savannah River 
Site, Hanford, and Los Alamos have also been reclassified as waste.185

Better waste characterization. Prior to 1970, when most of U.S. plutonium production 
occurred, material measurement technologies “were less accurate than today.”186 In 
recent years, environmental compliance agreements with host states have resulted in 
more rigorous measurements of plutonium in wastes, which in some cases has resulted 
in dramatic increases. The amount of plutonium in Hanford high-level radioactive 
waste tanks, for example, has been found to be more than twice the amount estimated 
in 1996.187
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Indeed, the re-measurements at Hanford may require an increase in the estimates of 
the original amount of plutonium produced there. According to a 2001 study of nucle-
ar material flow and accounting at Hanford: “The quantities of NM [nuclear material] 
removed from the inventory as NOL [normal operating losses] do not agree with the 
quantities of NM classified as waste in the waste management inventory of waste. […] 
Significantly more NM was produced in the reactors but not recovered in the separa-
tion facilities and was discharged along with fission waste.”188

Site Description DOE-1996 (a) DOE Waste Data

Rocky Flats Solid waste (now in WIPP) �� �,���   (b)

Hanford High-level waste ��� �,���     (c)

Hanford Solid waste (to go to WIPP) ��� �,��� (b)

Hanford Buried solid waste ��� (d, e)

Hanford Buried liquid waste ��� �0� (f)

Hanford Liquid waste in facilities and tanks — ��� (f)

Los Alamos National Laboratory (LANL) Solid waste (to go to WIPP) ��0 ��� (b)

LANL Buried waste — �0 (g, h)

Idaho National Laboratory (INL) Solid wastes (to go to WIPP) �,�0� �,0�� (b)

INL Pre-���0 solid waste (to go to WIPP) — �,0�� (i)

INL Calcined High-level waste �� ��� (j)

INL Solutions stored in tank farms � � (a)

Savannah River Site (SRS) High-level waste ��� ��� (k)

SRS Solid waste (to go to WIPP) ��� ��� (b)

SRS Buried Waste — �� (l)

Other DOE Sites Solid Waste (WIPP Bound) �� �� (b)

Other DOE Sites Buried Waste — �� (m, n, o)

Total 3,919 12,718
   

Table 2A.1. Plutonium in waste (kg). Notes: (a) Plu-

tonium: The First 50 Years, Department of Energy, 

1996; (b) Annual Transuranic Waste Inventory Report 

2009, DOE/TRU-09-3425, Department of Energy, 

2009; (c) Tank Waste Inventory Network System, 

Best Basis Estimate, 090803, Department of Energy, 

September 2003; (d) W. O. Greenhalgh, Pre 1970 

Transuranic Solid Waste at Hanford, Westinghouse 

Hanford Company, WHC-SD-WM-ES-325, 1995; (e) 
Final Environmental Impact Statement, Commercial 

Low-Level Radioactive Waste Disposal Site Richland, 

Washington, Vol. 1, DOH Publication 320-031, 

Department of Health, Washington State, May 2004; 

(f) Draft Tank Closure and Waste Management En-

vironmental Impact Statement for the Hanford Site, 

Richland, Washington, DOE/EIS-039, Department 

of Energy, October 2009, Appendix S; (g) Summary 

Data on the Radioactive Waste, Spent Nuclear Fuel, 

and Contaminated Media Managed by the U.S. De-

partment of Energy, DOE/EM-00-0384, Department 

of Energy, 2000; (h) Memo from Richard J. Guimond, 

Office of Environmental Management, re: Pluto-

nium in Waste Inventories, Department of Energy, 

30 January 1996; (i) T. A. Batcheller, et al, Colloidal 

Plutonium at the OU 7-13/14 Subsurface Disposal 

Area: Estimate of Inventory and Transport Proper-

ties, Bechtel BWTX Idaho LLC, IC P/EXT-04-00253, 

May 2004; (j) Idaho High-Level Waste and Facilities 

Disposition, Final Environmental Impact Statement, 

DOE/EIS-0287, Department of Energy, Appendix C-7, 

Table C.7; (k) SRS High-Level Waste Data, Depart-

ment of Energy, 1999; (l) Work Plan/RCRA Facility 

Investigation/Remedial Investigation Report for the 

Old Radioactive Waste Burial Ground 643-E, S01-

S22, Vol. I-Text and Vol. II-Appendices, Department 

of Energy, WSRC-RP-97-00127, Rev. 1.4, August 

2000; (m) J. R. Trabalka, Buried Transuranic Wastes 

at ORNL: Review of Past Estimates and Reconcilia-

tion with Current Data, ORNL RM-13487, 1997; (n) J. 
R. Cochran, et al., Intermediate Depth Burial of Clas-

sified Transuranic Wastes, Arid Alluvium, LA-UR-

99-639, April 1999; and (o) G. Shott, et al., Special 

Analysis of Transuranic Waste in Trench T04C at the 

Area 5 Radioactive Waste Management Site, Nevada 

Test Site, Nye County, Nevada, DOE/NV/25946-47, 

May 2008.
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Plutonium wastes at Hanford. At the Hanford site (Figure 2A.2), natural or slightly-
enriched uranium (primarily 0.95 % and 1.25 % U-235) uranium metal was clad with 
aluminum to make fuel for the production reactors. Irradiated fuel was discharged into 
basins of water to allow for cooling and decay of short-lived radionuclides before being 
sent for chemical separation of plutonium and uranium. Irradiated fuel ruptures and 
corrosion led to residual plutonium in storage basins and contamination of the nearby 
environment.189

Plutonium was extracted from about 99,000 metric tons of spent fuel in four chemical 
separations plants that operated during overlapping periods.190 Additional amounts of 
plutonium came from offsite processing facilities and foreign sources.191 About 70 per-
cent of the irradiated fuel was processed at the PUREX facility, whose chemical process 
was subsequently used in reprocessing plants all over the world. After chemical separa-
tion, liquid reprocessing waste containing residual amounts of plutonium and other 
transuranics were mostly transferred to high-level radioactive waste tanks. Liquid waste 
containing plutonium was also discharged into cribs, trenches, and ponds.192

Beginning in 1949, separated plutonium nitrate from the reprocessing plants was sent 
to the Hanford Plutonium Finishing Plant (PFP), where plutonium was purifi ed into 
metal and oxides.193 Liquid wastes were discharged into unlined soil disposal sites until 
1973, after which they were sent via a transfer line to high-level waste tanks.194 About 
86 percent of Hanford’s plutonium-containing liquid waste discharges occurred in the 
PFP zone.195

According to DOE’s 1996 plutonium declaration, about 2 percent of the total plutonium 
produced at Hanford went into waste (1.1 tons).196 More recent waste characterization 
data indicates about 6 percent of the plutonium produced at Hanford went into waste 
(4 tons)—more than at any other DOE site. 
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Figure 2A.2. Plutonium production at Hanford. Source: Adapted from DOE/EIS–0189, 1996.
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Of this amount, about 2.7 tons of plutonium in liquid and solid wastes were mostly 
discharged, or buried in soil; 1.1 tons of residual plutonium—mostly from reprocessing 
plants—were discharged into the high-level radioactive waste tanks;197 and an esti-
mated 264 kg are held up in laboratories, reprocessing plants, and holding tanks. DOE 
plans to convert the plutonium-containing high-level radioactive waste into glass logs 
for geological disposal. 

Prior to 1970, about 371 kilograms of plutonium in solid wastes were dumped in con-
tainers such as cardboard boxes into unlined trenches mostly associated with the 
PFP.198 Between the mid 1960’s and 1980, about 100 kg of plutonium was disposed in a 
similar fashion in a commercial radioactive waste landfill located in the Hanford 200-
East area.199

Production records at Hanford appear to understate plutonium losses. As researchers 
noted in 2001, “the ability to measure the plutonium content of waste streams was 
vastly inferior compared to the ability to measure plutonium in the primary feed and 
product streams.”200 A case in point is 216-Z-9 Crib, a soil disposal site roughly 10 me-
ters by 20 meters in area, which operated during 1955 – 1962, receiving wastes from 
the RECUPLEX facility, a scrap recovery operation in the PFP zone, which discharged 
approximately 1 million gallons of plutonium-bearing wastes.201 Although processing 
records indicated that approximately 27 kilograms were discarded into the crib, sam-
ples taken in the years following closure of the 216-Z-9 Crib indicated that it may have 
contained as much as 150 kg of plutonium, with soil concentrations as high as 34.5 
grams per liter.202 This was enough so that water intrusion could possibly have set off a 
nuclear criticality event that could have resulted in near-lethal doses to workers.203 By 
the late 1970s, 58 kilograms of plutonium had been removed from the top 30 centime-
ters of soil using remotely-controlled equipment.204

About 2 tons of the plutonium buried on the Hanford site is planned for disposal in 
WIPP.205 The remaining 0.7 tons was buried prior to 1970.206 According to the Govern-
ment Accountability Office, “DOE has long considered pre-1970s buried wastes perma-
nently disposed.”207 Migration beneath Hanford disposal sites has been enhanced by 
solvents, acids, and concentrated salts.208 Based on borehole measurements, plutonium 
contamination at Hanford is relatively uniform with depth and exceeds the 100 nano-
Ci/g limit required for removal and geological disposal down to depths greater than 
100 feet (30 meters). Deep contamination of the unsaturated soil (i.e., the so-called 
vadose zone) at Hanford appears to be orders of magnitude greater than at DOE’s Idaho 
site, which has a greater concentration of buried pre-1970 TRU wastes (Figure 2A.3). 

Plutonium wastes at the Idaho National Laboratory. INL is estimated to have buried 
about 1.1 tons of plutonium-239 before 1970.209 Beginning in 1954, plutonium-con-
taminated wastes from the DOE’s Rocky Flats plant, which made plutonium weapons 
components, were disposed at INL. After a major fire in August 1969 at Rocky Flats 
resulted in burial of an unprecedented amount of plutonium-239 in Idaho,210 the state 
resisted further disposal and demanded removal of these wastes from the site. Idaho’s 
opposition contributed to DOE’s decision to establish the WIPP repository and to re-
quire that TRU wastes generated after 1970 be retrievably stored. In 1995, Idaho entered 
into an agreement with DOE and the Environmental Protection Agency that required 
the removal of high-level radioactive wastes, spent reactor fuel, and transuranic wastes 
from the state by 2035. Until the Federal District Court in Idaho ruled in favor of the 
state in 2008, however, DOE refused to remove transuranic wastes buried at INL prior 
to 1970.211
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Summary
The U.S. Department of Energy’s 1996 report, Plutonium: The First 50 Years, showed an 
inventory difference between the book inventory based on records and estimates of 
plutonium production, acquisitions, and removals compared to the measured quanti-
ties in stocks of 2.8 tons, i.e., 2.8 tons were not accounted for. With the new and revised 
waste data, most or all of this inventory difference will be removed. Depending upon 
how much of the increase in waste is due to reclassification and how much due to im-
provements in waste characterization data, estimates of plutonium production might 
have to be raised slightly from the 1996 figure.

DOE is responsible for the Nuclear Materials Management and Safeguards System 
(NMMSS), the U.S. government’s information system containing current and historic 
data on the possession, use, and shipment of nuclear materials. The recent radiological 
waste characterization data has not been incorporated in NNMMS system, however, be-
cause data on plutonium in material declared to be waste is not systematically updated. 
This creates significant accountability problems at both the national and international 
levels. Fortunately, DOE has decided to update its 1996 declaration to reflect improved 
data on the quantities of plutonium in waste. This will reduce uncertainties in histori-
cal plutonium production, and provide additional quality assurance for waste data.

Although IAEA monitoring of wastes already emplaced at WIPP may be impractical, it 
is worth exploring whether future waste shipments to WIPP should be monitored by 
the IAEA and the declared plutonium content in the wastes checked to provide a basis 
for international confidence in U.S. declarations of its plutonium disposition declara-
tions and to provide a template for the disposition of plutonium-bearing wastes in 
other countries.

Figure 2A.3. Subsurface contamination at the DOE’s 
Hanford and Idaho Sites.212 The contamination level 

at the Hanford Z-Cribs is above the DOE’s threshold 

for removal to the WIPP repository down to a depth 

of 130 feet (about 40 meters).
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3  Russia: Plutonium
Russia has not published a comprehensive account of fissile-material production for 
military purposes during the Soviet and post-Soviet periods. Non-governmental an-
alysts, however, have made estimates of Russia’s stocks of weapon-grade plutonium 
based on assumptions about the power history of the production reactors.213 Such esti-
mates are uncertain, but new publications of historical documents and memoirs on the 
designs and operation of the former production reactors allow improved estimates.214

Based on this new public information, it is estimated below that 145 ± 8 tons of weap-
on-grade plutonium were produced. This includes 15 tons of plutonium produced after 
September 1994, when production for weapons ended, by three plutonium-production 
reactors that continued operating to supply district heat and electricity to the Siberian 
cities of Tomsk and Zheleznogorsk. Under the 1997 Russian-U.S. Plutonium Production 
Reactor Agreement, the Russian government committed that this plutonium would 
not be used in weapons. It is being stored at the production sites in oxide form and is 
subject to bilateral transparency measures to provide assurance that it will not used in 
weapons.

About 17 tons of Russia’s weapon-grade plutonium have been used in nuclear-weapon 
tests, lost in waste, or lost in warheads in three submarines that sank.

Under the 2000 Russian-U.S. agreement on the disposition of excess weapons pluto-
nium, the Russian Government has committed that 25 tons of the military stock plus 
9 tons of the post-September-1994 stock will be fabricated into fuel for Russia’s demon-
stration breeder reactors.

This will leave a total of 88 ± 8 tons of weapon-grade plutonium available for weapons 
plus 6 tons of the post-September-1994 stock. This is much more than the U.S. stockpile 
of 38 tons (Chapter 2) and much more than the 25 tons or so that would be required 
to sustain the stockpile of about 4,600 operational and active reserve warheads that 
Russia is believed to retain.215 

At its Mayak RT-1 reprocessing plant in the Urals, Russia also has separated reactor-
grade plutonium from the spent fuel of first-generation light-water power reactors 
(VVER-440s), its demonstration fast-neutron reactors, and its naval, ice breaker, isotope 
production, and research reactors. 

As of the end of 2009, 47.7 tons of reactor-grade plutonium had been accumulated.216 
This civilian plutonium is being saved to fuel plutonium breeder reactors.
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Design and Operation of the Production Reactors
Almost all Russia’s plutonium was produced in graphite-moderated reactors. Each reac-
tor is built around a cylindrical stack of graphite blocks (Figure 3.1).217

The graphite blocks in the stack have gaps between them to allow for circulation of 
nitrogen coolant. The stack also is pierced vertically with channels for fuel and water 
coolant and rests on a supporting structure with holes under the channels to allow 
discharge of the irradiated fuel. Each channel is lined with a thin-walled aluminum-
alloy tube. Most channels contained 70 fuel rods, but some are used for control rods. 
Cooling water flows through the tubes and around the fuel rods.

Figure 3.1. Production-reactor graphite stack. 
Sources: N. S. Burdakov, “Some pages from the his-

tory of technology development for production  

of uranium-graphite reactors”, Ozersk, 1996; and  

D. F. Newman et al., Summary of near-term  

options for Russian plutonium production reactors, 

PNL-9982, Pacific Northwest Laboratory, Richland, 

Washington, July 1994.

The Soviet Union built fourteen of these graphite-moderated water-cooled production 
reactors at three sites in Russia: six at the Mayak Production Association in Ozersk 
(formerly Chelyabinsk-65) near Chelyabinsk in the Urals, five at the Siberian Chemi-
cal Combine in Seversk (formerly Tomsk-7) near Tomsk, and three at the Mining and 
Chemical Combine in Zheleznogorsk (formerly Krasnoyarsk-26) near Krasnoyarsk. 
Twelve were designed to produce plutonium and two to produce tritium and other 
isotopes. In addition four heavy-water-moderated production reactors were operated 
at the Mayak site.

The leaders of the Soviet atomic project constantly pressed for more plutonium. In re-
sponse, efforts were made to operate the reactors at higher power. The design power of 
the first production reactor at Mayak, Reactor A, was initially 100 MWt. After obtaining 
experience at this power, Igor Kurchatov, the scientific leader of the Soviet nuclear-
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weapons program, suggested operating it at up to 170 – 190 MWt during the winter and 
140 – 150 MWt during summer when the cooling water was warmer. That allowed the 
reactor to produce up to 130 –140 grams of plutonium per day. After it was found that a 
higher percentage of Pu-240 could be tolerated in weapons plutonium, Kurchatov also 
proposed extending the amount of time the fuel spent in the reactor to increase the 
concentration of plutonium in the irradiated uranium.218

In 1952, a systematic scientific-technical study was initiated on how to further increase 
the operating power levels of the production reactors by:219

Increasing the flow of cooling water through the reactor cores
Increasing the corrosion resistance of the channel liners and fuel cladding 
Diminishing the rate of graphite oxidization, and
Increasing the internal operating temperature of the fuel elements.

The cooling water throughput was increased by allowing more space for water flow 
between the channel wall and the fuel.220 The corrosion problem was solved by select-
ing appropriate aluminum alloys and adding sodium bi-chromate to make the cooling 
water more alkaline (pH of 6.0  –  6.2). The problem of graphite oxidization was solved 
by using nitrogen instead of air for graphite cooling. By the end of the 1950s, improve-
ments also had been introduced in fuel design. These included uranium alloying to 
reduce radiation-induced swelling, thermal hardening of the uranium rods, improve-
ments of cladding corrosion resistance and quality-control during fuel production.
These innovations made it possible to boost the reactor power levels several-fold, as 
described below.

Figure 3.2. Loading fuel elements into a 
channel while the reactor was operating. 
Source: Luchistaya Energetika. Sibirskaya 

AES: Istoria s prodolzheniem (Radiant Power 

Engineering. Siberian AES: History with 

continuation), Sarov, 2008.

1.
2.
3.
4.
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Plutonium Production 
Figure 3.3 summarizes the estimated annual quantities of plutonium produced at each 
of the three plutonium production sites.

Figure 3.3. Russia’s estimated annual production of 
weapon-grade plutonium by site. Production from 

the sites is shown cumulatively so that the combined 

production was about 4.5 tons/year during the 

period 1965 – 90. 

Mayak Production Association (Chelyabinsk-65). The periods of operation of the five 
graphite-moderated Mayak production reactors and their original design and final up-
graded operating power levels are shown in Table 3.1. All had a single-pass cooling 
system in which cooling water was pumped from an external body of water through 
the cooling channels and discharged into open water ponds.

Reactor A. The first plutonium-production reactor (“A”) was designed under the leader-
ship of N. A. Dollezhal to operate at 100 MWt.221 The reactor has 1149 vertical fuel and 
control channels in a graphite block of total mass 1050 tons. All but 25 channels were 
loaded with natural uranium fuel with a total mass of about 120 –130 tons. Seventeen 
channels were used for control rods, and eight for experiments. The maximum design 
operating temperature of the graphite core was 220 °C. The maximum design heat pro-
duction per fuel element in the central channels was 3.45 kWt. The reactor’s original 
production rate was 0.1 kg of plutonium per day with an average of 0.1 kg of plutonium 
per ton of irradiated uranium fuel.222

Reactor A first went critical on 10 June 1948, and reached its design power level twelve 
days later. The fuel was discharged after about 100 days irradiation and reprocessed af-
ter 30 – 40 days of cooling in a storage pool.223 The first plutonium metal was separated 
on 16 April 1949.

The early period of operation revealed many technological deficiencies. The main dif-
ficulties were corrosion of the aluminum channel liners and fuel-element cladding, 
swelling and breakage of uranium rods, and leakage of cooling water into the graphite 
core. After each water leak, the reactor was shut down for up to ten hours to air-dry the 
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graphite. By January 1949, water leakage had become so frequent that it was decided to 
stop reactor operation and replace all the channel liners. This took about three months 
and the reactor was put in operation again on 26 March 1949. During 1948 and 1949, 
Reactor A produced 16.5 kg and 19 kg of plutonium respectively.224

Reactor A’s plutonium production during the period 1950–1954 is estimated assuming 
that the average reactor power was 180 ± 5 MW.225 Ninety-five of the approximately 130 
tons of natural uranium in its core were discharged after 94 effective-full-power-days 
of operation.226 Taking into account the time required to reload fuel and to carry out 
preventive maintenance, the total duration of one cycle would have been 103 days. 
Approximately 340 tons of spent fuel containing about 58 kg of plutonium therefore 
would have been discharged from the reactor annually. 

Reactor Name Power (MWt) 
(design/upgraded)

Start-Up Date Shutdown Date

A �00/�00 �� June ���� �� June ����

AV-� �00/��00 � April ���0��� �� August �������

AV-� �00/��00 � April ������� �� July ���0��0

AV-� �00/��00 �� September ���� � November ���0���

AI-IR �0/�00 �� December ���� �� May ����

Table 3.1. The five Mayak graphite-moderated production reactors.

The next stage of upgrading Reactor A’s power started in 1954 with an increase of its 
cooling water throughput to 7000 m3/hr and the discharge water temperature to 95°C. 
Nitrogen was now used to cool and dry the graphite stack and the graphite temperature 
was increased from 300 to 675°C. The reactor operated at an average power of about 
650 MWt until October 1963, producing about 152 kg of plutonium annually.232 The 
frequency of stoppages increased to 165 per month in 1963, however, and it was finally 
decided to renovate the reactor. 

Reactor A resumed operation in April 1964 and operated at an average power 900 MWt 
from 1965 until it was shut down on 16 June 1987. Assuming that there were two 
shutdowns of 180 days each for major maintenance, the reactor produced 4.6 tons of 
plutonium during this period (Table 3A.1).

AV reactors. On 25 September 1948, it was decided to construct three AV-type reactors 
with a capacity to produce of 200 – 250 grams of plutonium per day. These reactors 
were designed by the OKBM design bureau under the supervision of chief designer 
A. Savin.233 All have 1996 channels, 65 of which are used for control rods. The design 
power and annual plutonium-production capacity were 300 MWt and about 100 kg 
plutonium per year, respectively.234 Each channel was equipped with a leak detector. 
This made it possible to replace tube liners without shutting down the reactor.

In their first year, operating at design power, the AV reactors each produced about 260 
grams of plutonium per day.235 During its first several years of operation the reactor 
AV-3 was used to produce both tritium and plutonium. Starting in their second year of 
operation, the power of the reactors was gradually increased and reached 600 MWt by 
1963.236 The first renovations of the AV reactors were carried out after 6 – 7 years of op-
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eration. Major upgrades were made in the beginning of 1960s after the second capital 
renovation, when important problems with the channel liners and fuel elements were 
solved. Thereafter, power levels of 1200 MWt and annual plutonium production of 270 
kg/year were sustained by all three reactors until their shutdown (Table 3A.1).237 

AI-IR reactor. The AI reactor, which was put into operation on 22 December 1951 with 
a design power of 40 MWt,238 was originally designed to produce tritium.239 Its graph-
ite stack had 248 channels. The reactor was initially fueled with uranium enriched to 
about 2 % U-235. The decrease in the U-238/U-235 ratio, from about 140 in natural 
uranium to about 50, reduced plutonium production and made more neutrons avail-
able for tritium production. The reactor produced a considerable amount of plutonium 
as well but, because of the high burnup of the fuel and the resulting high percentage of 
Pu-240, the plutonium was not used in weapons. 

During 1952–1956, the power level of the AI reactor was approximately 50 MWt. In 
1956, it was reconstructed,240 fueled with uranium enriched to about 10 %, and its 
power level increased. In 1966, the reactor was overhauled and, starting in January 
1967, the fuel enrichment increased again to 80 – 90 %. From 1967 to 1987, it operated 
with an average power of 100 MWt. During this period, the reactor was used primarily 
for irradiation tests of candidate channel-liner and fuel-element-cladding materials. It 
also produced Cobalt-60 and Polonium-210. It was shutdown on 25 May 1987. 

Heavy-water reactors. Four heavy-water-moderated and cooled production reactors were 
also built at the Mayak site (Table 3.2). All were designed by OKBM.

The OK-180 reactor was loaded with 15 tons of uranium fuel and 37.4 tons of heavy wa-
ter and was able to produce 0.1 kg of plutonium per day or 32 kg per year.241 Although 
initially intended to produce plutonium, after two years of operation it was loaded 
with 2% enriched uranium and used to produce U-233, Cobalt-60, Phosphorus-32 and 
tritium.242 The other three heavy-water reactors were used to produce tritium for weap-
ons and other isotopes. The only heavy-water reactor still operating, the LF-2 reactor 
or “Ludmila,” is producing some tritium but 75% of its capacity is used for medical 
isotope production.243

Name Power (MWt) 
(design/upgraded)

Start-up Shutdown

OK-��0 �00/������ �� October ���� � March ����

OK-��0 �00 �� December ���� � November ����

OK-��0M �00 �� April ���� �� April ����

LF-� “Ludmila” �00 May ���� in operation

Table 3.2. Mayak heavy-water reactors.

Light-water reactor. The reactor “Ruslan” is a graphite-reflected light-water pool reactor 
with a design power about 800 MWt.245 It was put into operation on 12 June 1979 to 
produce tritium. Starting in 1985, its power was increased to 1100 MWt. While this re-
actor is currently used mainly to produce tritium, it is also used for “doping” electronic 
silicon with phosphorous.246

The reactor-by-reactor, year-by-year estimates of plutonium production at the Mayak 
site are summarized in Table 3A.1.
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Siberian Chemical Combine (Tomsk-7). Five plutonium-production reactors were built 
and operated at the Tomsk-7 site (see Table 3.3). All were graphite-moderated, light-
water-cooled reactors. The first, I-1, had a single-pass cooling system, while the four 
others had closed primary cooling circuits with heat exchangers to generate steam for 
electricity generation and district heat. 

Name of reactor Type Power (MWt) 
(design/upgraded)

Start-Up Date Shutdown Date

I-� once-through �00/ ��00 �0 Nov. ���� �� Sept. ���0

EI-� closed-circuit       �00/ ��00 �� Sept. ���� �� Dec. ���0

ADE-� closed-circuit ���0/��00 �� July ���� �� Aug. ���0

ADE-� closed-circuit ���0/��00 �� Feb. ���� �0 April �00�

ADE-� closed-circuit ���0/��00 �� June ���� � June �00�

Table 3.3. Tomsk-7 production reactors.247 

The I-1 and EI-2 reactors were designed by NIKIET (chief designer N. Dolezhal). I-1 has 
2001 channels (65 channels for control rods) and its design and power were practically 
the same as those of the AV reactors. The EI-2 reactor was the first dual-purpose reactor 
constructed in the Soviet Union. Its primary role was plutonium production but the 
fission heat released during this process was utilized to generate 100 megawatts of elec-
tricity and 300 megawatts of heat for district heating. The reactor’s graphite stack has 
the same number of channels as the I-1 reactor but the primary cooling-water circuit 
is closed and operated at higher pressure and temperature then in the once-through 
I-1. As a result of the added complexity, the operators were confronted with difficulties, 
especially during the first years. 

The three ADE reactors also were designed by OKBM to produce district heat and elec-
tricity as well as plutonium and to operate at 1450 MWt. Their graphite stacks have 
2832 channels each, of which 132 were used for control rods. To increase the neutron 
flux in the outer core, 92 fuel channels were loaded with 90 % enriched “spike” cermet 
fuel.248 The reactor cores each contained more than 300 tons of natural uranium fuel 
and, with their power upgraded to 1900 MWt, discharged about 69 kg of plutonium 
after 42 equivalent full-power days.249 Annually, more then 1200 tons of irradiated 
fuel, containing approximately 500 kg of plutonium, were discharged from each reac-
tor (Table 3A.2).250

Mining and Chemical Combine (Krasnoyarsk-26). Three plutonium production reac-
tors of the AD and ADE types were built at the Zheleznogorsk (Krasnoyarsk-26) site be-
tween 1958 and 1963 (Table 3.4). They were located in underground tunnels to protect 
them from U.S. nuclear attack. Like the ADE-type reactors in Tomsk-7, the Krasnoyarsk 
reactors were designed by the OKBM with a design power of 1450 MWt each. The AD 
reactor had once-through cooling. The ADE-1 and ADE-2 reactors were designed to be 
dual-purpose, but the ADE-1 was operated in a once-through mode. 

The Krasnoyarsk-26 reactors produced an estimated 45.7 tons of weapon-grade pluto-
nium, including 4.5 tons of plutonium produced during 1995 – 2010 while the ADE-2 
reactor was operated at reduced power exclusively to produce district heat (Table 3A.3)
Figure 3.4 gives the estimated cumulative amounts of plutonium produced at the three 
plutonium production sites separately and together.
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Reactor Type Power (MWt) 
(design/upgraded)

Start-up date Shutdown date

AD once-through ���0/�000 �� August ���� �0 June ����

ADE-� once-through ���0/�000 �0 July ���� �� September ����

ADE-� closed-circuit ���0/��00  January ���� �� April �0�0

Table 3.4. Krasnoyarsk plutonium-production reactors.

Figure 3.4. Estimated production of weapon-
grade plutonium by site and total (metric tons). In 

exchange for U.S. assistance in refurbishing and 

building replacement coal-fired district-heating 

plants, Russia has agreed not to use for weapons 

plutonium produced after 30 September 1994. 

Uncertainties. The uncertainties of the above estimates stem primarily from the un-
certainties of the power levels of the individual production reactors and the assumed 
durations of their operation at those power levels. 

The most important uncertainty relates to the rates at which the powers of the reactors 
were increased above their original design levels and the power levels to which they 
were boosted. The estimates made here assume that, for the first and second-genera-
tion reactors (A, AV and I), the process of power ramp-up took 6 – 12 years, while, for 
the third generation reactors, it took 3 – 5 years. This leads to a ±5 tons uncertainty in 
plutonium production. Assuming that the uncertainty in the upgraded reactor power 
levels is ± 5 % gives another ± 6 tons uncertainty. 

With regard to the duration of the startup period for each reactor, the estimates made 
here assume a startup period of three weeks. But it took more than one month to bring 
some reactors up to their design power. These uncertainties result in an additional un-
certainty of about ± 0.3 tons plutonium. 

With regard to shutdowns due to operating problems, most were relatively short and 
the reactors went back into operation after 20 – 30 minutes. But it took days to weeks 
to restore normal operation after an overheating and meltdown of fuel elements and 
aluminum channel liners. Such accidents happened about 150 times. Assuming that 
cleanup and repairs were accomplished on average in 4 to 10 days would result in an 
uncertainty of about ± 0.75 tons of plutonium. 
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Assuming that the above uncertainties are random and uncorrelated, the total uncer-
tainty of Russia’s cumulative production of weapon-grade plutonium would be around 
± 8 tons. 

Plutonium Losses and Uses
Some of the plutonium produced in the production reactor fuel was not recovered and 
ended up in high-level waste. Some was used in nuclear tests and critical assemblies 
and a small amount was lost in the warheads that were in three submarines that sank.
 
Reprocessing losses. In the beginning of the 1950s, about 13 percent of the plutoni-
um in the production-reactor fuel was being lost to high-level waste.251 By the middle 
1960s, the losses had decreased to 3 – 5 percent. Based on this information, the quantity 
of plutonium in reprocessing waste is estimated to be about 5.5 tons. In that case, 139 
± 8 tons of weapons plutonium would have been recovered from the production reac-
tors.

Fabrication losses. Some quantity of plutonium was lost during the fabrication of 
plutonium weapon-components. Based on the U.S. experience where such losses were 
about 5 percent, the quantity of plutonium lost in this way is estimated to be 7 tons. 

Use in nuclear tests. The Soviet Union tested a total 939 nuclear explosive devices.252 
Assuming that each device contained on average 4 kg of plutonium, 3.9 tons of pluto-
nium would have been used in tests.

Use in critical assemblies. About 0.54 tons of weapon-grade plutonium is currently in 
critical assemblies. 

Lost warheads. Three Soviet submarines equipped with twenty-five nuclear warheads 
containing a combined 0.1 tons of plutonium were lost.253

The above estimates of production, losses and uses are summarized in Table 3.5. 

Material Balance Category Plutonium (tons)

Production Mayak Site �0.�

Seversk Site ��.�

Zheleznogorsk Site ��.�

Total 144.9

Removals Waste –�.�

Losses in fabrication –�.0

Tests –�.�

Losses of warheads –0.�

Research assemblies –0.�

Total –��.0

Stocks (2010) 127.9

Declared excess –��.0

Not available for weapons –�.0

Available for weapons 87.9

Table 3.5. Production, removals, and stocks of Russian weapon-grade plutonium. 
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Appendix 3A. 
Estimated Plutonium Production by Reactor and Year

Year Reactor Annual total Cumulative 
totalA AV-1 AV-2 AV-3 OK-180

1948 �� kg �� kg �� kg

1949 �� kg �� kg �� kg

1950 �0 kg �� kg �� kg �0� kg

1951 �� kg �00 kg �0 kg � kg ��� kg ��� kg

1952 �� kg �00 kg �00 kg �� kg �� kg �0� kg ��� kg

1953 �� kg �0� kg �0� kg �0 kg �� kg ��� kg ��� kg

1954 �� kg �0� kg �0� kg �0 kg ��� kg ���� kg

1955 �� kg ��� kg �0� kg �0 kg ��� kg ���� kg

1956 ��� kg ��� kg ��� kg �0 kg ��� kg �0�� kg

1957 ��� kg ��� kg ��� kg �00 kg ��� kg ���� kg

1958 ��� kg �� kg ��� kg ��� kg ��� kg ���� kg

1959 ��� kg ��� kg �� kg ��� kg ��� kg ���� kg

1960 ��� kg ��� kg ��� kg �� kg ��� kg ���0 kg

1961 ��� kg ��� kg ��� kg ��� kg ��� kg ���� kg

1962 ��� kg ��� kg ��� kg ��� kg ��� kg ���� kg

1963 ��� kg ��0 kg ��� kg ��� kg ��� kg ���� kg

1964 �0� kg ��0 kg ��0 kg ��� kg �0� kg ���� kg

1965 �0� kg ��0 kg ��0 kg ��0 kg �0�� kg ���� kg

1966 �0� kg ��� kg ��0 kg ��0 kg ��� kg �0�� kg

1967 �0� kg ��0 kg ��� kg ��0 kg ��� kg ���� kg

1968 �0� kg ��0 kg ��0 kg ��� kg ��� kg �0��0 kg

1969 �0� kg ��0 kg ��0 kg ��0 kg �0�� kg ����� kg

1970 �0� kg ��0 kg ��0 kg ��0 kg �0�� kg ����� kg

1971 �0� kg ��0 kg ��0 kg ��0 kg ��� kg ����� kg

1972 �0� kg ��� kg ��0 kg ��0 kg ��� kg ���0� kg

1973 �0� kg ��0 kg ��� kg ��0 kg ��� kg ����� kg

1974 �0� kg ��0 kg ��0 kg ��� kg ��� kg ����� kg

1975 �0� kg ��0 kg ��0 kg ��0 kg �0�� kg ����0 kg

1976 �0� kg ��0 kg ��0 kg ��0 kg �0�� kg ���0� kg

1977 �0� kg ��0 kg ��0 kg ��0 kg �0�� kg ����� kg

1978 �0� kg ��0 kg ��0 kg ��0 kg �0�� kg �0��� kg

1979 �0� kg ��0 kg ��0 kg ��0 kg ��� kg ����� kg

1980 �0� kg ��0 kg ��0 kg ��0 kg �0�� kg ����� kg

1981 �0� kg ��� kg ��0 kg ��0 kg ��� kg ����� kg

1982 �0� kg ��0 kg ��� kg ��0 kg ��� kg ����� kg

1983 �0� kg ��0 kg ��0 kg ��� kg ��� kg ��0�� kg

1984 �0� kg ��0 kg ��0 kg ��0 kg �0�� kg ��0�� kg

1985 �0� kg ��0 kg ��0 kg ��0 kg �0�� kg ��0�� kg

1986 �0� kg ��0 kg ��0 kg ��0 kg �0�� kg ��0�� kg

1987 �00 kg ��0 kg ��0 kg ��0 kg ��0 kg ����� kg

1988 ��0 kg ��0 kg ��0 kg ��0 kg ����� kg

1989 ��0 kg ��0 kg ��0 kg ��0 kg �0��� kg

1990 ��0 kg ��0 kg ��0 kg �0��� kg

Totals 6138 kg 8508 kg 8407 kg 7822 kg 53 kg 30928 kg

Table 3A.1. Mayak site. 
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Year Reactor Annual 
total

Cumulative 
totalI-1 IE-2 ADE-3 ADE-4 ADE-5

1955 �0 kg �0 kg �0 kg

1956 ��0 kg  ��0 kg ��0 kg

1957 ��0 kg ��0 kg ��0 kg

1958 ��0 kg �� kg ��� kg ��� kg

1959 ��0 kg ��� kg ��� kg ��� kg

1960 ��0 kg ��� kg ��� kg ���� kg

1961 ��0 kg ��� kg �0� kg ��� kg ���� kg

1962 ��0 kg ��� kg ��� kg ��� kg ���� kg

1963 �� kg ��� kg ��� kg ��� kg �0�� kg

1964 ��0 kg �� kg ��� kg ��� kg �00� kg �0�� kg

1965 ��0 kg ��� kg ��� kg ��� kg �0� kg ���� kg ���� kg

1966 ��0 kg ��0 kg ��0 kg �00 kg ��� kg ���� kg �0�� kg

1967 ��0 kg ��0 kg �00 kg �00 kg �00 kg �0�0 kg �0�� kg

1968 ��0 kg ��0 kg �00 kg ��0 kg �00 kg ���0 kg �0��� kg

1969 ��0 kg ��0 kg �00 kg �00 kg �00 kg �0�0 kg ���0� kg

1970 ��� kg ��0 kg �00 kg �00 kg �00 kg ���� kg ���0� kg

1971 ��0 kg ��0 kg �00 kg �00 kg ��0 kg ���0 kg ����� kg

1972 ��0 kg ��0 kg �00 kg ��0 kg �00 kg ���0 kg ����� kg

1973 ��0 kg ��0 kg �00 kg �00 kg �00 kg �0�0 kg �0��� kg

1974 ��0 kg ��0 kg ��0 kg �00 kg �00 kg ���0 kg ��0�� kg

1975 ��0 kg ��0 kg �00 kg �00 kg �00 kg �0�0 kg ���0� kg

1976 ��0 kg ��0 kg �00 kg �00 kg �00 kg �0�0 kg ����� kg

1977 ��0 kg ��0 kg �00 kg �00 kg �00 kg �0�0 kg ����� kg

1978 ��� kg ��0 kg �00 kg �00 kg �00 kg ��0� kg �00�� kg

1979 ��0 kg ��� kg �00 kg �00 kg �00 kg ��0� kg ����� kg

1980 ��0 kg ��0 kg �00 kg �00 kg �00 kg �0�0 kg ��0�� kg

1981 ��0 kg ��0 kg �00 kg �00 kg �00 kg �0�0 kg ��0�� kg

1982 ��0 kg ��0 kg ��0 kg �00 kg �00 kg ���0 kg ����� kg

1983 ��0 kg ��0 kg �00 kg ��0 kg �00 kg ���0 kg ����� kg

1984 ��0 kg ��0 kg �00 kg �00 kg ��0 kg ���0 kg ����� kg

1985 ��0 kg ��0 kg �00 kg �00 kg �00 kg �0�0 kg ����� kg

1986 ��0 kg ��0 kg �00 kg �00 kg �00 kg �0�0 kg ����� kg

1987 ��0 kg ��0 kg �00 kg �00 kg �00 kg �0�0 kg ����� kg

1988 ��0 kg ��0 kg �00 kg �00 kg �00 kg �0�0 kg ���0� kg

1989 ��0 kg ��0 kg �00 kg �00 kg �00 kg �0�0 kg ����� kg

1990 �0� kg ��0 kg ��0 kg �00 kg �00 kg ���� kg ����� kg

1991 �00 kg �00 kg �00 kg ��00 kg ����� kg

1992 ��0 kg �00 kg �00 kg ���0 kg ����� kg

1993 ��0 kg �00 kg ��0 kg ����� kg

1994 �00 kg ��0 kg ��0 kg ����� kg

1995-2008 ��00 kg ��00 kg �0�00 kg ����� kg

Totals 8237 kg 7452 kg 14020 kg 19460 kg 19144 kg 68313 kg

Table 3A.2. Siberian Chemical Combine (Seversk,Tomsk-7).  
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Year Reactor Annual total Cumulative 
totalAD ADE-1 ADE-2

1958 �0� kg �0� kg �0� kg

1959 ��� kg ��� kg ��� kg

1960 ��� kg ��� kg ��� kg

1961 ��� kg ��0 kg �0� kg ���� kg

1962 ��� kg ��� kg ��� kg ���� kg

1963 ��� kg ��� kg ��� kg ���� kg

1964 �0� kg ��� kg ��� kg ���� kg ���� kg

1965 �0� kg ��� kg ��� kg �0�� kg �0�� kg

1966 �0� kg �0� kg ��� kg ���� kg ���� kg

1967 �0� kg �0� kg �0� kg ���� kg ���� kg

1968 �0� kg �0� kg �0� kg ���� kg �0�� kg

1969 �0� kg �0� kg �0� kg ���� kg �0��� kg

1970 ��� kg �0� kg �0� kg ���� kg ���0� kg

1971 �0� kg ��� kg �0� kg ���� kg ����� kg

1972 �0� kg �0� kg �0� kg ���� kg ����0 kg

1973 �0� kg �0� kg �0� kg ���� kg ����� kg

1974 �0� kg �0� kg �0� kg ���� kg ����0 kg

1975 �0� kg �0� kg �0� kg ���� kg ����� kg

1976 �0� kg �0� kg �0� kg ���� kg ����0 kg

1977 �0� kg �0� kg �0� kg ���� kg �0��� kg

1978 ��� kg �0� kg �0� kg ���� kg ��0�� kg

1979 �0� kg ��� kg �0� kg ���� kg ����� kg

1980 �0� kg �0� kg �0� kg ���� kg ����� kg

1981 �0� kg �0� kg �0� kg ���� kg ��00� kg

1982 �0� kg �0� kg �0� kg ���� kg ����� kg

1983 �0� kg �0� kg �0� kg ���� kg ����� kg

1984 �0� kg �0� kg �0� kg ���� kg �0��� kg

1985 �0� kg �0� kg �0� kg ���� kg ����� kg

1986 �0� kg ��� kg �0� kg ���� kg ����� kg

1987 �0� kg �0� kg �0� kg ���� kg ��0�0 kg

1988 ��� kg �0� kg �0� kg ���� kg ���0� kg

1989 �0� kg �0� kg �0� kg ���� kg ����� kg

1990 �0� kg �0� kg �0� kg ���� kg ��0�� kg

1991 �0� kg �0� kg �0� kg ���� kg ����� kg

1992 ��0 kg ��0 kg �0� kg �0�� kg �0��� kg

1993 �0� kg �0� kg �0��� kg

1994 �0� kg �0� kg ����� kg

1995–2010 ���� kg ���� kg ����� kg

Totals 15433 kg 14184 kg 16317 kg 45734 kg

Table 3A.3. Mining and Chemical Combine (Zheleznogorsk, Krasnoyarsk-26).
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4 Russia: Highly Enriched Uranium
During 1949 – 1963, the Soviet Union built four large industrial uranium-enrichment 
plants. All initially used gaseous diffusion for isotope separation. Starting in 1964, 
however, the Soviet Union began introducing gas centrifuges and this transition was 
completed in the early 1990s.

In 1989, the Soviet government announced that “it is ceasing the production of highly 
enriched uranium.”254 In fact, all production of HEU had already stopped in 1987 – 1988 
and, because of the huge excess quantities of HEU that have become available as a re-
sult of the down-sizing of the Soviet Cold War nuclear stockpile, it has apparently not 
resumed since.

We estimate that by the time the production of HEU was ended, the Soviet Union had 
produced about 1250 ± 120 tons of 90 %-enriched uranium. This number does not in-
clude the enriched uranium that was used to manufacture naval fuel, fuel for research 
reactors, and fast reactors, most of which was produced as less than 90 %-enriched HEU 
(220 tons of 90%-enriched equivalent).255 Of the 1250 tons of HEU, 500 tons have been 
committed to be blended down to low-enriched uranium (LEU) to be sold to the United 
States, with about 400 tons already blended down as of September 2010. A total of 90 
tons of HEU were consumed in separate blend-down programs for fuel for tritium-pro-
duction reactors and research-reactors, in “spike fuel” for the plutonium-production 
reactors, in nuclear weapon tests, and lost to processing waste.
 
It is estimated that Russia had 770 tons of HEU remaining as of September 2010 and that 
its total holdings will have been reduced to about 665 tons by the end of the HEU blend-
down program in 2013. This includes material in and available for weapons and reserved 
for fueling naval, research and civilian reactors. At 20 kg per warhead, this would be suf-
ficient for more than 30,000 warheads. Obviously, more could be declared excess.

Figure 4.1 shows the estimated evolution of installed separative work capacity by en-
richment facility and by technology. Cumulatively, about 400 million SWU had been 
produced by the end of 1987. Below, it is estimated that 107 million of these SWU was 
used to produce fuel for Russia’s power reactors and for export; 28.5 million to produce 
HEU fuel with various enrichment levels for Russia’s naval and icebreaker reactors; 
and 0.5 million to produce medium-enriched uranium fuel for research reactors. This 
would leave 264 million SWU available to produce weapon-grade uranium.
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Figure 4.1. Growth of Soviet/Russian installed 
enrichment capacity by site (top) and by technology 
(bottom) from 1950 through 1993. The Soviet Union 

built four major uranium enrichment plants which 

started out with gaseous diffusion technology and 

over time were replaced by gas centrifuges. All four 

sites are operational.

These estimates are based on a large array of data on the history of the Soviet enrich-
ment program that is summarized in Appendix 4A. Most of the uncertainty is related 
to dates of plant modernization and equipment upgrades. Overall, the uncertainty in 
the cumulative production of SWUs is estimated to be about ±5 percent.

Another source of uncertainty in estimates related to production of enriched uranium 
is the lack of information about the percentage of U-235 remaining in the depleted 
uranium “tails.” The central estimate provided here assumes that the gaseous diffu-
sion process and the centrifuges operated with tails assays of 0.3 % and 0.25 % respec-
tively.256 Taking into account that centrifuges produced about 70% of all separative 
work until 1988, the average tails assay would have been about 0.265 %. This value is 
used in all estimates of enriched uranium production in this chapter. Assuming that 
the actual average value falls between 0.25 and 0.3 %, the resulting uncertainty in the 
HEU production also would be about ±5 percent.
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Non-weapon Requirements for Separative Work and HEU
In addition to production of HEU for nuclear weapons, the Soviet Union and Russia 
enriched uranium for reactor fuel for power reactors, naval reactors, plutonium and 
tritium-production reactors, and research reactors.

Fuel for nuclear power reactors. By the time the Soviet Union ended production of HEU 
in 1988, it had built a fleet of 76 nuclear power reactors of several different types, most 
of which used low-enriched uranium fuel.257 In calculating the SWU requirements for 
power reactor fuel, it is assumed that, by 1988, the Soviet Union had produced enough 
enriched uranium to support reactor operations through the end of 1989. 

Reactors of the most popular class at the time were light-water reactors with a gross 
electrical generating capacity of 440 MWe (VVER-440).258 The Soviet Union’s next-gen-
eration light-water reactor was the 1000-MWe VVER-1000.259 These reactors used fuel 
with enrichment of 3.5 % and 4.4 % respectively.

In addition, the Soviet Union built graphite-moderated RBMK reactors until the 1986 
Chernobyl accident, which used fuel with an enrichment of 1.8 to 2.0 %.260 Their fuel 
was produced by enriching uranium and, during 1981– 1991, also by blending down 
HEU recovered in the course of reprocessing naval and research-reactor fuel at the 
Mayak RT-1 plant.261 

The Soviet Union also built and operated four small EGP-6 graphite-moderated reac-
tors to generate heat as well as electricity for the north-Siberian gold-mining town of 
Bilibino. These reactors are designed to produce 62 MWt of heat each and use 3 to 3.6 % 
enriched uranium in their cores.262 Two graphite-moderated reactors, AMB-100 and 
ABM-200, part of the Beloyarsk nuclear power plant, used fuel with enrichments rang-
ing from 1.5 % to 21 % with an average enrichment about 3 percent.263 They were shut 
down in 1983 and 1989, respectively. The fuel for these reactors originally contained 
about 210 tons of LEU, which required 0.8 million SWU to produce.

Finally, the Soviet Union operated two liquid-sodium-cooled fast-neutron reactors: the 
BN-350 in Shevchenko (now Aktau), Kazakhstan, and the BN-600 at the Beloyarsk 
nuclear power plant. These two reactors began producing electricity in 1973 and 1980 
respectively. The BN-350 used uranium in the range of 20% enrichment in its core.264 
The BN-600 used fuel with enrichments ranging from 17 to 33%.265

Beginning in the 1970s, the Soviet Union also supplied enrichment services to Western 
Europe, for a total of 40 million SWU by the end of 1988.266

 
Table 4.1 summarizes the estimates of SWU requirements for nuclear-power fuel. Alto-
gether, the Soviet Union had used about 107 ± 7 million SWU to enrich power-reactor 
fuel by the time it stopped producing HEU. 

Naval reactors. Starting with the K-3 submarine, which entered sea trials in 1958, the 
Soviet Union and Russia built 255 nuclear-powered submarines of more than twenty 
different types. Most were equipped with twin reactors, for a total of 456 nuclear re-
actors. Five nuclear-powered military surface ships had ten reactors between them, 
and 10 civilian Arctic icebreakers and container ships were equipped with 17 reactors 
that used HEU fuel.267 With the exception of eight submarines that used liquid-metal-
cooled reactors, the reactors were water-cooled and went through three generations of 
development. It is estimated these naval reactors, in total, required about one-quarter 
as much enrichment work as the power reactors.
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Reactors Power 
MW(e)

Years of 
operation

Number  
of units

Enrichment  
of Fuel  

(percent)

Total enriched 
uranium consumed 

(tons)

Cumulative  
separative work 

(millions of SWUs)

VVER-440 ��0 ���� – �� �.� �,�00 ��.0

VVER-1000 �000 ���� – �� �.� �,�00 ��.�

RBMK-1000 �000 ���� – �� �.� – �.� �,�00��� �.�

LWGR
��

�0�
��0

���� –
���� – ����
���� – ���0

� �.� – �� ��0 �.0

BN-350 �0 ���� – ���� � ��, ��, �� �00 �.�

BN-600 �00 ���0 – � ��, ��, �� ��0 ��.�

Export �0

Total 107

Table 4.1. Estimated SWUs used to produce nuclear-power-reactor fuel through 1987. 

The Soviet Union’s first-generation submarine reactors, known as VM-A, used 6 to 21 
percent enriched fuel.269 A typical core contained about 250 kg of uranium.270 Two first-
generation VM-A reactors were installed in each of 55 submarines that were built in the 
1950s and 1960s, most of which remained in service until the late 1980s. The available 
information on their operation and overhauls suggests that submarines of this class 
were refueled three to four times during their service lives.

Second-generation VM-4 reactors, installed in submarines starting in the late 1960s, 
used 21 % enriched fuel.271 According to one estimate, their cores each contained about 
550 –660 kg of uranium.272 The initial design of the VM-4 reactor apparently called for 
reactor refueling about every eight years.273 This means that submarines that were built 
in the late 1960s and early 1970s went through at least two refueling operations. It is 
assumed that submarines built after 1975 were refueled only once because fleet opera-
tions were dramatically scaled down in the 1980s and a large number of submarines 
were decommissioned in the 1990s (Figure 4.2).274

The design thermal power of third-generation OK-650 submarine reactors was 190 
MWt, more than twice that of their predecessors’ 90 MWt. They reportedly use fuel 
elements with at least two levels of enrichment: 21 % and 45 %.275 An OK-650 reactor 
core is estimated to contain 200 kg.276 Submarines with third-generation reactors began 
entering service in 1981 and it is therefore unlikely that they required refueling during 
the 1980s. In the 1990s, the intensity of their operations was drastically scaled back. As 
a result, in 1992 – 2008 the Northern Fleet refueled only one submarine with a third-
generation reactor.277 It is assumed that all but one submarine equipped with third-gen-
eration reactors still operate with or were decommissioned with their initial cores.

In recent years the Russian Navy has completed construction of only two new nuclear-
powered submarines, the ballistic-missile submarine, Yuri Dolgoruki, in 2009 and the 
attack submarine, Severodvinsk, in 2010. Each is believed to have one fourth-generation 
reactor. The fuel inventory per reactor is assumed to be the same as third-generation 
reactors and is included in the totals for the third-generation reactors.

The Soviet Union also developed and built eight submarines powered by liquid-metal-
cooled reactors: an experimental one-of-a-kind Project 645 (November) submarine with 
two reactors, and a series of Project 705 (Alfa) ships that had single reactors of a dif-
ferent type. Both types of reactors used molten-lead-bismuth alloy as a coolant and 
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90 %-enriched uranium as their fuel. It is estimated that each core contained 200 kg 
of U-235.278 The Project 645 submarine had its two reactors refueled in 1967. None of 
the Project 705 submarine reactors were refueled, but one ship had its entire reactor 
compartment replaced after an accident.279 This means that the eight submarines used 
a total of 12 cores.280

Figure 4.2. Soviet/Russian nuclear-powered subma-
rines and ships by generation of nuclear-propulsion 
reactors. Since the 1950s, the Soviet Union and Russia 

constructed 255 nuclear-powered submarines of more 

than twenty different types, five nuclear-powered 

naval ships and 10 ice-breakers and container ships.

The military nuclear-powered surface ships built in the Soviet Union included four 
large missile cruisers of the Project 1144 (Kirov) class and one service ship of the Project 
1941 class. Each ship had two water-cooled nuclear reactors of the KN-3 class, which 
appear to be similar to the third-generation submarine reactors. Therefore, it is assumed 
that each of these reactors contained 200 kg of U-235 in uranium enriched to between 
21 and 45%.281 Of these ships, only the fourth Project 1144 cruiser, Piotr Velikiy, is cur-
rently in active service and most likely has not yet required refueling of its reactors.

Russia also built nine nuclear-powered icebreakers and one container ship. The first 
nuclear icebreaker, Lenin, used two different types of reactors during its lifetime: dur-
ing 1959–1967, three OK-150, which were each refueled once; and during 1970 – 1989, 
two OK-900. Since the OK-150 used LEU fuel and required relatively little enrichment 
work, the six cores of this type are not counted in the aggregate numbers.282 After 1967, 
the three OK-150 reactors on Lenin were replaced by two reactors of the OK-900 type, 
similar to those used on the six icebreakers of the Arktika class. These reactors used HEU 
fuel with two zones enriched to 36 % and 60 %.283 A normal reactor core load contains 
302 kg of uranium.284 Assuming (rather arbitrarily) that about one third of the core 
contains 60 % enriched uranium, it is estimated that each core contains about 130 kg 
of U-235. About 70 OK-900 reactor cores have been used so far.285

The Sevmorput container ship and Taimyr and Vaigach icebreakers use KLT-40 and KLT-
40M reactors, respectively (each ship has one reactor). These reactors use fuel enriched 
to 90 %. A fresh reactor core contains 167 kg of uranium and 150 kg of U-235.286 Prior 
to 2000, the reactor cores on these three ships were replaced five times.287 Assuming 
that this refueling rate continued, they received an additional five cores in 2000 – 2010, 
for a total of 13 KLT-40 reactor cores. 
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Ships Reactors Number  
of cores

Total 
U-235 (tons)

Enrichment 
(percent)

Total Uranium
(tons)

Millions  
of SWU

Submarines
�st generation

�� ��0 ��� ��.� �0 ���.� �.�

�nd generation ��� ��� ��� ��.� �� ��� ��.�

�rd generation �� �0 �� ��.� ��, �� ��.0 (�� %)
��.� (�� %)

�.�
�.�

with liquid-metal-
cooled reactors

� � �� �.� �0 �.� 0.�

small � � �

Military  
surface ships

� �0 �� �.� ��, �� �.� (�� %)
�.� (�� %)

0.� 
0.�

Civilian ships � �� �0 �.� ��, �0 �� (�� %)
�.0 (�0 %) 

�.� 
0.�� �

�� �.�� �0 �.�� (�0 %) 0.�

Total 138 28.5

 

Table 4.2. Enriched uranium requirements of Soviet and Russian naval reactors.
 

  

The above estimates are summarized in Table 4.2.288 If all HEU used to manufacture 
naval fuel up until today was produced before 1988, its production would have con-
sumed about 28.5 million SWU with an uncertainty of 20 % or ± 6 million SWU. Of 
the 150 tons (90% equivalent) HEU consumed as naval fuel about 10 tons remains in 
spent fuel.  

Research reactors. The Soviet Union built about 170 research reactors and critical and 
subcritical assemblies, a large fraction fueled with HEU. About 70 HEU-fueled research 
reactors are currently located at the nuclear-weapon laboratories and other Rosatom 
research institutes, and other Russian research and graduate-educational institutes and 
agencies. A number of reactors fueled with Soviet and Russian HEU also are located in 
the former Soviet republics and in other foreign countries.289

Most research reactors operate at relatively low power. Their fuel requirements therefore 
are not as large as those of power reactors or production reactors.290 Overall, however, 
research reactors consumed considerable amounts of enriched uranium. Data on the 
operating histories of reactors suggest that, by the end of 2009, the research reactors 
that were designed and built by the Soviet Union had used about 6 tons of HEU with 
enrichment of 36 %, 1.2 tons of 80 % enriched uranium, and 11.3 tons of 90 % HEU.291

In addition, a substantial amount of HEU is held up in cores of critical assemblies and 
pulsed reactors. For example, two critical assemblies at the Institute of Physics and 
Power Engineering (IPPE) in Obninsk were reported to hold 8.7 tons of uranium with 
enrichment of 36 % and 90 %.292 Most of this material, however, has not been exposed 
to any significant burnup, so it should be considered part of the HEU inventory.

Production of 6 tons of 36  % enriched uranium used in research reactors required 
about 0.5 million SWU. In addition to that, by the end of 2009, research reactors used 
about 12.3 tons of 90 %-enriched HEU assuming that the 80 %-enriched uranium was 
produced by diluting weapon-grade HEU. Accuracy of these estimates is estimated to 
be no better than 20 %.
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Plutonium and tritium-production reactors. As described in Chapter 3, the Soviet 
Union built and operated a fleet of dedicated production reactors that provided materi-
als for its nuclear weapons. Plutonium-production reactors were built at Ozersk (Che-
lyabinsk-65), Seversk (Tomsk-7), and Zhelesnogorsk (Krasnoyarsk-26). Four graphite-
moderated plutonium-production reactors (A, AV, AV-2, and AV-3) were built at the 
Mayak facility in Ozersk during 1948 – 1952 and operated until the late 1980s. Another 
graphite-moderated reactor at Mayak (AI) was used to produce tritium. Mayak also 
operated four heavy-water reactors that were dedicated to tritium production (OK-180, 
OK-190, OK-190M, and Lyudmila).293 A light-water tritium-production reactor, known 
as Ruslan, began operations in 1980. Ruslan and Lyudmila are the only two production 
reactors that continue to work to this day, producing a range of isotopes and maintain-
ing the capability to produce tritium.

The Siberian Chemical Combine in Seversk built five graphite-moderated plutonium 
production reactors during 1955–1965 (I-1, EI-1, ADE-3, ADE-4, and ADE-5). The first 
three were shut down in 1990. The last two operated until 2008 because they produced 
district heat and electric power in addition to plutonium. 

Finally, three graphite-moderated plutonium-production reactors were built under-
ground during 1958–1964 at the Mining and Chemical Combine in Zheleznogorsk 
(AD, ADE-1, and ADE-2). The first two were shut down in 1992. ADE-2 continued to 
operate until 2010 because it too produced district heat and electric power.

All graphite-moderated reactors, with the exception of the AI reactor at Mayak, used 
natural uranium as their primary fuel. They also used HEU-containing “spike” fuel 
elements in some of the channels, however. For example, each of the ADE reactors had 
in their cores about 100 HEU fuel rods that contained a total of about 80 kg of 90 %-
enriched uranium.294 These fuel rods reportedly stayed in the core for about two and 
a half years of normal operation, which corresponds to one ADE reactor consuming 
about 32 kg of 90 % HEU per year while it produced about 500 kg of weapon-grade plu-
tonium.295 Assuming that the other graphite production reactors also used HEU spike 
fuel starting in 1955 and that the HEU requirements stayed constant, it is estimated 
that plutonium production reactors together used about 9 tons of 90 % HEU in the 
course of producing an estimated 145 tons of weapon-grade plutonium.296

The AI reactor began operating in 1952 with 2 % enriched uranium in its core.297 In 
1958, the enrichment level was increased to about 10 %. It was further increased to 
80% in 1967, and finally to 90 % in 1969.298 The reactor’s nominal thermal power was 
also increased from about 40 MWt to 100 MWt.299 The reactor was shut down in 1987. 
Assuming that it operated with a 70 % capacity factor, it would have used the equiva-
lent of about 2 tons of 90 % HEU during its lifetime.

The heavy-water tritium production reactors built by the Soviet Union also used en-
riched uranium fuel. The first, OK-180, which had a design power of 100 MW (later 
increased to about 250 MW)300 used natural uranium fuel when it first started in 1951 
but was switched to uranium with 2 % enrichment in 1954. Its core contained 15 tons 
of uranium.301 The reactor operated until 1966.302 The OK-190, similar to OK-180 but 
larger, began operations in 1955 and was shut down in 1965.303 It was then replaced 
by the OK-190M reactor, which operated during 1966 – 1986.304 In the early 1960s, fuel 
elements were developed for the OK-180 and OK-190 that contained 80 % enriched 
uranium.305 It is estimated that these reactors used about 5.5 tons of 90 % HEU during 
their cumulative 42 reactor-years of operation.306
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To replace the OK-class heavy-water reactors, which were plagued by heavy-water leaks, 
the Soviet Union built two new reactors: Ruslan, a light-water reactor that began operat-
ing in 1979, and LF-2, also known as Lyudmila, a heavy-water reactor that began operat-
ing in 1988. Both reactors continue to operate today, producing various isotopes as well 
as maintaining a tritium production capability. Each reactor reportedly has a design 
thermal power of 1000 MWt and uses HEU fuel. Each could use about 550 kg of 90 % 
HEU annually.307 As the end of 2010, the two reactors have accumulated about 52 reac-
tor-years and therefore would have required a total of about 28.5 tons of 90 % HEU.

Overall, production of plutonium and tritium for weapons as well as other isotopes 
required about 45 tons of 90 % HEU with an estimated uncertainty of about 20 %.

Other Removals
During 1949 – 1990, the Soviet Union carried out 715 test detonations of 969 nuclear 
devices.308 No information of the amount of HEU used in the tests is available. The 
amount of HEU used in the test program can be estimated, however, based on informa-
tion about the test yields. Of the 969 explosive devices 677 yielded less than 20 kilotons 
(kt), 183 had yields of 20 – 150 kt, 78 from 150 kt to 1.5 megatons (Mt), 25 from 1.5 to 
10 Mt, and 6 had yields of more than 10 Mt of chemical explosive equivalent. The tests 
that involved devices with yields of less than 20 kt were most likely tests of plutonium 
fission primaries. Tests with larger yields may have involved operational warheads. We 
assume rather arbitrarily that on average warheads with yield of 20 – 150 kt used 15 kg 
of HEU, and tests with yields of 150 – 1500 kt used 25 kg of HEU. Larger tests probably 
used from 50 to 100 kg of HEU. Overall, we estimate that the Soviet nuclear testing 
program consumed about 7 tons of HEU. The uncertainty of this estimate is probably 
quite high, and we assume it is no better than 50 %. However, it does not contribute 
significantly to the accuracy of the final estimate of the size of the HEU inventory.

The most important reduction in the size of Russia’s HEU inventory has been as a result 
of the 1993 agreement between Russia and the United States, sometimes known as the 
“Megatons to Megawatts” deal. Under this agreement, Russia agreed to down-blend 500 
tons of weapon-origin HEU with an average enrichment of 90 % and sell the resulting 
low-enriched uranium (LEU) material to the United States to be used in power reactor 
fuel.309 The first shipment of LEU from Russia to the United States took place in 1996 
and, as of September 2010, Russia had blended down 400 tons of weapon-grade HEU.310 
The 500 tons of HEU will have been blended down in 2013 and it is unlikely that the 
deal will be extended beyond that. 

The Material Conversion and Consolidation (MCC) program, which is run by the U.S. 
National Nuclear Security Administration, eliminates excess non-weapons HEU from 
various Russian facilities by buying it and having it down-blended to LEU at agreed 
Russian facilities. The goal of the program is to eliminate 17 tons of HEU by the end of 
FY2015. As of the end of 2009, the program had down-blended 12.6 tons of HEU.311

As was mentioned in the discussion of production of LEU for power reactors, during 
1981 – 1991 the Soviet Union blended down reprocessed uranium from the RT-1 repro-
cessing plant to produce fuel for RBMK reactors. This process consumed in addition an 
estimated 1.8 tons of fresh 90 % HEU.312
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Figure 4.3. HEU shavings re-
moved from an excess Russian 
weapon component, produced 

in the first stage of conversion 

to low-enriched uranium for 

sale to the United States as a 

part of the deal under which 

Russia is eliminating 500 tons 

of excess weapon HEU. Source: 

U.S. Department of Energy.313

Russia’s HEU inventory
As estimated above, by the time the Soviet Union stopped production of highly en-
riched uranium for weapons, its enrichment plants had produced about 400 million 
SWU. Of this amount, about 67 million SWU was used to produce LEU to fuel power 
reactors in the Soviet Union, Eastern Europe, and Finland and a further 40 million 
SWU were used to enrich LEU for Western Europe. Production of naval-reactor fuel 
used about 28.5 million SWU and 0.5 million SWU went into production of medium-
enriched fuel for research reactors. Thus, the separative work capacity available for 
producing weapon-grade uranium would have been about 264 million SWU.314

Assuming that the Soviet Union produced its weapon-grade HEU from uranium re-
covered from plutonium production with concentration of U-235 of 0.667 %, 264 mil-
lion SWU would produce about 1250 tons of 90 % HEU from about 280,000 tons of 
reprocessed uranium.315 The actual amount of HEU produced was somewhat larger. It is 
estimated here as 1470 tons (90%-enriched equivalent), including the HEU of medium 
and high enrichment produced for naval reactors. 

The uncertainty of this estimate is dominated by the uncertainty in the amount of 
separative work available for HEU production and, to a smaller extent, the uncertainty 
in the estimate of the average tails assay used in production of enriched uranium. As-
suming that the accuracy of the cumulative SWU production is 5 % or ± 20 million 
SWU and taking into account uncertainties in the amount of separative work used for 
non-weapon related enrichment, the amount of SWU used to produce HEU is 264 ±  
22 million SWU, which translates into ± 110 tons accuracy of the HEU amount. The 
assumed 5 % uncertainty in the average tails assay corresponds to an accuracy of ± 40 
tons of HEU. Assuming that these two values are statistically independent, the uncer-
tainty in the amount of produced HEU is about ± 120 tons.

The above removals are summarized in Table 4.3. Of the total of 1250 tons of HEU 
produced by the end of 1988, 500 tons have been set aside for down-blending as part 
of the HEU-LEU deal (400 tons had been blended down as of September 2009). In ad-
dition, 12.6 tons of HEU have been blended down by the MCC program. Plutonium 
and tritium production reactors have consumed about 45 tons of HEU. About 1.8 tons 
of HEU was spent in the RBMK reactor fuel production process in 1981 – 1991. It is 
estimated that nuclear tests required about 7 tons of HEU. In the United States, the 
“normal operating losses” were determined to be 4.9 tons of U-235.316 Given that the 
Soviet Union produced almost twice as much HEU as the United States, its operating 
losses are estimated to be 10 tons of HEU.
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HEU in tons (amount remaining to be down-blended)

Production

Produced as �0% HEU ���0

Produced for naval fuel and MEU for research and  
fast-neutron reactors (�0% HEU equivalent)

��0

Total production ���0

Removals

Down-blended by HEU Deal  
(remaining, September �0�0)

�00 (+ �00)

Naval fuel ��0

Fast-neutron reactors ��

Pu and tritium production reactors ��

Research reactors ��.�

Down-blended by MCC program ��.� (+�.�)

Nuclear tests �

RT-� plant �.�

Losses to waste �0

Total removals 700 (+ 104.4)

Total 770 (– 104.4)

Table 4.3. Estimate of Russia’s HEU stock.

Combining these numbers, as of September 2010, Russia could have about 770 tons of 
HEU. This includes 104.4 tons that are committed to down-blending programs. While 
the accuracy of estimates of some removals is relatively poor, it does not significantly 
affect the uncertainty of the final number. The overall uncertainty is taken to be ± 120 
tons or about 15 %.

Russia has not publicly reserved a stock of HEU for future use as naval fuel. However, 
it can be estimated that to support operations of its current and under construction 
submarine and icebreaker fleets upto 2050, Russia would need about 20 tons of HEU. 
To support continued operation of its current research reactors and to allow for a future 
generation of HEU-research reactors, it is estimated Russia would need to set aside an 
estimated 20 tons of HEU.
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Appendix 4A. 
History of Soviet/Russian Enrichment Capacity

Russia’s four enrichment plants are the: 

Urals Electrochemical Combine (UEKhK) in Novouralsk (designated as Sverdlovsk-44 
during the Soviet period, 57.2744 N, 60.1071 E)

Isotope Separation Plant at the Siberian Chemical Combine in Seversk (Tomsk-7, 
56.6188 N, 84.8636 E) 

Electrochemical Plant in Zelenogorsk (Krasnoyarsk-45, 56.1139 N, 94.5008 E) 

Electrolyzing Chemical Combine in Angarsk (52.4655 N, 103.8751 E)

The operating history of these facilities is described briefly below. 

The Urals Electrochemical Combine at Novouralsk (Sverdlovsk-44). The first gaseous 
diffusion isotope separation plant, D-1, in Sverdlovsk-44 became operational in No-
vember 1949.317 Initially, the plant was able to produce about 0.178 kg of 75 % enriched 
HEU per day.318 Uranium had to be enriched to weapon-grade (90 %) at the SU-20 elec-
tromagnetic isotope separation facility at the Electrokhimpribor plant in Sverdlovsk-45 
(currently Lesnoy). By the end of 1952, however, after modernization of the existing 
machines and installation of new ones, the D-1 plant was able to produce “tens of ki-
lograms of HEU annually”.319 These numbers are consistent with an initial capacity of 
about 0.01 million SWU/year.

A second enrichment facility, D-3, equipped with more advanced machines began 
producing 90 % HEU in 1952 – 1953, increasing the combined separative capacity of 
the Urals Electrochemical Combine six-fold. This suggests that the D-3 facility had a 
capacity of 0.05 million SWU/year.320 The D-4 and the SU-3 intermediate-enrichment 
plants began operations in 1954 and 1955 respectively, with the capacity of each plant 
estimated to have been 0.1 million SWU/year.

The last gaseous diffusion facility at the Novouralsk, D-5, was brought into operation 
in several stages during 1955 – 1957 using next-generation machines. After it reached 
full capacity, the total output of the Novouralsk combine was described as 100 times 
larger than that of the D-1 facility in 1950.321 (The D-1 plant was dismantled when the 
first stages of D-5 began operation.) Taking into account data on the productivity of the 
diffusion machines, it is estimated that D-5 had a capacity of 0.65 million SWU/yr.322 
This means that the combined production capacity of the D-3, SU-3, D-4, and D-5 
UEKhK diffusion plants reached 0.9 million SWU/y at the end of 1957.

During 1958 – 1962, the gaseous-diffusion facilities at Sverslovsk-44 underwent up-
grades.323 The modernization program was said to have doubled the separation capac-
ity of Sverdlovsk-44, i.e., to about 1.8 million SWU/yr in 1962.324 The D-3, D-4, and 
SU-3 facilities were shut down and dismantled in 1966 –1967. During 1970 – 1987, the 
D-5 plant underwent further modernization.325

In the meantime, a pilot centrifuge facility was installed in the former D-1 plant and 
began operation in 1957 with about 2400 second-generation centrifuges.326 The plant’s 
enrichment capacity was reported to be 0.0015 million SWU/yr, which is consistent 

•

•

•

•
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with estimates of the separative capacity of Soviet 2nd-generation centrifuges.327 The 
success of the pilot plant led to a decision to build a full-scale facility in Novouralsk. 
The new facility, Plant 53 (GTZ-1), apparently using 3rd-generation centrifuges, was 
brought on-line in three phases during 1964–1966 and increased the overall capacity 
in Novouralsk by about 40 %.328 This means that the new plant had a capacity of about 
0.72 million SWU/y.329

Figure 4A.1. Inside a centrifuge hall in Novouralsk in the 1990s. Source: U.S. Department of Energy.330

In 1967, the Urals Combine began to replace its diffusion cascades with centrifuge 
cascades.331 Fifth-generation centrifuges were installed in the buildings of the D-4 dif-
fusion plant and D-1 pilot centrifuge plant with floor areas of about 60,000 m2 each.332 
This resulted in an increase in the estimated capacity of the plants, to more than 2 mil-
lion SWU/yr. In 1971, with two additional centrifuge plants in operation in new build-
ings (Plant 24 and 45), the total capacity of the centrifuges at Sverdlovsk-44 reached 
4.88 million SWU/yr. Another 1.3 million SWU/yr was still provided by the D-5 diffu-
sion plant, the last diffusion plant in Sverdlovsk-44.

Dismantlement of D-5 began in 1973, when the combine began the next wave of ex-
pansion of its centrifuge capacity. At this stage, the centrifuges in Plant 53 were replaced 
with fifth-generation machines. New centrifuges were also deployed in the D-5 plant 
(now known as Plant 54). The D-5 buildings were also used to host the Chelnok facility, 
which was built in 1973 to allow the combine to export enrichment services. Assuming 
that the centrifuges deployed at this stage were similar to the ones installed at Plants 24 
and 45, by 1979, when the modernization was completed, the total enrichment capacity 
of the Urals Electrochemical Combine had reached 9.5 million SWU/yr.

The next wave of modernization, which involved installation of centrifuges of the 
sixth generation, began around 1984.333 By 1993, when this process was completed, the 
full capacity of the Novouralsk plant was about 11.9 million SWU/yr.

The Siberian Chemical Combine at Seversk (Tomsk-7). The Tomsk-7 Isotope Separa-
tion Plant (ZRI) began operation in July 1953 and reached full capacity in 1961, when 
all of its six buildings became operational.334 An estimate based on the data about 
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historical growth of separative capacity in Seversk suggests that at that point the to-
tal separative capacity of the Isotope Separation Plant had reached about 1.3 million 
SWU/yr.335 The plant operated in this configuration until 1973, when Tomsk-7 began 
the process of replacing its gaseous diffusion facilities with gas centrifuges. Conversion 
of the first two buildings was probably completed by 1976 and the third by 1982. At 
that point the plant had a capacity of about 3.5 million SWU/yr, most of which was 
provided by centrifuges. Diffusion machines in the last two buildings at ZRI were dis-
mantled by 1993. By that time, fifth-generation centrifuges in one of the buildings had 
been replaced by sixth-generation machines, bringing the total capacity of the plant to 
about 3.4 million SWU/yr.

Electrochemical Plant at Zelenogorsk (Krasnoyarsk-45). The Krasnoyarsk-45 plant be-
gan producing enriched uranium in October 1962.336 The gaseous diffusion equipment 
was deployed in three buildings (902, 903, and 904). Assuming that the machines 
installed in Krasnoyarsk-45 were similar to those deployed at the time in Sverdlovsk-
44 and Tomsk-7, each building provided about 0.65 million SWU/yr and the plant 
provided about 1.95 million SWU/yr of separative capacity when they became fully 
operational in 1970.

Deployment of centrifuges at Zelenogorsk began shortly after the first diffusion facility 
went into operation. The first centrifuges, installed in Building 901 (formally known as 
the “chemical purification plant”) began operating in June 1964. The plant reached its 
original design capacity in 1970.337 The centrifuges deployed at the facility were most 
likely fourth-generation machines, which would mean that the plant had a capacity of 
about 1 million SWU/yr, bringing the total capacity of the plant to 3 million SWU/yr.338 

In 1976, Krasyoyarsk-45 began to replace its gaseous-diffusion capacity and the old 
centrifuges in Building 901 with fifth-generation centrifuges. The first of the gaseous-
diffusion buildings had been converted to centrifuges by 1979 and the second one by 
1983. This brought the total capacity of the plant to about 6.2 million SWU/yr in 1983. 
Gaseous diffusion machines in Building 902 remained in operation until 1990, when 
it was converted to activities not related to enrichment. In 1988, the Zelenogorsk plant 
apparently began to transition to sixth-generation centrifuges and the total capacity of 
the plant reached 7 million SWU/yr in 1993.

Electrolyzing Chemical Combine at Angarsk. This plant produced its first enriched ura-
nium in October 1957 and installation of equipment in the four buildings of the plant 
was completed in 1963. Assuming that the gaseous diffusion machines at Angarsk were 
similar to those deployed in Novouralsk and Seversk at the time, in 1963, the plant could 
have had a capacity of about 1.3 million SWU/yr. This capacity had almost doubled by 
1970 after the older machines installed in the first two buildings were replaced by new 
or upgraded ones. It is estimated that the plant had a capacity of about 2.6 million 
SWU/y until about 1982, when some of the diffusion machines began to be dismantled. 
The Angarsk plant was the last one to be converted to centrifuges, apparently because 
of concerns about operating centrifuges in a seismically active area. The problem of 
developing centrifuges that can withstand seismic events was solved in the late 1980s 
and installation began in 1990. By 1993, all the gaseous diffusion capacity had been 
taken out of service. At that point the plant provided about 2 million SWU of separative 
capacity and continued to increase it by installing additional new centrifuges. 
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5  United Kingdom
The United Kingdom has made several declarations concerning its fissile material 
stockpiles and nuclear weapons inventories since the mid 1990s. On 18 April 1995, the 
UK announced that it “had ceased the production of fissile material for explosive pur-
poses.”339 In 1998, in its Strategic Defence Review (SDR), it announced that its “current 
defence stocks” of fissile material consisted of “7.6 tonnes of plutonium, 21.9 tonnes 
of highly enriched uranium and 15,000 tonnes of other forms of uranium.”340 As dis-
cussed below, the amount of military plutonium was later reduced to 3.2 tons, when 
the United Kingdom subsequently declared 4.4 tons of plutonium excess. This surplus 
material included only 0.3 tons of weapon-grade plutonium. The United Kingdom has 
declared its civilian stockpiles of plutonium and HEU annually since 1997 and 1999, 
respectively.341

The amount of plutonium in the UK military stockpile far exceeds the amount of ma-
terial in its nuclear weapons arsenal. On 26 May 2010, UK Foreign Secretary William 
Hague reconfirmed that the United Kingdom possessed no more than 160 operationally 
deployed warheads, and announced for the first time that the total number of nuclear 
weapons in the UK stockpile would not exceed 225.342 This is somewhat higher than 
previous independent estimates.343 Assuming an average of 4 kilograms of plutonium 
per warhead, and allowing for a “working stock” of 20 – 25 %, the United Kingdom re-
quires slightly more than one ton of plutonium in its weapons arsenal, leaving about 
two tons without apparent purpose. This material should therefore be available for dec-
laration as excess. The recently released Strategic Defence and Security Review announced 
that by the mid 2020s the United Kingdom’s arsenal would be cut to a maximum of 
180 warheads, potentially enabling even more material to be declared as excess.344

We estimate that the UK stockpile of military HEU includes about 8 tons of irradiated 
material. Somewhat over 2 tons of this material is in reactors in operating submarines. 
Most of the remainder is spent naval fuel. If a UK warhead uses on average 10 kg of 
HEU,345 then up to 2.8 tons would be contained within the weapon stockpile (again in-
cluding working stocks of 20 %). The United Kingdom appears, therefore, to have about 
11 tons of fresh (unirradiated) highly enriched uranium in reserve. Most, if not all of 
this material is probably earmarked for future use in naval propulsion reactors and 
would be sufficient to fuel the UK nuclear fleet of current size for about 75 years.346

The United Kingdom has pursued an extensive program of reprocessing spent fuel from 
power reactors with minimal plutonium recycle. This has resulted in the largest stock-
pile of civilian plutonium in the world, including 84.4 tons of UK and 27.7 tons of 
foreign separated plutonium stored in the United Kingdom as of the end of 2009.
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With regard to the history of its plutonium production, the United Kingdom has stated 
that “the military and civil nuclear cycles have been run in parallel and to some extent 
were entwined during the early years of the nuclear programme.”347 This makes an 
independent review of the UK fissile material stockpile challenging until more details 
about historical reactor operations are made public.

This chapter reviews the publicly available information about the UK production com-
plex and history, compares the consistency of this data with the UK declarations, and 
makes recommendations for further steps that the UK government could take to in-
crease the transparency of its fissile-material and nuclear-weapon programs.

Highly Enriched Uranium
In 1998, the United Kingdom declared an inventory of 21.9 tons of military highly 
enriched uranium (HEU).348 Essentially the same number was reported in 2006 in a six-
page report that reported an audited stock of 21.86 tons of HEU as of 31 March 2002.349 
Remarkably, and to some extent inexplicably, the declared inventory did not change 
significantly between 1998 and 2002. Since 2002, additional U-235 would have been 
consumed and the fraction of irradiated HEU increased. This suggests that naval fuel 
may be measured according to its original HEU content—a source of ambiguity that is 
discussed below.350

Highly Enriched Uranium

Total HEU acquisitions since 1940s 26.36 tons

Total HEU removal –�.�� tons

Balance 21.64 tons

Total audited stock (31 March 2002) 21.86 tons

Estimated HEU removals since March �00� –0.� tons

Estimated HEU inventory 2010 21.2 tons

 Table 5.1. UK account of HEU acquisitions and 
removals, 2002, and estimate for 2010. The stock 

audited in 2002 is higher than the reported balance, 

resulting in an “apparent gain” of 220 kilograms. 

The official declaration notes that “this discrep-

ancy is understandable given the missing records, 

the difficulties of interpreting remaining records, 

and measurement inaccuracies particularly in the 

early years of the programmes.” The United States 

encountered similar difficulties in reconstructing its 

fissile material production history.

 

Overall, the 2006 UK declaration contains very little information besides the total HEU 
inventory. It is stated there that “after careful review it has been judged that much of 
the underpinning detail cannot be published in this report. This is because of the need 
to protect defence-sensitive information on the design of the UK weapon stockpile and 
the performance of the nuclear submarine fleet.”351 Specifically, the United Kingdom 
does not specify the average enrichment level of its HEU stockpile or, equivalently, the 
amount of U-235 it contains—information the United States has provided in its dec-
laration. The United Kingdom also does not provide information on how much HEU 
is committed to weapons uses, how much to naval fuel use, or how much is in spent 
naval reactor fuel.  

Acquisitions. The United Kingdom acquired HEU from two sources: production in its 
Capenhurst gaseous diffusion plant and supply from the United States pursuant to the 
1958 Mutual Defense Agreement. 
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Prior to 1980, the United Kingdom bartered 5.4 tons of separated plutonium for 7.5 tons 
of HEU and 6.7 kg of tritium from the United States.352 Subsequently, the United King-
dom sent low-enriched uranium produced in the first centrifuge enrichment plant at 
Capenhurst (A3) to the United States and received an ‘equivalent’ amount of weapon-
grade HEU for naval fuel in return.353 The United Kingdom has not made public how 
much HEU it produced domestically or the amount received from the United States 
after 1980. The analysis below however suggests that more than half of the United 
Kingdom’s HEU stockpile originated from the United States.

Transfers from the United States. The United Kingdom remains reluctant to release in-
formation about the amounts of highly enriched uranium received from the United 
States since 1980, i.e., beyond the 7.5 tons it bartered for plutonium. In contrast, the 
United States has provided a good indication about the quantity involved in its 2001 
HEU declaration.

The U.S. declaration specifies that a total of 32.2 tons of U-235 in HEU was removed 
from the U.S. stockpile through transfers to foreign countries and classified transac-
tions.354 The amount of HEU exported for civilian research reactor fuel is given else-
where in the report as 18.6 tons of U-235 contained in 25.6 tons of HEU. This leaves 
up to 13.6 tons of U-235 that have been supplied to foreign countries for military pur-
poses. The average enrichment of this material is not known. If it were weapon-grade 
(93 %-enriched) it would correspond to 14.6 tons of HEU; if it were of a lower enrich-
ment level, the total quantity of material would be higher. Given that only about 0.5 
tons were reportedly delivered to France for military purposes,355 virtually all of this 
material apparently went to the United Kingdom.356

Table 5.2 shows the sources of UK HEU acquisitions based on this information. Domes-
tic production has been inferred from the difference required to account for the total. 
If the average enrichment of the U.S.-supplied material was lower than weapon-grade, 
then more material could have been supplied to the United Kingdom, reducing the 
estimate for domestic HEU production at Capenhurst. However, since U.S. HEU trans-
ferred since the 1980s was probably destined for use in naval-reactor fuel, it is unlikely 
that much non-weapon-grade material was delivered.

Scenario A Scenario B

Average enrichment of U.S. supply 93 %-enriched 80 %-enriched

Total HEU acquisitions since ���0s ��.� tons ��.� tons

Transfers from the United States at least ��.0 tons at least ��.0 tons

���� – ���� �.� tons �.� tons

���0 – ����  > �.� tons > �.� tons

Domestic production (remainder)  up to ��.� tons up to �0.� tons

Table 5.2. Total HEU acquisition through transfers 
from the United States and domestic production. 
The United Kingdom received about 13 tons of ura-

nium-235 in HEU from the United States. Depending 

on the average enrichment level of the material, this 

corresponds to at least 14 tons. In other words, more 

than half of the UK HEU stockpile was supplied by a 

third party. 
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Capenhurst Gaseous Diffusion Plant. The Capenhurst gaseous-diffusion enrichment plant 
(53.265 N, –2.955 W) produced highly enriched uranium between 1954 and 1962.357 
It reportedly consisted of one cascade with 4,808 stages.358 Following the end of HEU 
production, the cascade was reshaped for civilian but unsafeguarded LEU production, 
largely to provide fuel for Britain’s fleet of advanced gas-cooled reactors (AGRs). The 
plant has been undergoing decommissioning and demolition since 1982 when enrich-
ment operations ended there. Of the original building’s 23 sections or “bays,” nine are 
to be preserved for extended storage of depleted uranium.359

There is not sufficient public information available to make an accurate independent 
estimate of the total amount of HEU produced at Capenhurst. The average enrichment 
level of the HEU produced at the plant is unknown and, as the analysis below suggests, 
may have been lower than weapon-grade (90 – 93 %). Also, there are few official state-
ments about the separative capacity of the plant during the HEU-production period 
(1954 – 1962). The UK Nuclear Decommissioning Authority (NDA) reports a capacity of 
400,000 kg SWU/yr, whereas the IAEA lists the capacity of the plant upon shutdown 
in 1982 as 350,000 kg SWU/yr.360 In the initial years of operation, however, the capac-
ity apparently was much smaller. Albright et al. report that the original capacity of the 
plant was on the order of 100,000 – 150,000 kg SWU/yr, before it was increased to its 
final capacity between 1956 and 1959.361 Based on these data points, the following as-
sumptions are made in estimating the quantity of HEU produced at Capenhurst: HEU 
production began in 1954 with a capacity of 125,000 SWU/yr; the plant’s capacity 
increased linearly between 1956 and 1959 to 400,000 SWU/yr; and HEU production 
continued at this capacity until the end of 1961.

Based on these assumptions, we estimate the total production of highly enriched ura-
nium at Capenhurst to be 9 – 13 tons (Figure 5.1). This range of estimates is significantly 
higher than earlier independent estimates, which were on the order of 4 – 5 tons,362 but 
is consistent with the acquisitions declared by the UK Government less the transfers 
from the United States. 

Figure 5.1. Estimated cumulative HEU production at 
the Capenhurst Gaseous Diffusion Plant. Between 

1954 and 1961, the capacity of the plant increased 

from 125,000 kg SWU/yr to 400,000 kg SWU/yr. 

Depending on the average enrichment level of the 

product (between 80 % and 93 %) and the residual 

uranium-235 content of the depleted tails (between 

0.3 % and 0.4 %), cumulative HEU production at Cap-

enhurst could range from 9.0 to 12.5 tons.
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Removals. The 2006 report specifies that, by 2002, the United Kingdom had used a 
total of 4.72 tons of its HEU. The principle use was as fuel in submarine propulsion 
reactors. In addition, the United Kingdom has also used HEU in nuclear weapon tests 
and military research reactors, while some HEU has been lost in waste.363

Class Boats Service 
dates

Cores  
per boat

Total  
cores

Submarine  
years

Mass U-235 
fissioned

SSN Dreadnaught � ����–���0 � � �� �0 kg

SSN Valiant � ����–���� � � �� ��0 kg

SSN Churchill � ���0–���� � � �� ��0 kg

SSN Swiftsure � ����–�0�0 � �� ��� ��0 kg

SSN Trafalgar � ����– � �� ��0 ��0 kg

SSN Astute � �0�0– � � � � kg

SSBN Resolution � ����–���� � �� �0� ��0 kg

SSN Vanguard � ����– � �–� �� ��0 kg

Total 69–72 620 3750 kg

Table 5.3. Use of HEU in UK naval propulsion reac-
tors.364 The United Kingdom operates a fleet of 

HEU-fueled attack submarines (SSNs) and ballistic 

missile submarines (SSBNs). Given the uncertainties 

in the average operating power of naval-propulsion 

reactors, the estimated values of uranium-235 con-

sumed are probably only accurate to within about 

±25 %. In addition to the one Astute-class vessel 

listed in the table, a further six are to be built. 

The United Kingdom’s estimated use of HEU in naval propulsion reactors is summa-
rized in Table 5.3. The number of reactor cores produced has been inferred from pub-
licly available information about submarine refits.365 To date, the UK nuclear navy has 
seen about 620 submarine-years of service, including refits and time at dock. 110 of 
these years have been accumulated since 2002, the cut-off date for the most recent 
UK HEU declaration. We assume that, on average, UK attack submarines (SSNs) and 
ballistic missile submarines (SSBNs) consume, respectively, about 7 kg and 11 kg of 
uranium-235 per year when they are operating but that, on average, they spend one 
out of every four years in refit (when, to a good approximation, they do not fission any 
uranium).366 Given these assumptions, we estimate that the total mass of uranium-235 
consumed by the UK fleet since the 1960s is about 4 tons, of which about 0.7 tons have 
been fissioned since 2002.367 Assuming an average fuel burnup of 50 % and an average 
enrichment level of 97.4 %, i.e., the same enrichment level as the HEU produced for the 
U.S. Navy prior to 1993,368 about 8 tons of HEU have been used to fabricate submarine 
fuel and are in the form of irradiated fuel today. Some of this material is in the United 
Kingdom’s 12 operating nuclear-powered submarines, which includes, one Astute-class 
attack submarine, seven Trafalgar-class attack submarines, and four Vanguard-class 
ballistic missile submarines. We estimate that these vessels currently contain about 
2.2 tons of uranium in their reactor cores (measured according to their initial uranium 
content).369 Additional cores for future Astute-class vessels may also have been fabri-
cated. Given the uncertainties in the average operating power of submarine reactors 
(amongst others), these estimates are probably only accurate to about ± 25 %. 

In addition to use in naval propulsion reactors, the United Kingdom may have used 
about 700 kg of HEU in the 45 weapons tests that the country conducted between 1952 
and 1991.370
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The United Kingdom’s use of HEU in military research reactors is estimated at about 
700 kg. The United Kingdom appears to have had five HEU-fueled military research 
reactors (Table 5.4),371 even though the 2006 HEU declaration lists only four reactors. 
Other sources indicate, however, that there are in fact two—not one—submarine test 
reactors at the Vulcan Naval Reactor Test Establishment (VNRTE) near Dounreay, one 
of which has been shut down and the other of which is operating. These two reactors 
could have fissioned about 650 kg of uranium assuming that they operate at twice the 
capacity factor as reactors on submarines and hence fission about 14 kg of uranium per 
year. The quantity of HEU consumed by other British military reactors was probably 
much smaller. 

The 4.7 tons of HEU that the United Kingdom reported it had used prior to 2002 can 
therefore be accounted for by use in naval reactors (3.3 tons), nuclear testing (0.7 ton) 
and use in research reactors (0.7 ton). 

Reactor (Location) Type Purpose Power Criticality Shutdown

JASON (RNC) Argonaut Training �0 kW ���� ����

HERALD (AWE) Pool Materials testing �000 kW ���0 ����

VIPER (AWE) Fast burst Weapons program 0.� kW ���� �00�

DSMP (VNRTE) PWR Submarine reactor Unknown ���� mid-���0s

STF (VNRTE) PWR Submarine reactor Unknown mid-���0s Still in use

 

Table 5.4. HEU-fueled military research reactors 
in the United Kingdom. Sites and facilities include 

the Royal Naval College (RNC), the Atomic Weapons 

Establishment (AWE), the Vulcan Naval Reactor Test 

Establishment (VNRTE), the Dounreay Submarine 

Prototype (DSMP), and the Shore Test Facility 

(STF).372 The 2006 declaration lists only one sub- 

marine test reactor at VNRTE.

The United Kingdom also declares about 1.4 tons of civilian HEU as part of its INF-
CIRC/549 declarations.373 This material is currently largely stored or used at laborato-
ries and research centers.

Plutonium
The main production site for UK military plutonium was the Sellafield complex (54.42 N,  
–3.50 W), shown in Figure 5.2. Sellafield hosted a total of six production reactors: the 
two Windscale Piles and the four Calder Hall reactors, and all reprocessing operations. 
The United Kingdom operated four additional dual-use reactors at Chapelcross, whose 
fuel was also sent to Sellafield for reprocessing. When the United Kingdom announced 
in 1995 that it had stopped production of fissile material for military purposes, arrange-
ments were made to bring most of its military fuel cycle under Euratom and, in some 
cases, IAEA safeguards.374 Safeguarded facilities included the four dual-use Calder Hall 
reactors at Sellafield, but not the four reactors at Chapelcross, which were still produc-
ing tritium for the weapons program at the time, and presumably not the spent-fuel 
storage ponds at Sellafield containing naval reactor fuel. The two Windscale Piles at 
Sellafield were shut down after a graphite fire in 1957. The four Calder Hall reactors 
were shut down in March 2003 and the four Chapelcross reactors in June 2004. 
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Sellafield, United Kingdom
Coordinates: 54.42 N, 3.50 W
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Figure 5.2 Sellafi eld Site (54.42 N, 3.50 W). The 

United Kingdom operated six (out of ten) plutonium 

production reactors and sited all reprocessing 

activities at the Sellafi eld site on the Cumbrian 

coast in Northwest England.

The United Kingdom, in its 1998 Strategic Defense Review, declared a stockpile of 7.6 
metric tons of military plutonium, which included 3.5 tons of weapon-grade material. 
A summary of the more detailed follow-up report published in 2000 stated, however, 
that the 4.1 tons of non-weapon grade material had never been delivered to Alder-
maston and was “stored at Sellafi eld, now under EURATOM safeguards and liable to 
inspection by the International Atomic Energy Agency.”375 The 2000 report itself stated 
that the UK Ministry of Defence “has never had a requirement for the reactor grade plu-
tonium stored at Sellafi eld in the weapons programme and it has been regarded more 
as a by-product of material production.”376 To date, the United Kingdom has declared 
excess 4.1 tons of non-weapon-grade and 0.3 tons of weapon-grade plutonium. As of 
2010, the UK defense stockpile therefore stands at 3.2 tons of weapon-grade plutonium 
(Table 5.5).

The 2000 plutonium report focused on the fl ows into and out of Aldermaston, where 
all UK nuclear weapon components containing fi ssile material were (and are) manufac-
tured.377 The report stated that “Aldermaston also provided fuel for civilian research or 
prototype reactors, which makes a material balance based on Aldermaston’s through-
put more challenging.” 

Table 5.5 summarizes the overall balance for UK military plutonium, primarily based 
on the material throughput of Aldermaston, which received 17.12 tons of plutonium 
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over time, including material being recycled from early-generation warheads. Removals 
from the site fall into various categories: 7.51 tons were shipped to four sites: Dounreay 
and Winfrith (both civilian), Harwell (civilian and military), and back to Sellafield;378 
5.84 tons were shipped to the United States, partly in return for highly enriched ura-
nium, tritium and plutonium; 0.20 tons were used in nuclear weapon tests, which 
is equivalent to an average of 4.4 kg per test; and 0.07 tons were lost in waste. The 
remainder of 3.5 tons constituted the declared UK defense stockpile of weapon-grade 
plutonium before 0.3 tons were declared excess.

The plutonium exchanges with the United States are particularly interesting. It has 
been known for some time that the United Kingdom bartered 5.37 tons of plutonium 
for highly enriched uranium and tritium from the United States. However, the 2000 
declaration reveals—for the first time—an additional ‘classified’ shipment of 0.47 tons 
of plutonium from the United Kingdom to the United States, as well as a shipment of 
equal size from the United States to the United Kingdom. No more information about 
these shipments is given and they do not appear in the United States’ 1996 declaration. 
It appears that one of the countries may have “loaned” plutonium to the other.

Plutonium

Shipments from Sellafield, Dounreay, Winfrith, Harwell ��.�� tons

Shipments from the United States 0.�� tons

Shipments from unidentified sites 0.�� tons

Inventory difference 0.�� tons

Total Aldermaston aquisitions 17.12 tons

Shipments to UK non-weapon sites (net) –�.�� tons

Shipments to the United States (swaps) –�.�� tons

Shipments to the United States (classified) –0.�� tons

Nuclear weapon tests –0.�0 tons

Discards and transfers to waste –0.0� tons

Declared stockpile (based on Aldermaston balance) 3.50 tons

Reactor-grade military plutonium at Sellafield �.�0 tons

Total military stockpile (1998) 7.60 tons

Excess military plutonium, reactor-grade, at Sellafield –�.�0 tons

Excess military plutonium, weapon-grade –0.�0 tons

Military stockpile (2010) 3.20 tons

Table 5.5. UK military plutonium balance, 2010.

The UK plutonium declaration does not specify the total amount of unsafeguarded plu-
tonium produced in the British fleet of production reactors—and it is difficult to infer 
this from the information made public to date.379 At a minimum, however, production 
must have yielded 3.7 – 3.8 tons of weapon-grade material, which includes the 3.5 tons 
in the current inventory (3.2 + 0.3 tons), material used in weapon tests (0.2 tons), and 
discards to waste. Additional production would have taken place, if there was a net 
transfer of weapon-grade plutonium to the United States, and/or if some of the pluto-
nium used at Dounreay, Winfrith, or Harwell was weapon-grade. The discussion that 
follows shows how the UK reactor fleet may have produced this stockpile.
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Windscale. The United Kingdom’s first plutonium production reactors were the two 
air-cooled graphite-moderated “Windscale Piles.” (Windscale was the original name 
for Sellafield.380 Construction on these reactors started in 1947. Pile 1 became opera-
tional in April 1951 and operated at 76 MWt (thermal), and Pile 2 followed in October 
1951 at 104 MWt. After 1953, the power output was increased to about 110 MWt and 
140 MWt respectively. The inventory of natural uranium fuel per reactor was about 180 
tons.381 Both reactors shifted to slightly enriched fuel in 1954 and also began tritium 
production, which reduced their effective plutonium production rates.382 Both piles 
were shut down following a graphite fire in Pile 1 in October 1957.383 Based on these 
assumptions, and using an effective plutonium production rate of 0.92 g/MWd (see 
Appendix B), the cumulative plutonium production of the Windscale plants can be 
estimated to about 350 kg, as summarized in Table 5.5.384 This is similar to the value 
published by Simpson, who estimated a production of 388 kg.385

 

Figure 5.3. A helicopter of the Royal Air Force 
taking air samples during the 1957 Wind-
scale Fire, with one of the reactors in the 
background. On 10 October 1957, the graphite 

core of Windscale Pile 1 caught fire during 

a routine graphite-annealing procedure, 

releasing substantial amounts of radioactiv-

ity, including an estimated 20,000 Curies of 

iodine-131 and 1000 Curies of cesium-137. 

This remains the worst accidental radioac-

tive release outside the Soviet Union to 

date. Both Windscale Piles were closed as a 

result.386 Plutonium production continued at 

the Calder Hall and later also the Chapelcross 

reactors. Image courtesy of Louise Rawling.

Calder Hall and Chapelcross. The eight dual-purpose graphite-moderated, carbon di-
oxide-cooled Calder Hall and Chapelcross reactors came online between mid-1956 and 
early 1960. The Calder Hall reactors were used, on and off, to produce military pluto-
nium until 1989.387 The Chapelcross reactors were used to produce plutonium until 
1964 and tritium thereafter. Both sets of reactors were dual-purpose, that is, they also 
produced electric power. The two groups of reactors were shut down in 2003 and 2004 
respectively and their cooling towers demolished in 2007.388

The eight reactors were initially optimized for plutonium production, their fuel being 
irradiated to about 400 MWd/t.389 Their power level varied between 180 MWt and 240 
MWt thermal over time. In 1964, operation of all eight reactors was optimized for elec-
tricity production. They operated with an average fuel burnup of 4,500 MWd/t, which 
means that the plutonium produced would not have been weapon-grade.390 Reportedly, 
there were shorter periods of time later on, however, during which weapon-grade plu-
tonium production resumed at Calder Hall. The first discharges of spent fuel from five 
other, nominally civilian Magnox reactors was also put towards the military stockpile. 
Their total contribution to the stockpile was probably on the order of 0.2 – 0.3 tons.391

 
When operated in military mode, the effective production rate for the Calder Hall and 
Chapelcross reactors was about 0.92 grams of plutonium per megawatt-day.392 To esti-
mate cumulative production of weapon-grade plutonium at these reactors, and to com-
pare it with the declared inventory, assumptions have to be made about the fractional 
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use of the reactor fleet for weapons-plutonium production. Here, we assume that 20 % 
of the total energy output of the Calder Hall reactors was associated with weapons-plu-
tonium production. For the Chapelcross reactors, we use a usage fraction of only 10 % 
because they came online later and were more extensively used for tritium production. 
These are necessarily crude estimates, which can be improved once more information 
about the operational history of the reactors is made public.

Based on these assumptions, the total quantity of weapon-grade plutonium produced 
in the United Kingdom would have been about 4.0 tons, consistent with the UK decla-
ration. If the transfers to the United States involved weapon-grade plutonium, the us-
age fractions of the eight Calder Hall and Chapelcross reactors for this purpose would 
have been higher than assumed above.

Pile Operation Total Energy Output Usage Fraction Military Plutonium

Windscale
� ���� – ���� ��� GWd* �00 % 0.�� tons

� ���� – ���� �0� GWd* �00 % 0.�� tons

Weapon-grade plutonium production at Windscale, 1951 – 1957 0.35 tons

Calder Hall

� ���� – ���� ���0 GWd* �0 %* 0.�� tons

� ���� – ���� ���� GWd* �0 %* 0.�� tons

� ���� – ���� �0�0 GWd* �0 %* 0.�� tons

� ���� – ���� ���� GWd* �0 %* 0.�� tons

Chapelcross

� ���� – ���� ���� GWd* �0 %* 0.�� tons

� ���� – ���� ���� GWd* �0 %* 0.�� tons

� ���� – ���� ��0� GWd* �0 %* 0.�� tons

� ���0 – ���� ���� GWd* �0 %* 0.�� tons

Calder Hall and Chapelcross, total weapon-grade plutonium 3.35 tons

Weapon-grade plutonium production elsewhere (Magnox reactors) 0.30 tons

Total weapon-grade plutonium production, 1951 – 1995 4.0 tons

 
Table 5.6. Weapon-grade plutonium production, 
1951 – 1995. Asterisks indicate authors’ esti-

mates. Effective production rates of weapons and 

non-weapons plutonium (kg/GWd) are based on 

neutronics calculations summarized in Appendix 

B. Assumed usage fractions for the Calder Hall 

and Chapelcross reactors are consistent with the 

declared weapon-grade and non-weapon grade 

plutonium inventories. The United Kingdom could 

make public additional information about these 

usage fractions and cumulative energy output of all 

reactors to support the consistency and correctness 

of its declaration.

Civilian plutonium. The United Kingdom also has separated large quantities of reactor-
grade plutonium produced both by its commercial power plants and its fleet of dual-use 
reactors (Calder Hall and Chapelcross) when they were operated in civilian-mode.393 
The United Kingdom also has had contracts to reprocess the spent power-reactor fuel 
of several other European countries and of Japan.

The United Kingdom currently has two reprocessing plants at Sellafield. The B-205 
plant reprocesses metal natural-uranium fuel from first-generation “Magnox” reactors, 
the last of which are to be shut down in 2012.394 THORP reprocesses oxide fuel from 
British AGR reactors and foreign LWR reactors.
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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 plutonium-breeder reactors. Unlike France and Japan, however, the United King-
dom has ceased research and development efforts into fast reactors and has not yet 
developed alternative disposition plans for its separated plutonium. Recently, however, 
the UK Government has begun a discussion of its plutonium-disposition options.395

Very little of the separated plutonium stockpiled in Sellafield has been fabricated into 
MOX and used as fuel in thermal reactors. As a consequence, the civilian stockpile of 
separated plutonium in the United Kingdom has been growing for decades and reached 
112.1 tons in December 2009, including 27.7 tons of plutonium belonging to foreign 
customers (Figure 5.4).396 If existing contracts are fulfilled, this amount will increase 
to about 130 tons, including 30 tons of foreign-owned plutonium. “Because of the cu-
mulative effect of several failures at the THORP reprocessing and supporting facilities 
with the resulting loss of throughput”, the September 2010 Draft Strategy of the United 
Kingdom’s Nuclear Decommissioning Authority pushed the completion of reprocess-
ing activities at THORP back from 2010 to 2020.397 Even so, the Draft Strategy cautions 
that this new estimate “relies on the continued successful operation of the reprocessing 
infrastructure. As the supporting infrastructure nears the end of its life the completion 
of THORP reprocessing may continue to extend.”

The reprocessing of the remaining irradiated Magnox fuel will probably have to be com-
pleted because the fuel is metallic uranium that corrodes easily.398

Figure 5.4. Separated civilian plutonium in the 
United Kingdom. Inventories are as of December 

31 of the respective years. The United Kingdom‘s 

plutonium stockpile has grown to 112 tons, of which 

84 tons are domestic and about 28 tons have been 

separated from foreign-owned spent fuel under 

contract.
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Figure 5.5. Plutonium store at Sellafield, 
UK. Sellafield in West Cumbria is the UK’s 

center for reprocessing spent nuclear fuel 

from Britain’s nuclear power stations and 

overseas customers. More than 100 tons of 

plutonium are stored at this site. Credits: 

British Nuclear Fuels and IAEA ImageBank.

Verifying the UK Fissile Material Declarations
For several years, the United Kingdom has been engaged in a joint initiative with Nor-
way exploring warhead dismantlement verification options.399 Given its interest in this 
area, and given that the UK government has described its country as a “disarmament 
laboratory,”400 it would be natural to pursue steps towards developing the techniques 
and approaches needed to verify fissile material declarations and to use the UK HEU 
and plutonium production complexes, now undergoing decommissioning, as test beds 
to demonstrate the methods.

Whether it will be possible to verify the quantity of HEU produced at Capenhurst de-
pends on the fate of the depleted uranium “tails.” If, at some point, the tails were used 
as feedstock for further enrichment—as apparently they may have been—verification 
would be effectively impossible. However, if the tails are still in storage (perhaps in the 
shell of the gaseous diffusion plant building along with the tails cylinders from LEU 
production), then verification might be feasible. As part of its ongoing efforts to clean 
up nuclear sites in the United Kingdom, the Nuclear Decommissioning Authority is 
planning to “deconvert uranium hexafluoride to a passive oxide form over a period of 
eight years” starting in about 2020.”401 This could provide an opportunity for interna-
tional verification of the HEU output from Capenhurst through isotopic measurements 
on the uranium tails, if the tails are indeed available.402 Verifying the HEU transferred 
from the United States to the United Kingdom is potentially more challenging. Since 
this material was exchanged for LEU produced in the A3 facility at Capenhurst, verify-
ing the output of the A3 facility might help build confidence that the declared amounts 
are correct, if both governments decided to disclose this information. Moreover, the 
linkage between the UK and U.S. fissile material inventories and declarations could 
be advantageous from a verification perspective because it provides opportunities for 
some consistency checks.
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The bulk of the UK consumption of military HEU was in naval reactors. According to 
a 2002 UK government report, 51 spent submarine reactor cores were in pool storage 
in the UK’s Sellafield reprocessing complex at the time.403 This would appear to repre-
sent almost all, if not all, of the spent submarine fuel in the United Kingdom. With 
sufficient access to this fuel, its inventory of HEU could be verified and the amount of 
HEU consumed could be estimated—although, in practice, UK concerns about reveal-
ing secret fuel design information would be a complicating factor.404 The much smaller 
quantity of material used in military research reactors could be verified assuming that 
the spent fuel were available. As with other countries, however, it would be extremely 
difficult to independently verify the quantity of material used in nuclear tests.

Plutonium. From a verification perspective, the fact that all British military plutonium 
was produced in graphite-moderated reactors is a significant advantage because it would 
allow the application of established nuclear-archaeological methods. The graphite iso-
tope-ratio method (GIRM) has been successfully tested on the Trawsfynydd Unit II 
Magnox reactor.405 All ten UK military production reactors have now been shut down. 
Under current decommissioning plans, their graphite moderators will be left intact 
for many years to come. The reactor structures, including their graphite moderator, 
are not due to be dismantled until the final phase of site clearance, which is currently 
scheduled to take place in 2041 – 2065 for Windscale, 2105 – 2117 for Calder Hall, and 
2116 – 2128 for Chapelcross.406 Ongoing decommissioning work, however, should pro-
vide opportunities to take samples much sooner.

Conclusion
The United Kingdom’s declarations about its fissile material stocks are consistent with 
publicly-available information about its production and use of military fissile materi-
als. The United Kingdom could and should, however, make available much more infor-
mation about its fissile materials holdings. This would enable a better understanding 
of its declarations and make those declarations more useful as a transparency measure 
than they are today. Specifically, with regard to highly enriched uranium, the United 
Kingdom could release information about the enrichment level, i.e., about the urani-
um-235 content in its stockpile, and specify the amount of material by category (fresh 
and irradiated, reserved for naval fuel, etc.). More generally, the UK fissile-material 
declarations of highly enriched uranium and plutonium so far focus exclusively on 
present inventories (based on total acquisitions minus removals) and reveal very little 
about how these inventories have been produced or otherwise acquired. The UK gov-
ernment could follow the U.S. example and prepare more comprehensive declarations 
that focus on historic acquisition of both its highly enriched uranium and plutonium. 
The secrecy surrounding the U.S./UK military collaboration, including swaps of fissile 
materials, is unnecessary and should be reconsidered. Finally, the UK should take the 
opportunity afforded by decommissioning its fissile material production facilities to 
enable international verification of its declarations.
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6  France
French nuclear development started during World War II with the U.S. Manhattan 
project, in which a number of French scientists participated and played a significant 
role.407 Immediately after the war, France established its Atomic Energy Commission 
(Commissariat à l’Energie Atomique, CEA) and began exploring the possibility of devel-
oping its own nuclear weapons program in the early 1950s. Most significantly, the CEA 
secretly established a “Nuclear Explosives Committee” (Comité des Explosifs Nucléaires, 
CEN) in November 1954, which immediately devised plans for acquiring source mate-
rials (namely uranium and heavy water) and constructing the first plutonium produc-
tion reactors at Marcoule.408

The French nuclear establishment pursued nuclear weapons options before a clear po-
litical decision had been taken to acquire or even seriously consider them. In particu-
lar, France had already started production of weapons plutonium in mid-1955,409 and 
yet it was only after the Suez Crisis in late 1956 that the French government formulated 
a more explicit but still ambiguous position. Bertrand Goldschmidt quoted an agree-
ment signed in the aftermath of the crisis under which “the CEA was to carry out pre-
paratory research into atomic explosions and, should the government then decide to 
proceed further, preliminary research leading to the production of prototypes and the 
staging of tests.”410 Only when General Charles De Gaulle returned to power in June 
1958, first as Prime Minister and then as President, was the weapons program fully 
endorsed politically. Given the extensive preparations, it then proceeded rapidly. Only 
twenty months later, on 13 February 1960, France detonated its first nuclear weapon in 
the French-Algerian Sahara desert.

As a consequence of the CEA’s organizational setup, France did not develop separate 
civilian and military facilities and fuel cycles. On the contrary, the 1973 CEA annual 
report points out that, “in order to limit costs, the CEA must adapt the production of 
military nuclear material to rapidly changing needs by taking advantage of technical 
progress and civilian programs, which themselves have greatly benefited from military 
programs.” As a result, estimating France’s stockpile of military fissile materials is ex-
tremely difficult.

Large-scale production of plutonium for military purposes ceased in 1992.411 France 
announced the definitive halt of fissile material production for weapons purposes on 
22 February 1996 and, by the end of June 1996, the gaseous diffusion enrichment 
plant at Pierrelatte stopped producing highly enriched uranium (HEU).412 In March 
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2008, French President Sarkozy announced that he had “decided to invite interna-
tional experts to observe the dismantlement of our Pierrelatte and Marcoule military 
fissile material production facilities.”413 A series of visits have taken place since then, 
but they apparently have not included any meaningful discussions about the possibil-
ity of verification of past production.

Based on the data available, we estimate France’s stockpile of military plutonium to be 
on the order of 6 ± 1 tons. The current HEU inventory is estimated to be 26 ± 6 tons of 
weapon-grade-equivalent HEU, but this figure is more uncertain because of a lack of 
public information about the capacity of the Pierrelatte enrichment plant.

France has so far been extremely reluctant to make public any information about its 
fissile-material stockpiles. France also has not officially declared any fissile material 
as excess for military purposes even though it must have significant amounts of both 
plutonium and HEU without apparent military use. Its nuclear arsenal is now half the 
size of the Cold War peak and France no longer uses HEU for naval-reactor fuel. The 
large stockpile of fissile material may be a result of France’s plan in the early 1980s to 
build a much larger nuclear arsenal for the 1990s and beyond—a plan that was never 
carried out.414

Highly Enriched Uranium
France produced highly enriched uranium (HEU) at a dedicated enrichment complex 
near Pierrelatte at the Tricastin site (Figure 6.1). Construction of the Pierrelatte enrich-
ment plant began in 1960. It consisted of four different buildings or units of decreasing 
size and capacity: the “low plant” (usine basse, UB) enriched up to 2 %, the “middle 
plant” (usine moyenne, UM) up to 7 %, the “high plant” (usine haute, UH) up to 25 %, 
and the “very-high plant” (usine très haute, UTH) to 90 % and higher, reportedly to 
95 %.415 The first unit to come online was the low plant in 1964, and production of 
highly enriched uranium using all four units started in early 1967.416 The total capacity 
of the plant has not been declared.

The Pierrelatte enrichment complex is separate from a second enrichment plant, the 
Eurodif plant, on the same site. Construction of the Eurodif plant started much later, in 
1976, and its first production of LEU began in 1979. In 1982, the plant reached enrich-
ment levels of 3.5 % and its nominal capacity of 10.8 million SWU per year.417

The Eurodif and Pierrelatte plants were not operated independently, however. Between 
1979 and 1982, product from the Eurodif plant was transferred to the low and middle 
plants of Pierrelatte for further enrichment. In 1982, when the Eurodif plant finally 
achieved the capability to enrich uranium to 3.5 %, the low and middle plants at Pier-
relatte were shut down.418 Thereafter, production of HEU at Pierrelatte used pre-en-
riched material that it received from the Eurodif plant. HEU production at Pierrelatte 
ended in late June 1996.

Before Eurodif came online, a fraction of Pierrelatte’s capacity and low-enriched prod-
uct was used for power and naval reactor fuels, further complicating an estimate of the 
French HEU stockpile.
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Figure 6.1. Pierrelatte gaseous diffusion enrichment 
plant (44.34 N, 4.72 E).  Between 1967 and 1996, 

France produced an estimated 35 ± 5 tons of highly 

enriched uranium for weapons and naval fuel at the 

Pierrelatte plant. France, unlike the United States 

and the United Kingdom, has not declared its HEU 

production. The safeguarded Eurodif enrichment 

plant on the same site will be shut down once a 

new centrifuge enrichment plant (George Besse II) 

comes online. 

Estimating the Capacity of Pierrelatte. There is very little information available about 
the original capacity of the plant. In 1956, French offi cials set the military require-
ments of the weapons program at “a minimum of 600 – 700 kg of weapon-grade HEU 
per year,” equivalent to enrichment capacities between 120,000 and 200,000 SWU per 
year.419 One 1996 publication authored by CEA offi cials quotes the capacity as “several 
100,000 SWU per year.”420

Three approaches, using different types of information, offer means to constrain an 
estimate of Pierrelatte’s enrichment capacity:

Uranium-hexafl uoride supply: The dedicated conversion plant at Pierrelatte (SUCP, 
Société des Usines Chimiques de Pierrelatte, now Comurhex) was designed to produce 
500 tons of uranium in uranium-hexafl uoride (UF6) per year.421 For typical depletion 
levels of 0.3 – 0.4%, this feedstock would be suffi cient to support a plant (producing 
weapon-grade uranium) with a capacity of 300,000 – 450,000 SWU per year. 

Electricity consumption: The electricity demand of Pierrelatte has been listed as 250 
MW.422 More modern gaseous diffusion plants require about 2500 kWh/SWU, but 
Pierrelatte was much less effi cient: a specifi c energy demand of 3500 – 5000 kWh/SWU 
has been suggested for the plant,423 which would be equivalent to 440,000 – 600,000 
SWU per year. If the relative performance of Pierrelatte barriers (20 % compared to 
the Eurodif barriers)424 is used to scale electricity demand, then the capacity could 
have been on the order of 200,000 SWU per year.    

Comparison with Capenhurst: The CEA specifi es the roofed footprint of the Pierrelatte 
plant as 120,000 m2, which is consistent with available satellite imagery.425 This area is 
close to the footprint of the British gaseous diffusion plant at Capenhurst (53.265 N, 
–2.955 W). Similarly, the electricity demand of both plants was comparable: 250 MW 
versus 300 MW for Pierrelatte and Capenhurst, respectively. Capenhurst’s enrichment 
capacity was initially 100,000 – 150,000 SWU/yr and eventually increased to 400,000 
SWU per year—and Pierrelatte’s capacity should therefore be in a similar range.426

•

•

•
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Other indirect ways of estimating Pierrelatte’s capacity yield comparable estimates.427 
The stockpile estimate below assumes a value of 300,000 SWU per year as the lifetime 
average capacity of the Pierrelatte plant. At this capacity, the plant would have pro-
duced a total of 9 million SWU in its almost thirty years of operation, i.e., from early 
1967 through mid-1996.428        

 

The Pierrelatte plant was also used for the production of low-enriched uranium for civil-
ian use and for naval fuel, in particular before Eurodif became fully operational in 1982. 
Albright et al. offer a detailed discussion estimating the total enrichment work that was 
dedicated for these purposes.429 They assign about one million SWU for civilian LEU 
and one million SWU for naval-core production, some of which used highly enriched 
fuel. Using these values, and based on the reference value of 9 million SWU for the 
cumulative enrichment work delivered by the plant, leaves 7 million SWU available for 
HEU production, which corresponds to about 35 ± 5 tons of weapon-grade HEU.

The main removals from this HEU stockpile were due to the operation of the two HEU-
fueled Célestin tritium-production reactors, which were also used for plutonium and 
special-isotope production, and are discussed in more detail below. Each reactor was 
rated at 190 MW thermal and may have required about 145 kg of HEU fuel per year at 
a capacity factor of 75 %.430 For about 20 years, both reactors operated simultaneously 
(1970 – 1990), while only one reactor was operating at a time between 1991 and final 
shutdown in 2009. Overall, this operational history corresponds to about 60 reactor 
years, requiring about 8.7 tons of HEU. Allowing for additional temporary outages, and 
the possibility of using recycled HEU fuel, lifetime HEU demand of the Célestin reac-
tors could be on the order of 5 – 7 tons.

Nuclear weapon tests constitute the second major category of HEU removals. France 
conducted a total of 210 tests, which would have consumed 2 – 4 tons of HEU, assuming 
that the test devices contained 10 – 20 kg of HEU on average. France ended its nuclear 
testing program in January 1996, signed the Comprehensive Test Ban Treaty, and shut-
down its test site in the South Pacific.

Figure 6.2. The first ingot of highly enriched uranium 
produced at Pierrelatte. This ingot was presented to  

General De Gaulle in 1967. HEU produced in Pierrelatte 

was used in the first test of a French thermonuclear 

weapon in August 1968. Material enriched to 25 % for  

the core of “Le Redoutable” submarine was also de- 

livered in 1968. Source: Commissariat à l’Energie Atom-

ique, reproduced in Daviet, 1993, op. cit.
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With the shutdown of the Célestin reactors in December 2009, France should no longer 
be consuming HEU on a large scale. Accordingly, it is estimated that France’s remaining 
stock of (unirradiated) HEU should be on the order of 26 ± 6 tons.

France has declared its total stockpile of nuclear weapons in March 2008 as “fewer 
than 300” warheads.431 These warheads are believed to have yields ranging from 100 to 
300 kt.432 This number of modern two-stage thermonuclear weapons would require 
about 3– 6 tons of HEU. France could therefore declare the larger part of its military 
HEU stockpile as surplus today.

Finally, France has declared a stock of 4.85 tons of civilian HEU, including 3.27 tons 
of fresh HEU, as of December 2009.433 Some of this material may have been produced 
domestically, but a signifi cant fraction is probably of U.S. and Russian origin for use in 
research-reactor fuel.

Plutonium
Large-scale plutonium production for military purposes in France started in 1956 and 
ceased in 1992. To support its weapons program, France built a series of dedicated pro-
duction reactors at its Marcoule Site (Figure 6.3), but also used several civilian reactors 
owned and operated by Electricité de France (EDF) to produce additional weapon-grade 
plutonium (and tritium). With the exception of the fast-neutron reactor Phénix and 
the two Célestin heavy-water reactors, both located at Marcoule and discussed fur-
ther below, all other reactors were graphite-moderated and gas-cooled (Uranium Naturel 
Graphite Gaz, UNGG) and are being decommissioned.434

Marcoule, France
Coordinates: 44.142 N, 4.710 E

G1 reactor

G2 and G3 reactors

Célestin reactors

Phénix fast-neutron reactor

UP1 reprocessing plant

Melox MOX fabrication plant
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Figure 6.3. The Marcoule Site near Avignon in the 
South of France (44.142 N, 4.710 E). In addition to 

the military reprocessing plant UP1, the site hosted 

several reactors that were used for dedicated pluto-

nium (G1, G2, G3, and Phénix) and tritium produc-

tion (two Célestin reactors, which also were used 

for plutonium and special-isotope production). With 

the shutdown of both Célestin reactors in December 

2009, no operational production reactors remain at 

Marcoule. Map adapted from CEA drawing.



Global Fissile Material Report 2010 ��

G1, G2, and G3 reactors. The first dedicated production reactor at Marcoule (G1) was 
air-cooled and had a thermal power of 46 MW.435 Routine production of weapons plu-
tonium began in 1956 and ended in 1968. According to the 1962 CEA Annual Report, 
G1 had produced a total of 59.6 GW-days of fission heat by the end of 1962, including 
12.4 GW-days produced in that year.436 Assuming the same annual output between 
1963 and 1968,437 the energy generated in G1 during its lifetime would be on the order 
of 134 GW-days. Using an effective production rate of 0.95 grams of plutonium per 
MW-day (see Appendix B), the cumulative plutonium production in G1 is estimated to 
be 125 – 130 kg.438

Figure 6.4. G2 and G3 reactors in June 2009 (left) 
and view of the G2 reactor unit (right). These  

reactors produced the bulk of the French weapons 

plutonium. Until the early 1970s, the target  

burnup of the fuel in these reactors was very low.  

As a result, the bulk of French weapons plu- 

tonium is super-grade, with over 95 % 

plutonium-239. Both reactors are now being  

dismantled. Source: www.francetnp2010.fr

The most important plutonium-production facilities in the French nuclear weapons 
complex were the follow-on reactors G2 and G3 (Figure 6.4), which came online in 
1958 and 1959. These two identical reactors were carbon-dioxide-cooled and reportedly 
achieved a power level of about 250 MW thermal each,439 or possibly more as discussed 
below. For extended periods of time, these reactors also produced electricity.440

 
In 1980, the National Atomic Energy Trade Union (SNPEA) of the French Democratic 
Confederation of Labor (CFDT) published a 500-page account of the French nuclear 
program: Le dossier électronucléaire.441 The information included annual throughput and 
average fuel burnup for the production reactors G1, G2, and G3 through 1977. Com-
bined with neutronics calculations, this data can be used to calculate annual pluto-
nium production and the isotopics of the material produced in those years (Table 6.2 
and Figure 6.5). The results indicate that these three reactors produced a combined 
total of 3.56 tons of weapons plutonium by 1977. This value is surprisingly high and 
implies that G2 and G3 were operated at 300 – 350 MW throughout the 1970s. Such a 
power level has not been confirmed by other sources, which quote a maximum of 260 
MW,442 but the information published by SNPEA/CFDT appears credible and is used for 
the stockpile estimate below.

According to the data published in the dossier électronucléaire, the average burnup of the 
fuel discharged from G2 and G3 increased continuously over time. After 1975, it had 
reached 1000 MWd/t, which—if correct—implies that these reactors were no longer 
producing weapon-grade material. It is possible that, by then, the mission of the reac-
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tors had shifted, to the production of startup fuel for the Célestin and Phénix reac-
tors.443 Alternatively, newly produced non-weapon-grade plutonium could have been 
used for blending with super-grade plutonium produced until the mid-1960s.

To estimate post-1977 plutonium production in G2 and G3, we assume 70,000 MWd/yr 
per reactor and a plutonium production rate of 0.8 g/MWd, which corresponds to bur-
nup levels on the order of 1000 MWd/t. Together, G2 (in 2 years) and G3 (in 6.5 years), 
may have developed an additional 595 GW-days and produced about 0.4–0.5 tons of 
plutonium, between 1978 and final shutdown.

In total, we estimate that G1, G2, and G3 produced about 4 tons of weapons plutonium 
with an average plutonium-239 content of about 94.9 %. This estimate is significantly 
higher than previous estimates by Albright et al. (2.9 ± 0.2 tons) or historic estimates 
by the U.S. Central Intelligence Agency (“over 2.5 tons”).444 If sub-weapon-grade pluto-
nium produced after 1975 was not added to the stockpile of weapons plutonium, and 
served a different purpose, then the total production of weapon-grade plutonium in 
the G-reactors would be about 3.2 tons instead (96 % Pu-239). The CIA estimate how-
ever confirms the total throughput of about 10,000 tons of uranium.445

1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969

Throughput ��0 ��0 ��0 ��0 ��0 ��0 ��0 ��0 ��0 ��0 ��0

Burnup �00 �00 �00 �00 �00 �00 �00 �00 �00 �00 ��0

Eff. Pr. Rate 0.�� 0.�� 0.�� 0.�� 0.�� 0.�� 0.�� 0.�� 0.�� 0.�� 0.��

Pu TOT [kg] ��.� ��.� ��.� ���.� ��0.� ��0.� ���.0 ���.� ���.� ���.� ���.�

Pu ��� [kg] ��.� ��.� �0.� ���.� ���.� �0�.� ���.� ��0.� ���.� ���.� ���.�

Pu ��� [%] ��.� % ��.� % ��.� % ��.� % ��.� % ��.� % ��.� % ��.� % ��.� % ��.� % ��.� %

1970 1971 1972 1973 1974 1975 1976 1977 Total

Throughput ��0 ��0 ��0 ��0 ��0 ��0 ��0 ��0 ��00 tons

Burnup ��0 ��0 �00 �00 �00 �00 �000 ��00 about �00 MWd/t*

Eff. Pr. Rate 0.�� 0.�� 0.�0 0.�� 0.�� 0.�� 0.�� 0.�0 0.�� g/MWd*

Pu TOT [kg] ���.0 ��0.� �0�.� ���.� ���.0 ��0.� ���.� ���.0 ���� kg

Pu ��� [kg] �0�.� ��0.� ���.� ���.� ���.0 ���.� ���.� ���.� ���� kg

Pu ��� [%] ��.� % ��.� % ��.� % ��.� % ��.� % ��.0 % ��.� % ��.� % ��.� %*

Table 6.2. Annual plutonium production in G1, G2, 
and G3, 1959–1977. In 1980, the French Democratic 

Confederation of Labor (CFDT) published a detailed 

account of the French nuclear program. Using 

this data, it is estimated that the reactors had a 

combined production of 3.56 tons of plutonium with 

an average Pu-239 content of 95.5 % (between 1959 

and 1977). It has to be emphasized, however, that 

the data implies that G2 and G3 operated at 300–350 

MW throughout the 1970s, i.e., about 20 – 40 % above 

the power level reported elsewhere. Throughput is 

given in metric tons of heavy metal, burnup in MW-

days/ton, and effective production rate in g/MW-day. 

Asterisks (�) indicate weighted averages.  

Phénix. The Marcoule site also hosted the fast-neutron reactor Phénix, which went criti-
cal in mid-1973 and, until the late 1990s, operated at a power level of 250 MWe (563 
MWt).446 It is widely believed that plutonium from this reactor has contributed to the 
French military stockpile of fissile material.447
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Phénix achieved capacity factors of almost 60 % in the late 1980s before it began expe-
riencing more serious operational problems.448 Throughout the 1990s, the reactor was 
mostly shut down. We therefore assume that its military mission ended in 1990.449 The 
reactor restarted operation in 2003 at a reduced power level before its final shutdown 
in September 2009.450

To estimate the contribution of Phénix to the French stockpile of weapons plutonium, 
it is assumed that only the surplus plutonium—not the total amount of weapon-grade 
plutonium—extracted from the blankets was transferred to the weapons program.451 
The surplus fissile plutonium M


 produced in a breeder reactor can be calculated from 

the definition of breeding ratio BR = 1 + M

/Mc , where Mc is the total amount of fis-

sile material consumed in the reactor during the same time period.452 A fast-neutron 
reactor consumes about 1.07 grams of fissile material per megawatt-day thermal. Phé-
nix generated an estimated 1.98 million MW-days until 1990 and therefore consumed 
about 2115 kg of fissile material. Combined with the reported breeding ratio of 1.16,453 
these numbers can be used to estimate plutonium production available for weapons as 
about 340 kilograms.454

Figure 6.5. Cumulative plutonium production in 
G1, G2, and G3, up to 1977, according to the data 

published by the French Democratic Confederation 

of Labor (CFDT). France produced super-grade plu-

tonium (95–98% Pu-239) until the early 1970s, after 

which the discharge burnup of fuel from G2 and G3 

started to increase.

Célestin. France operated two dedicated tritium-production reactors at Marcoule. These 
identical 190 MW (thermal) reactors came online in 1967 and 1968. When France de-
cided to discontinue production of plutonium in 1992, the Célestin reactors began to 
operate in an alternating mode, with only one operating at a time.455 Both reactors were 
finally shut down on 23 December 2009, without much prior notice or further explana-
tion.456 Reportedly, future tritium production will be carried out in a new naval test reac-
tor (RES), which is under construction on the Cadarache site (at 43.702 N, 5.758 E).457

By the 1970s, it had become clear that the two Célestin reactors would produce more 
tritium than needed for the French nuclear arsenal. The mission then shifted from 
tritium production to the production of plutonium and special radioisotopes for both 
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civilian and military purposes.458 To estimate the contribution of the Célestin reac-
tors to the French stockpile of weapons plutonium, we assume that large-scale pluto-
nium production began when G2 and G3 were being prepared for shutdown. Between 
1982 and 1991, the Célestin reactors together may have developed about 1.14 million 
MW-days.459 Assuming an effective production rate for plutonium of 0.6  – 0.7 g/MW-
day, which would still allow for concurrent tritium production,460 this corresponds to 
700 –800 kilograms of plutonium.

Dual-use Gas-Graphite Power Reactors. In addition to its dedicated military reactors, 
France has also used its fleet of gas-graphite power reactors to produce plutonium for 
military purposes. Albright, Walker, and Berkhout have a rather detailed discussion of 
these reactors and their operational history.461 In principle, these reactors could have 
made a substantial contribution to the French stockpile of weapons plutonium.

The estimate summarized in Table 6.3 uses lifetime energy production values pub-
lished by the IAEA for the six French and one French-supplied Spanish gas-graphite 
power reactors.462 Even for limited military usage fractions, these gas-graphite reactors 
would have produced about 1.7 tons of weapons plutonium.463 The uncertainty in this 
estimate cannot be specified with confidence based on the available information: if 
this production strategy proved “inconvenient” (e.g. led to disagreements with the op-
erator EDF)464 or proved ultimately unnecessary, the reactors may not have been used 
for production of weapons plutonium in any systematic way—and their net contribu-
tion to the stockpile of weapons plutonium could be small.

Reactor Operation Total Energy 
Developed

Usage 
Fraction

Weapon-grade 
Plutonium

Uncertainty

Marcoule

G� ���� – ���� 0��� GWd �00 %

�.0–�.0 tons

±�0 %

G� ���� – ���0
���0 GWd �00 % ±�0 %

G� ���� – ����

Célestin-� ���� – �00�
n/a ���0 GWd 0.�� tons ±�0 %

Célestin-� ���� – �00�

Phénix ���� – �00� ���� GWd �0 % 0.�� tons ±�0 %

Total weapon-grade plutonium production at Marcoule 4.6 ± 0.5 tons

Chinon

A� ���� – ����   �00 GWd (�0 %)* (0.�0 tons)

large uncertainty
depending on

scope and extent 
of this strategy

(if systematically 
pursued at all)

A� ���� – ���� ���0 GWd (�0 %)* (0.�� tons)

A� ���� – ���0 �0�0 GWd (�0 %)* (0.�� tons)

Saint Laurent
A� ���� – ���0 ���0 GWd (�/� of first core) (0.�� tons)

A� ���� – ���� ���0 GWd (�/� of first core) (0.�� tons)

Bugey � ���� – ���� ���0 GWd (�/� of first core) (0.�� tons)

Vandellos/Spain � ���� – ���0 ���0 GWd (�/� of first core) (0.�� tons)

Potential weapon-grade plutonium production at other sites up to 1.7 tons

Table 6.3. Production of weapons plutonium in 
France. Estimating France’s historic weapons 

plutonium production is difficult because a fleet 

of different reactor-types have been available for 

that purpose, including dual-use power reactors. 

In the early 1980s, France was planning to buildup 

its nuclear forces and may have considered these 

options.465 �Estimate.
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Overall, cumulative production of weapons plutonium at Marcoule adds up to 4.6 ± 0.5 
tons of plutonium. The total stockpile could be significantly higher if the gas-graphite 
power reactors played a significant role in the production program. In that case, the 
amount produced could have been significantly over 6 tons. We assume here a value of 
7 ± 1 tons as the cumulative production of weapons plutonium.

Between 1960 and 1996, France conducted 210 nuclear weapon tests, which would 
have consumed about one ton of plutonium. The estimate for the current stockpile is 
therefore about 6 ± 1 tons. This is consistent with previous assessments, but with sub-
stantially different contributions from the different production reactors. This estimate 
is broadly in line with a leaked U.S. Department of Energy estimate published in 1999 
that France had a stockpile of 6 – 7 tons of weapon-grade plutonium.466 Today, assum-
ing an arsenal of 300 warheads, France uses about 1.5 tons of plutonium for military 
purposes.467 If the production estimate presented here is correct, France could declare 
almost 70 % of its stockpile of weapon-grade plutonium as excess to military require-
ments.

Civilian Plutonium Separation and Use
The French nuclear establishment carried out large-scale separation of plutonium for 
military and civilian purposes between 1958 and 1997 at the UP1 plant at the military 
Marcoule site. Reprocessing of gas-graphite reactor fuel started at UP2 at La Hague in 
Normandy in 1966 and ended in 1987. Around 4900 tons of metal fuel were reprocessed 
during this period. In 1974, the CEA also started reprocessing at UP1 fuel from EDF’s 
gas-graphite reactors, including fuel with higher burnups than needed for military uses. 
UP1 stopped the separation of plutonium for military purposes in 1993. By 30 Septem-
ber 1997, when reprocessing at Marcoule ended, a total of 13,330 tons of gas-graphite 
fuel had been reprocessed at UP1. In total, CEA/COGEMA reprocessed over 18,000 tons 
of spent gas-graphite fuel at UP1 and UP2, including 1913 tons of fuel from the Span-
ish Vandellos reactor.468 The La Hague UP2 plant started reprocessing oxide fuel from 
light-water reactors (LWR) in 1976. A first major extension, called UP3, financed mainly 
through contracts with foreign customers, started operating in 1989 and a second en-
largement, named UP2-800, followed in 1994. The nominal capacity of the La Hague 
site was thus increased by more than a factor of four to 1700 tons per year (Figure 6.6). 

Figure 6.6. The La Hague reprocessing site. The 

700-acre site includes the two reprocessing plants 

UP2-800 and UP3, a plutonium store, four large 

spent fuel storage pools, and multiple storage facili-

ties for low, medium and high level wastes. Source: 

IAEA ImageBank.
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Between 1976 and the end of 2009 a total of over 25,000 tons of LWR fuel were put 
through La Hague. Fuel of French, German, and Japanese origin dominated the 
throughput (59 %, 22 %, and 12 %, respectively), but additional smaller contracts exist-
ed with Belgium, Italy, the Netherlands, and Switzerland.469 In 2005, Areva-NC added 
a head-end for the processing of research reactor fuel, and minor contracts to process 
such fuels have been signed with Australian, Belgian and French clients.

The reason for the early, massive engagement of foreign utilities in the build-up of 
the French plutonium infrastructure was the planning in the 1970s for the large-scale 
introduction of fast breeder reactors—especially in Europe. This vision had entirely 
dissipated by the middle of the 1980s, however, even before France’s Superphénix—the 
first and only commercial-size plutonium-fueled fast breeder reactor ever built—had 
started operating in 1986. By that time, all the other European nations had ended pub-
lic spending for fast breeders.470 French nuclear planners considered the political price 
too high to abandon the extension of the La Hague plutonium separation facilities.

In the absence of a successful breeder reactor program, the operation of the four-fold 
larger plutonium production capacity at La Hague inevitably would rapidly lead to a 
large stockpile of separated plutonium. To absorb the French power-reactor plutonium 
that was still being separated at Marcoule and increasingly also at the La Hague facili-
ties, in 1987 France launched a LWR MOX program. 

Plutonium-use in French light water power reactors began with the introduction of a 
third of a core loading of MOX fuel into one EDF 900-MWe reactor. In 2010, twenty-
two 900-MWe reactors are licensed to be 30-percent fueled with MOX. Nevertheless, 
the EDF stockpile of separated plutonium grew from less than one ton in 1988, to 
55.9 tons in 2009 (see Figure 6.7). 

Figure 6.7. Growth of France’s stockpile of separated 
plutonium from December 1988 to 2009. Sources: 

French Declarations to the IAEA 1997–2010; WISE-

Paris.

With the phasing out of reprocessing of foreign fuel and the approaching end of reuse of 
separated plutonium belonging to Germany and other foreign customers, the amount 
of foreign plutonium stored in France decreased between 2000 and 2009 from 38.5 to 
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25.9 tons (see Figure 6.7). The remaining material is mostly owned by Japan, whose 
MOX plans have been delayed for a decade by public opposition. As of the end of 2009, 
there was only 3.4 tons of foreign fuel left in France for reprocessing (see Table 6A.1).

Figure 6.8. Unirradiated plutonium in France by 
location and form. Sources: French Declarations to 

the IAEA 1997 – 2010. 

The distribution of the physical form of the separated plutonium held in France has 
changed significantly over time. In 1999 the amount of separated plutonium held at 
reprocessing plants reached a maximum with 55 tons, decreasing to about 47 tons in 
2009. The amount of separated plutonium in MOX fabrication facilities (as oxide or in 
semi-final products like fuel pellets) reached a maximum in 2002 of 15 tons and was 
reduced by more than half to about 7 tons in 2008. The decreases were offset, however, 
by a continuous increase of unirradiated plutonium in fresh MOX or “other fabricated 
products,” which increased from 1.8 tons in 1994 to 27.2 tons in 2009 (Figure 6.8).

As of the end of 2009, 60 tons of separated plutonium was stored at La Hague of which 
about 37 tons (62 %) belonged to France. France and Japan, together owned 54 tons or 
90% of the separated plutonium stored at La Hague (Table 6A.2).

A significant share of France’s separated plutonium in the category “other fabricated 
products” is present in the spent-fuel pools at La Hague. As of the end of 2001, a total 
of 98 tons of MOX scrap assemblies with a plutonium content of at least 5 % were stored 
at La Hague.471 No updates of this information have been made publicly available.472

EDF has shifted its strategy towards a “MOX-parity”, aiming at matching the amount of 
plutonium it uses to the quantity separated annually. With annual spent fuel reprocess-
ing at La Hague increasing from some 850 tons to 1050  tons and MOX fuel use planned 
to reach 120 tons—both as of 2010—it expected that use will finally match supply.  
It remains unclear how and in what timeframe the substantial backlog of separated 
plutonium is supposed to be absorbed.
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Appendix 6A. Civilian Plutonium Stocks in France

Reprocessed To Be Reprocessed Period of Processing

Germany �,���.00 MT 0 ���� – �00�

Netherlands ���.00 MT 0 ���� – �00�

Japan �,���.00 MT 0 ���� – ����

Belgium (LWR) ���.00 MT 0 ���0 – �00�

Switzerland ���.00 MT 0.�� MT ���� – �0��

Belgium (RR) 0.�� MT 0.�� MT �0��

Australia (RR) 0.�� MT 0.�� MT �0��

Italy ��0.�0 MT �.�0 MT �0��

Total 9,843.70 MT 3.40 MT (1976–2014)

Table 6A.1. Foreign spent fuel reprocessing 
1978 – 2014. Source: Areva NC, Traitement des 

Combustibles Uses Provenant de l’Etranger Dans les 

Installations d’Areva NC de La Hague, Rapport 2009, 

2010.

 

Country Quantity (tHM) Share (in %)

France ��.�� ��.� %

Japan ��.�� ��.� %

Italy �.�0 �.� %

Netherlands 0.�0 0.� %

Australia 0 < 0.� %

Belgium 0 < 0.� %

Germany 0 0

Total 60.00 100.0

 

Table 6A.2. Plutonium stored at La Hague as of 31 December 2009.
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7  China 
China launched its nuclear-weapon program in the mid-1950s and began to construct 
fissile-material production facilities with assistance from the Soviet Union in the late 
1950s. Highly enriched uranium (HEU) production began in 1964 and plutonium pro-
duction in 1966. In the late 1960s, China began to construct a second set of plutonium 
and HEU production facilities in Southwest China, far from the coast and from the 
border with the Soviet Union, which came into operation in the 1970s. This “Third 
Line” program was intended to provide China with backup facilities in case the first 
production facilities were destroyed.

China has kept information about its stocks of fissile materials and nuclear weapons 
secret. While China has not declared officially that it has ended HEU and plutonium 
production for weapons, it is believed to have done so after Beijing began to give prior-
ity to its economic and political reforms in 1978. China moved to reduce military HEU 
and plutonium production, switching some facilities to civilian purposes and closing 
others, finally stopping production of HEU in 1987 and of plutonium by about 1990. 

Table 7.1 summarizes the start-up and shut-down dates for China’s military uranium 
enrichment and plutonium production facilities.

Facility Start up Status

Enrichment plants

Lanzhou gaseous diffusion plant ���� Stopped HEU production in ���� 

Heping gaseous diffusion plant ���� Stopped HEU production in ���� 

Plutonium production reactors

Jiuquan reactor ���� Shutdown in ����

Guangyuan reactor ���� Shutdown in ���� (?)

Reprocessing facilities

Jiuquan intermediate pilot plant ���� Shutdown in early ���0s

Jiuquan reprocessing plant ���0 Shutdown around ����

Guangyuan reprocessing plant ���� Shutdown around ���0

Table 7.1. Operating history of China’s military fissile-material-production facilities.
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Without knowledge of the operating history and power of China’s plutonium-produc-
tion reactors and the capacities of its uranium enrichment plants, any estimates of 
China’s fissile material stocks will necessarily have great uncertainties. 

Based on new public information, the revised estimates reported in this chapter are 
that China produced 20 ± 4 tons of HEU, 2 ± 0.5 tons of plutonium and currently has 
stockpiles of about 16 ± 4 tons of HEU and 1.8 ± 0.5 tons of plutonium available for 
weapons.473 The values for China’s fissile material production are at the low end of most 
previous independent estimates, which range from 17 – 26 tons for HEU and 2.1 – 6.6 
tons for plutonium.474 The new plutonium estimate is consistent, however, with a U.S. 
Department of Energy assessment from 1999 that China had a stockpile of 1.7 – 2.8 tons 
of plutonium for weapons.475 Arguments supporting a lower estimate for China’s fissile 
material stockpile and its implications can be found in the chapter on China in the 
2008 IPFM volume of country perspectives on a Fissile Material (Cutoff) Treaty.476

Highly Enriched Uranium
China has produced highly enriched uranium (HEU) for weapons in two complexes: 

The Lanzhou gaseous diffusion plant (Plant 504), and

The Heping gaseous diffusion plant (Plant 814), a “Third Line” facility

China used these enrichment plants also to produce HEU for its research reactors and 
LEU for naval reactors. Today, China operates two centrifuge enrichment plants at 
Hanzhong (Shaanxi province), and at Lanzhou (Gansu province) to produce LEU for 
civilian purposes. There are also reports of a new plant using Chinese centrifuges near 
Lanzhou that began operating in 2010.477

Lanzhou Gaseous Diffusion Plant. In 1958, with help from the Soviet Union, China 
started the construction of a gaseous diffusion plant on a bank of the Yellow River in 
Lanzhou, in Gansu province (Figure 7.1). Two years later, the Soviet Union withdrew 
its technical experts.478 The Lanzhou plant produced its first weapon-grade HEU in 
January 1964 and, over the next few months, enough for China’s first nuclear test in 
October 1964. 

There were early efforts by the United States to assess the enrichment capacity of the 
Lanzhou plant using aerial and satellite imagery, but it proved to be difficult to make 
reliable estimates. The United States used the U-2 spy plane to photograph the Lanzhou 
site in September 1959.479 Progress was revealed by further U-2 photos taken in March 
and June 1963. U.S. intelligence believed, however, that the processing building was 
large enough to contain only about 1800 compressor stages, substantially less than the 
4000 stages required to produce weapon-grade materials.480 Moreover, the U.S. govern-
ment worked on the presumption that plutonium, not uranium, would be the fissile 
material in China’s first bomb.481 It was therefore a surprise when analysis of residues 
in the atmosphere from China’s first nuclear explosion identified it as an HEU-based 
bomb.482 In December 1964, a U-2 flight equipped with infrared detection systems con-
firmed that the Lanzhou plant was indeed operating.483

•

•
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Figure 7.1 The Lanzhou gaseous diffusion plant in 
May 1966 and in January 2005 (Coordinates: 36.1507 
N, 103.5184 E). The new building visible in the more 

recent imagery could be the Lanzhou centrifuge  

enrichment plant (Lanzhou 2), which began opera-

tion in 2005 and is listed with a capacity of 500 

tSWU/yr. Sources: KH-7 Mission 4028 (left)484 and 

Google Earth (right).

In 1972, the U.S. Defense Intelligence Agency estimated that Lanzhou was producing 
150 – 330 kg per year of HEU.485 This production rate is equivalent to 23,000 – 51,000 
SWU per year at a tails assay of 0.5 per cent, or 29,000 – 64,000 SWU per year for 0.3 
per cent tails.486

China’s official nuclear history notes that the capacity of the Lanzhou facility was 
increased after it started operating, including by the use of a new type of separation 
membrane.487 Chinese media reports suggest the design capacity of the Lanzhou plant 
doubled by the end of the 1970s.488 Western sources indicate Lanzhou had achieved a 
capacity of 180,000 SWU per year by 1978.489 

In 1978, China adopted a policy of economic reform. As part of this shift, it appears 
that, in 1980, Lanzhou stopped production of HEU and shifted to making LEU for 
civilian power reactors.490 In 1981, China began to supply LEU for the international 
market.491 Previous estimates of China’s HEU production generally have assumed the 
Lanzhou plant stopped HEU production for weapons in 1987.

Enrichment capacity at Lanzhou increased further during the 1980s, and it was re-
ported in 1989 that the plant was operating at a capacity of about 300,000 SWU per 
year.492 In 1998, however, it was decided to decommission the Lanzhou facility as part 
of a project aimed at replacing China’s gaseous diffusion technology with centrifuge 
enrichment.493 A new centrifuge enrichment facility provided by Russia with a capacity 
of 0.5 million SWU per year began operation in 2001. By agreement with Russia, this 
plant produces only LEU for non-weapons purposes.494

Based on the above information, it is estimated that operating continuously at full 
capacity up to 1980, the Lanzhou plant would have produced 1.1 million SWU.495 This 
would be sufficient to produce about 6 tons of weapon-grade (90 %-enriched) HEU. It 
is assumed that, thereafter, the Lanzhou plant produced LEU until 1987, when it ended 
operations.
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Heping Gaseous Diffusion Plant. China built its second gaseous diffusion plant as 
part of its “Third Line” defense program. The Heping facility (Coordinates: 29.2354 N, 
103.0618 E, also known as Plant 814) is located in the Heping Yizu area of Jinkouhe, 
in Sichuan province. It is believed to have started operating around 1975 and stopped 
HEU production in 1987.496 In the late 1980s, based on China’s “military-to-civilian 
conversion” policy, this plant was converted to other purposes, including fluorine pro-
duction. 

Given the paucity of public information available about this plant, there is little basis 
for more than a rough estimate of its HEU production. Based on satellite imagery the 
Heping plant had a slightly larger processing building than that of the Lanzhou facil-
ity. It is assumed the original capacity of the Heping plant was not significantly larger 
than that of the Lanzhou plant in 1975, i.e., about 90,000 SWU per year.497 This reflects 
the fact that, when Beijing decided to build the Third Line fissile-material production 
facilities, its first production facilities were just coming into operation and there was 
no reason for Beijing to build significantly larger backup facilities than those that were 
being backed up.498 It also is assumed that, like the Lanzhou plant, the Heping plant 
roughly doubled its capacity by the end of the 1970s. This is consistent with a report 
that the output of Heping plant before it shut down was 200,000 – 250,000 SWU per 
year.499 

In this scenario, operating continuously at full capacity up to 1987, the Heping plant 
would have produced 2.7 million SWU, sufficient to produce about 14 tons of HEU.500

Together, the Lanzhou and Heping gaseous diffusion plants therefore would have pro-
duced roughly 3.8 million SWU, enough to make abut 20 tons of weapon-grade HEU. 
This estimate assumes that China used only natural uranium feed for its enrichment 
program. It is possible that some of China’s HEU was produced from reprocessed urani-
um recovered from its plutonium production reactors.501 Enriching reprocessed urani-
um, which contains less uranium-235 than natural uranium, would have required more 
SWUs per kilogram of HEU produced but the effect would not have been large.502

Other demands for uranium enrichment. In addition to producing HEU for nuclear-
weapons, China’s gaseous diffusion plants also would have supplied enriched uranium 
for research and naval reactors.

Research reactor fuel. China has had two HEU-fueled research reactors: the 125 MWt 
High Flux Experimental and Test Reactor (HFETR) and the 5 MWt Min Jiang Test Reac-
tor (MJTR).503 The HFETR reached criticality in 1979 and converted to LEU fuel in 2007. 
The MJTR arrived at criticality in 1991 and converted to LEU fuel in 2007. Before con-
version, the two reactors would have used together about 1 ton of HEU.504 This would 
correspond to about 200,000 SWU at a tails assay of 0.3 per cent.

Russia has supplied China with some HEU fuel for research reactors.505 China, as of 
2003 was estimated to have about 1 ton of civil HEU enriched by itself and by Russia.506 
This civilian HEU supply would have been sufficient to supply China’s research reac-
tors. China’s use of HEU for research reactors in the future may be insignificant.

China’s Experimental Fast Reactor (CEFR), which reached criticality in July 2010, has 
a first loading of almost 240 kg of HEU (enriched to 64.4 percent uranium-235), pro-
vided by Russia.507 The CEFR will use plutonium-uranium fuel in later loadings, as will 
China’s planned future fast reactors.
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Figure 7.2. Reconstructed history of total enrich-
ment work done by the Lanzhou and Heping GDPs 

during the periods when they were producing HEU.

Naval reactor fuel. China launched a nuclear-powered submarine program in 1958. De-
siring that these submarines not compete with the nuclear-weapon program for HEU, 
China decided to use less than 5 % enriched LEU fuel for its naval reactors.508 A land-
based prototype reactor began tests in May 1970, becoming fully operational in July 
1970. The whole-life test of the reactor core ended in December 1979 and the spent fuel 
was discharged in 1981.509

China’s first Type 091 Han-class nuclear-powered attack submarine entered service in 
1974, and was retired in 2000. It is reported that China currently has four Han-class 
and two new Type 093 Shang-class nuclear-powered attack submarines in service.510 
The first nuclear-powered strategic ballistic missile submarine (SSBN, Type 092 Xia-
class) was launched in 1982 and went on patrol in 1986. One Xia-class SSBN is opera-
tional today but it has never gone on patrol.511

Each of these submarines has one 90 MWt pressurized-water reactor.512 If the reactor 
cores are designed to have lifetimes of 10 years, it is estimated that each fuel load of 
China’s naval reactors would require about 2.3 tons of 5 % LEU.513 The Lanzhou and/
or Heping plants would have needed to produce LEU for about 10 naval reactor cores 
before 1980 to meet the demand for one core for the land-based prototype reactor, five 
cores for the Han-class submarines, one core for the Xia-class SSBN, and a few spares.514 

This would have reduced the SWU available for making HEU for weapons by about 
170,000 SWUs at a tails assay of 0.3 per cent.515

Altogether, China’s two gaseous diffusion plants would have supplied roughly 360,000 
SWU of enriched uranium for non-weapon purposes. This would have left an estimat-
ed 3.4 million SWU available for producing weapons HEU, sufficient to produce about 
17 tons of weapon-grade material.

Losses and uses of HEU produced for weapons. Some of the HEU produced for weapons 
was consumed in nuclear weapon tests and process losses.
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Nuclear tests. China conducted 45 nuclear-weapon tests.516 The first seven were carried 
out before China had plutonium available for weapons and presumably all were HEU 
weapons, including the 3-megaton thermonuclear weapon test in June 1967. About 200 
kg of weapon-grade uranium could have been consumed in these seven tests.517 In later 
tests China may have moved to more compact plutonium-based pits for fission weap-
ons and as primaries for two-stage thermonuclear weapons. Assuming that tests with 
yields significantly above 20 kT were thermonuclear weapons with secondaries con-
taining weapon-grade HEU, then about 550 kg of HEU would have been consumed in 
these thermonuclear tests.518 Altogether, nuclear weapons testing may have consumed 
about 750 kg of HEU or the equivalent of 0.15 million SWU.

Process losses. We assume process losses of about 1 percent, somewhat larger than those 
reported for the U.S. uranium enrichment program. In this case, about 200 kg of weap-
on-grade uranium would have been lost during production.519 

Other. China may have used tens of kilograms of HEU to fuel a tritium-production reac-
tor—say 10,000 SWU.

A.Q. Khan has claimed that China provided 50 kg of weapon-grade HEU to Pakistan in 
1982 and 5 tons of LEU enriched to 3%, but many Chinese experts doubt this.520 Table 
7.1 summarizes the above estimates.

Activity Millions of SWUs produced or consumed

Enrichment work produced when China was producing HEU �.� 

Enrichment work used for non-weapon purposes

Research-reactor fuel –0.�0

Naval-reactor fuel –0.��

Tritium-production-reactor fuel –0.0�

Process losses –0.0�

Nuclear tests –0.��

Provided to Pakistan (?) –0.0�

Total remaining available for weapons HEU 3.2

Table 7.1. China’s estimated production and use of enrichment work.

Military inventory of HEU. It is estimated that China could have a current inventory 
of about 16 ± 4 tons of HEU for weapons.521 This is at the low end of previous esti-
mates.522

Plutonium
China has produced plutonium for weapons at two sites:

Jiuquan Atomic Energy Complex (also referred as Plant 404) near Yumen in Gansu 
province. This site includes China’s first plutonium reactor, the associated reprocess-
ing facilities; and 

Guangyuan plutonium production complex (Plant 821), located at Guangyuan in 
Sichuan province. This “Third Line” site included a plutonium reactor and reprocess-
ing facility. 

1.

2.
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It is believed that production of plutonium for weapons has ended at both sites. China 
is interested, however, in reprocessing civilian power-reactor fuel and has built a pilot 
commercial reprocessing plant. As of late 2010, the facility has not started normal 
operation.

Jiuquan complex. The Jiuquan plutonium production reactor is a graphite-moderated, 
water-cooled reactor. It was designed in 1958 with Soviet assistance, and construction 
started in March 1960. China had not, however, received the key components of the 
reactor when the Soviet Union ended its support in August 1960.523 Completion of the 
reactor project was significantly delayed as Beijing decided to concentrate on complet-
ing the Lanzhou enrichment plant. Work resumed on the Jiuquan reactor after the en-
richment plant went into operation in 1964. The reactor went critical in October 1966 
and went into full operation in 1967.524

Figure 7.3. The Jiuquan  
plutonium production reactor, 
1 September 2007 (Coordinates: 
40.2231 N, 97.3559 E). Credit: 

Google Earth.

During its early years, the reactor encountered a number of technical problems and 
was frequently shutdown. During the late 1960s and early 1970s, its operation also was 
affected by the political turmoil of the Cultural Revolution.525 After 1970, however, the 
reactor ran without an unscheduled shutdown until it was shut down in 1974 for most 
of the year for tests, repair and maintenance.526

The reactor reached its design power by the first half of 1975.527 Thereafter, the power 
and performance of the reactor were increased significantly.528 As a result of these im-
provements, by the end of the 1970s, the plutonium production rate had increased 
20 % (realizing the “1.2 reactor” goal).529 The reactor was most likely shut down in 
1984.530 

Construction of a pilot reprocessing plant near the reactor site started in 1965 and the 
plant began operation in September 1968. The plant had two production lines that 
could together process 0.4 tons of spent fuel per day and operated over 250 days a 
year.531 This capacity could separate about 70 kg of weapon-grade plutonium per year.532 
It separated the plutonium for China’s first test of a plutonium-based weapon, which oc-
curred in December 1968.533 The pilot reprocessing plant stopped plutonium separation 
when a larger plant, also built near the reactor site, began operating in April 1970.

Power of the reactor. One approach to estimating the Jiuquan reactor’s power is through 
the size of its six cooling towers. Based on commercial satellite images, it appears that 
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the towers have a top diameter of about 30 meters, which suggests a design power  
of about 14 – 140 MWt per tower.534 Assuming that 85 % of the heat was dissipated 
through the cooling towers and that two towers were kept on standby, the reactor 
power would be between 70 MWt and 660 MWt.535 Thus, the cooling tower sizes do not 
provide the basis of an accurate estimate but do, at least, provide a consistency check 
for other estimates.

Since Russia helped design the Jiuquan reactor in the late 1950s, the power of Russia’s 
graphite-moderated plutonium production reactors at Mayak at that time may be rel-
evant. Russia’s first production reactor, the A reactor, had an initial design thermal 
power of 100 MWt and, in the period 1950 – 1954 was operating at about 180 MWt, 
while subsequent reactors at Mayak were designed with a capacity of 300 MWt (Chap-
ter 3). This suggests China’s Jiuquan reactor could have had an initial design power in 
the range of 200 – 300 MWt.

Newly declassified information about the unfinished Chinese plutonium-production 
reactors (Plant 816) at Fuling, in Sichuan province, also provides a way to constrain 
estimates of the power of the Jiuquan reactor. Beijing decided in 1966 to build three 
80 MWt graphite-moderated, water-cooled plutonium-production reactors and associ-
ated reprocessing facilities in caves under a mountain near Fuling as a “Third Line” 
project.536 If the goal of the project was to build a back-up capacity to the Jiuquan reac-
tor, the planned total power of 240 MWt at the new site probably matched that of the 
Jiuquan reactor. 

Construction started on the Fuling reactors in February 1967. In 1969, given the very 
slow progress of the work in the mined-out caverns and increasing tensions with the 
Soviet Union, Beijing decided to meet its urgent need to have a backup for the Jiuquan 
complex by quickly building a plutonium-production complex at Guangyuan (see be-
low). In 1984, with the Guangyuan reactor operating, and a more benign international 
security situation, Beijing decided to end Project 816 at Fuling. By then about 85 percent 
of the civil engineering work had been finished and over 60 percent of the plant equip-
ment had been installed. None of the reactors were ever loaded with fuel, however. The 
plant was converted to fertilizer production, the project was declassified in 2003, and 
part of the site was opened as a domestic tourist attraction in 2010 (Figure 7.4).

Figure 7.4. Left: Entrance to the Fuling nuclear 
complex. The sign in Chinese above the tunnel 

reads “816 Underground Nuclear Project.” Right: 

Project 816 reactor control room. This image shows 

core arrangements for three reactors: two to the left 

and one to the right of the circular display. Source: 

www.chinadaily.com.cn/cndy/2010-06/22/content_

10000111.htm.
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The history of the Jiuquan reactor and a reasonable set of assumptions about its in-
crease in power from an initial design value of 250 MWt and in its capacity factor 
indicate how the reactor could have met the goal of the “1.2 reactor.” This suggests the 
Jiuquan reactor could have produced a total of 1050 GWt-days of fission energy and 
generated a total of about 0.9 tons of weapon-grade plutonium.537

Guangyuan complex. As already noted, in 1968, given the slow pace of work on the 
underground reactor complex at Fuling, Beijing decided to build an alternative “Third 
Line” plutonium production complex, Plant 821 at Guangyuan, also in Sichuan prov-
ince. Like the Jiuquan reactor, the Guangyuan reactor was graphite-moderated and 
water-cooled and presumably of the same design power.

Figure 7.5. The Guangyuan 
reactor site, 13 February 2006 
(Coordinates: 32.4956 N,  
105.5901 E). Source: Google 

Earth.

Construction started in 1969, and the reactor achieved criticality in December 1973 
and design power by October 1974.538 By increasing the power and uranium-235 bur-
nup, the plutonium production rate of this reactor was increased 30 percent by 1978, 
leading to it being dubbed the “1.3 reactor.”539 Thus, combined with Jiuquan’s “1.2 
reactor,” the Jiuquan and Guangyuan reactors were described as “2.5 reactors” by the 
end of the 1970s.540 This description reinforces the assumption that the Jiuquan and 
Guangyuan reactors had similar design power. 

It is reasonable to assume that the Guangyuan plant stopped plutonium production by 
1989, when, following the new policy of “military-to-civilian conversion,” the plant 
began to convert to civilian use, including aluminum manufacture.541 The Guangyuan 
plant was reportedly shut down by 1991.542 The complex is being decommissioned. 
The reprocessing plant at the complex started operation in 1976 and reached its design 
capacity in 1977.543 It presumably closed in the early 1990s after the last batch of fuel 
from the reactor had been reprocessed. Given the above information and a reasonable 
set of assumptions about the increase in operating power and capacity factor of the 
Guangyuan reactor that helped it achieve the goal of the “1.3 reactor,” the Guangyuan 
reactor could have produced a total of 1,300 GWd and generated a total of about 1.1 
tons of weapon-grade plutonium.544
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Use in nuclear tests. China carried out 38 nuclear tests after it began producing pluto-
nium. Most of these tests could have contained weapon-grade plutonium, either in a 
simple fission weapon, a compact boosted fission weapon, or as the fission primary in a 
two-stage thermonuclear weapon. A total of about 200 kilograms of plutonium would 
have been used in these tests, assuming an average of 5 kg of weapon-grade plutonium 
per test.545

Plutonium inventory. Thus, China’s two plutonium production reactors produced an 
estimated 2 ± 0.5 tons of weapon-grade plutonium.546 Subtracting the 200 kg of pluto-
nium estimated to have been consumed in China’s nuclear tests, its current inventory 
of weapon-grade plutonium would be 1.8 ± 0.5 tons.

This estimate is at the low end of a U.S. Department of Energy estimated range, re-
ported in 1999, of 1.7 – 2.8 tons of weapons plutonium.547 It is also smaller than most 
previous non-governmental estimates. It is smaller due largely to the assumption that 
the Jiuquan reactor and Guangyuan reactors had a design power of 250 MWt, whereas 
earlier estimates assumed that the Guangyuan reactor had a power twice that of the Ji-
uquan reactor. Earlier estimates also assumed that the power of these reactors increased 
much more than the 20 – 30 % presumed here.548 The resulting decrease in estimated 
plutonium production due to the lower reactor power levels assumed here is somewhat 
offset by the assumption of higher capacity factors.

China reports no inventory of separated civilian plutonium in its declaration to the 
IAEA, the most recent of which was for the end of 2007.549 This situation can be expect-
ed to change soon, however. In 2010, China completed and began testing a pilot com-
mercial reprocessing plant with a capacity of 50 – 100 tons of spent fuel per year. The 
China National Nuclear Corporation has also proposed to build a commercial-scale 
reprocessing plant with a capacity of 800 tons per year by 2025.550 Such a plant could 
separate about 8 tons of plutonium per year. This would quickly provide China with a 
civilian inventory of separated plutonium much larger than its military stockpile. 

Figure 7.6. Reconstructed history of total produc-
tion of weapon-grade plutonium by Jiuquan and 
Guangyuan reactors (tons per year). The two reac-

tors could have produced a total of about 2 tons of 

weapons plutonium.
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8  Israel
Israel launched its nuclear-weapon program in the 1950s, building a reactor and associ-
ated reprocessing plant with French assistance at a secret nuclear center at Dimona in 
the Negev Desert. The site is home as well to other activities involved in the manufac-
ture of nuclear weapons. These include the production of tritium. Israel’s demonstrated 
interest and expertise in the use of lasers and centrifuges to enrich uranium also lend 
credence to claims that production of enriched uranium using both of these technolo-
gies has taken place at Dimona. Israel does not officially confirm the existence of the 
nuclear weapon program. 

Israel has been extracting plutonium for nuclear weapons from spent fuel since the 
mid-1960s. It is estimated that the cumulative production of plutonium to date is 800 ±  
125 kg. No estimate is made of the possible production of HEU.

Understanding Israel’s Program
The best single reference to the origins and subsequent history of Israel’s nuclear-weap-
on program through the end of the 1960s remains the book by Avner Cohen, which 
focuses on the political rather than the technical aspects of the program.551 The most 
detailed revelations about the technical operations at Israel’s nuclear facility at Dimona 
were published in a front-page article in the London-based Sunday Times in October 
1986.552 That article was based on information supplied by Mordechai Vanunu, who 
was employed as a technician at Dimona from November 1976 until October 1985. 
Vanunu worked in various areas of the Dimona facility, in particular, where the irradi-
ated fuel elements from the Dimona reactor are reprocessed to extract the contained 
plutonium, and where lithium is enriched in the isotope Li-6 in order to produce tri-
tium via neutron irradiation of rods of Li-6 that are inserted into the core of the reactor 
and subsequently processed to extract tritium.

Besides his notes about the operations at Dimona, Vanunu left Israel in January 1986 
with about 60 color photographs that he had secretly taken within the facility, includ-
ing models of weapons components. Some of the information that he revealed to the 
individuals who debriefed him in London, notably the journalist Peter Houman and 
his associates at the Sunday Times, and the British scientist, Frank Barnaby, as well as a 
selection of the pictures, appeared in the article.553 More details from Vanunu’s notes, 
as well as the complete set of pictures (Figure 8.1) soon began to circulate, however, 
and these became the subject of intense scrutiny and speculation among both weapons 
experts and non-experts who share a strong interest in Israel’s nuclear activities. For  
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example, the investigative reporter Seymour Hersh subsequently wrote a book about 
the Israeli nuclear program including claims about Israel’s nuclear arsenal and policy 
based on what U.S. weapons experts supposedly had deduced from Vanunu’s revela-
tions as well as information from other sources.554 

Figure 8.1. Two of the pictures taken by Vanunu 
inside Dimona in September 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, Vanunu had been kidnapped by Israeli intelli-

gence agents and taken to Israel where he was tried 

in secret and sentenced to 18 years in prison.555

Vanunu’s data and subsequent analyses of it are used as the basis for this assessment 
of Israel’s plutonium production. Vanunu also claimed that Israel was using lasers and 
centrifuges to enrich uranium at Dimona, but he didn’t have access to the areas where 
these activities were supposedly taking place, and thus was not able to supply further 
details, In addition to its potential use in nuclear weapons, Israel could have used en-
riched uranium as fuel in the Dimona reactor to increase its production of tritium. 
Although tritium is not a fissile material, Israel’s need to offset the decay of its stock 
may help explain the continued operation of the Dimona reactor. For these reasons, 
the production of tritium and possible production of enriched uranium are discussed 
in the following. 

Independent technical assessments of Israel’s plutonium-production program using 
commercial satellite imaging have been made more difficult by the fact that the U.S. 
Congress passed a law as part of the National Defense Authorization Act for 1997 that 
restricts the collection and dissemination of satellite imagery with respect to Israel. Un-
der this law, commonly referred to as the Kyl-Bingaman Amendment, U.S. commercial 
companies such as Space Imaging are prohibited from collecting and releasing imagery 
of Israel at a resolution more precise than that routinely available commercially world 
wide. For example, because the Russian firm Sovinformsputnik, would not make avail-
able for commercial sale 1-meter or sub-meter imagery of Israel, Space Imaging had to 
degrade its IKONOS image of Dimona acquired in 2000 from one to two meters.556 
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Plutonium Production
The primary source of public information about French assistance to Israel in the con-
struction of a plutonium production reactor and an associated reprocessing plant is 
Pierre Péan’s book, Les Deux Bombes.557 Péan notes that the reactor was of the EL-3 
type,558 a heavy-water-moderated-and-cooled research reactor that started operating 
at Saclay in 1957.559 However, while the EL-3 was designed to achieve a high neutron 
flux for materials testing and used slightly enriched uranium fuel, the Dimona reac-
tor—also designated “EL-102”—uses natural uranium and was designed to produce 
plutonium. An attractive feature of the EL-3 in this regard was that its design permitted 
a significant increase of the reactor power with a concomitant increase in plutonium 
production.560 

While Péan’s book was published in 1982, the fact that the Dimona reactor was pat-
terned after the EL-3 had already been disclosed by the director of Dimona, Manes 
Pratt, to two American scientists, U. M. Staebler and J. W. Croach, Jr., during their one-
day visit to the site in May 1961.561 Specifically, Pratt told them that the reactor design 
“is very much influenced by the French EL-3;” that the design calculations were done 
by the French, and that “natural uranium was selected as fuel for the reactor because of 
a desire to be able to produce as much as possible within their own borders.” Pratt also 
gave them a summary of the reactor design parameters including the fact that there 
were three coolant loops, each of 13 MWt thermal capacity, which indicated that the 
reactor could operate at a power of 40 MWt instead of the specified 24 – 26 MWt.562 To 
this date, the IAEA lists the Dimona reactor (IRR-2) with a power level of 26 MWt.563

Indeed, Péan notes the potential for an even larger upgrade:564

“ When the (French) team in charge of building the plutonium 
extraction plant read the file on the reactor (in 1957), it was sur-
prised by its capacity. It appeared to them to be twice or three 
times more powerful than what had been indicated in the agree-
ment between France and Israel. The cooling ducts, for example, 
were three times bigger than needed for a 24 MW reactor.”565

According to unnamed U.S. officials, the thermal power of the Dimona reactor (it pro-
duced no electricity) was probably increased from about 40 MWt shortly after it went 
critical in December 1963 to about 70 MWt prior to 1977 when Vanunu began working 
at Dimona.566 This is consistent with Péan’s information about the size of the cooling 
ducts, and with a statement attributed to Vanunu by Barnaby, which also claims that 
the reactor power was further increased “presumably to about 150 MWt” prior to his 
arrival.567 The latter claim in turn is in rough agreement with an internally consistent 
set of data that Vanunu provided that: (a) the ratio of plutonium to uranium in the 
dissolved fuel in the reprocessing plant was 0.0004;568 (b) 36 kg of plutonium was 
extracted from the spent nuclear fuel per year,569 and (c) about 10 % of the plutonium 
contained in the metallic “buttons” was lost in weapon fabrication, but subsequently 
recovered and recycled back into buttons.570

The plutonium-uranium ratio implies a fuel discharge fuel burnup of about 450 MWd/
ton. According to neutronics calculations summarized in more detail in Appendix B, 
for this fuel burnup, the effective plutonium production rate of this reactor is 0.96 
grams per MWd (Figure 8.2).571 Then, with 270 days/yr of operation, a plutonium pro-
duction of 36 kg/yr from the spent fuel implies a reactor power of 140 MWt,572 i.e., 
somewhat lower but close to the value attributed to Vanunu. A power level of 140 MWt 
is used in the following as a hypothetical maximum power level of the reactor.
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Figure 8.2. Effective plutonium production rate  
in Dimona (“EL-102”), a modified version of the 

French EL-3, using natural uranium (solid line) and 

slightly enriched uranium (1.0 % U-235, dashed 

line). Results based on computer simulations sum-

marized in Appendix B. The use of slightly enriched 

uranium would increase the capability to produce 

tritium in the reactor while reducing the plutonium-

production rate by about 20%.

Such a large upgrade in reactor power from 40 MWt eventually to 140 MWt has been 
questioned on the grounds that it would require major modifications of the reactor 
itself as well as the associated heat exchangers and cooling towers. In addition, for a 
fixed burnup of the fuel, i.e., for a given amount of energy (and plutonium) produced 
per mass of fuel, increasing the reactor power requires a proportional increase in fuel 
throughput. Reportedly, the original design of the “EL-102” had an inventory of about 
8 tons of uranium.573 A reactor operated at 40 MWt for 270 days per year with an aver-
age fuel burnup of 450 MWd/ton would require 24 tons of fuel per year.574 This is con-
sistent with three annual core reloads and a 90-day exposure in the reactor.575 One way 
to increase the power while maintaining the 90-day reloading schedule would be to 
increase the uranium inventory in the reactor. The design of the “EL-102” could permit 
roughly a doubling of the fuel inventory to 40 – 45 tons without increasing the diam-
eter of the vessel, consistent with a power up-rate to 70 MW. Beyond that, however, 
either the reactor vessel might have to be enlarged to accommodate still more fuel in 
the core, or the power per ton of uranium in the fuel—and therefore also the refueling 
rate—would have to be increased.576

Finally, higher power would also require a greater capacity to transfer heat from the 
fuel through the heat exchangers for release to the environment via the two cooling 
towers. These cooling towers are clearly visible and appear unchanged in satellite pho-
tos of the Dimona site taken in 1971 and 2002 (Figure 8.3).577 Indeed, the fact that no 
additional cooling towers are visible in the later image is often cited as evidence that 
the reactor power had not been increased significantly during this period. However, 
both the heat exchanger and cooling-tower internals could have been upgraded,578 or 
an alternative cooling system may have been installed.579 
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Figure 8.3. The cooling towers of the Dimona reac-
tor are clearly visible and identifiable in satellite 
imagery. Comparison of declassified Corona imag-

ery taken in 1971 (KH-4 Mission 1115-2, 29 September 

1971) with more recent imagery (26 January 2002, 

acquired by IKONOS, GeoEye) indicates that no new 

cooling towers were added between those dates.580 

It has been argued that this strongly suggests that 

the power level of the reactor was not increased 

significantly between those dates. 

Nevertheless, doubts that the reactor power was upgraded to about 140 MWt persist, 
and several explanations of why the output of the reprocessing plant cited by Vanunu 
may not be an accurate indicator of the power level of the reactor have been sug-
gested.581 One frequently cited explanation is that the plutonium production of about 
36 kg/yr from spent fuel represents the surge-capacity of the reprocessing plant, i.e., 
the capacity when it was operated to process a backlog of irradiated fuel created by an 
extended shutdown of the plant, and that the steady-state production rate matches the 
assumed 70 MWt power level of the reactor during the period when Vanunu worked at 
Dimona. This scenario cannot fully explain, however, operation at such high through-
put for the entire 8-year period that Vanunu worked there.

A plausible rationale for an increase in reactor power from 40 MW to 70 MW and pos-
sibly 140 MW during the 1970s and a subsequent decrease in power in the 1980s and 
1990s is that, after the 1973 Yom Kippur war, Israel embarked on a major upgrade of the 
size and quality of its nuclear arsenal.582 In particular, research and development was 
conducted on both two-stage thermonuclear nuclear weapons and battlefield weap-
ons, e.g., nuclear artillery shells. However, while it is believed that the thermonuclear 
weapons have been incorporated into the arsenal, Israel apparently decided in the early 
1980s not to produce and deploy battlefield nuclear weapons, and therefore reduced 
the production of plutonium while maintaining the level of tritium production re-
quired for thermonuclear weapons. If the Dimona reactor is operated today primarily 
for tritium production, Israel could be reprocessing its spent fuel and separating the 
plutonium, but not using it to make weapons.
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Figure 8.4 illustrates various scenarios for the historic power level of the Dimona reac-
tor. Using results from burnup calculations summarized in Appendix B to this report, 
these scenarios can be used to estimate cumulative plutonium production in Dimona. 
As of 2010, the value could be as low as 465 kg if the reactor power never exceeded 40 
MWt. This Scenario A is considered highly unlikely. The remaining four scenarios yield 
a total plutonium production of 800 ± 125 kg. Scenarios B, D, and E reflect various pos-
sibilities for reductions of reactor power starting in the 1980s. Evidence for such reduc-
tions might be obtained from historic satellite imagery of the cooling towers. 

Figure 8.4. Scenarios of Dimona’s historic power 
level, 1965–2010. The historic power level of the 

reactor is unknown, but an up-rate to 70 MW by 

1970 has been widely reported. A second power up-

rate may have occurred in the mid-1970s and would 

explain some observations made by Vanunu. Based 

on this information, five different scenarios are con-

sidered and illustrated above. Assuming a capacity 

factor of about 75 % (270 effective full-power days 

per year), these scenarios can be used to estimate 

the total energy release (in GW-days thermal) and 

thereby the cumulative plutonium production at 

Dimona. Not including Scenario A, our estimate as 

of 2010 is about 800 ± 125 kg. If Dimona’s power 

level never exceeded 40 MWt, cumulative plutonium 

production would be about 500 kg.



Global Fissile Material Report 2010 ���

Production of Lithium-6 and Tritium 
The lithium isotope, lithium-6 (Li-6), which constitutes about 7.5 % of natural lithium, 
is utilized for two purposes in nuclear-weapon production: 1) To produce tritium via 
neutron irradiation in a reactor for “boosting” the yield of a fi ssion “primary” in a 
nuclear weapon,583 and 2) as a source of fusion material in the “secondary” of a thermo-
nuclear weapon, where it is combined with deuterium to produce lithium-6 deuteride.

According to Vanunu,in 1977, Israel built a pilot plant at Dimona to enrich Li-6 from its 
concentration of 7.5% in natural lithium to about 85 %.584 This facility is located under-
ground in Machon 2 where the spent-fuel reprocessing also is carried out (Figure 8.5). 
After solving some initial problems, a production plant was built which was in full pro-
duction by 1984. In the fi rst year, the plant produced about 36 kg of enriched lithium. 
During the next two years, another 130 kg were produced for a total of about 170 kg 
before the plant was shut down. 

250 m

1000 ft

Dimona, Israel
Coordinates: 31.00 N, 35.14 E

Dimona reactor

Plutonium separation plant (Machon 2)
According to Vanunu, Machon 2 has two floors 
above ground and six floors below ground; 
besides plutonium separation, lithium-6 
production, tritium extraction, plutonium pit 
production, and fabrication of other weapon
components are carried out in Machon 2.
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Fuel fabrication
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Figure 8.5. Map of the Dimona site and reported 
designations and purposes of separate units. Based 

on drawings published in a 1961 U.S. government 

memo and in a 1989 book on the arms race in the 

Middle East.585 

The product Li-6 was subsequently alloyed with aluminum and fashioned into small 
rods that were inserted into the core of the reactor. If all of this Li-6 was devoted to 
tritium production, about 40 kg of tritium could have been produced.586 However, as 
noted, Li-6 is also utilized to produce lithium-deuteride fusion fuel for thermonuclear 
weapons, and kilogram quantities of Li-6 would be needed for a weapon with a fusion 
yield on the order a hundred kilotons.587 According to the late Theodore Taylor and 
other experts who have studied the pictures of weapons components taken by Vanunu, 



Global Fissile Material Report 2010���

they provide evidence of a two-stage thermonuclear device with such yields. If such 
weapons have been incorporated into the Israeli arsenal in significant numbers, the 
requirements for Li-6 in the secondaries would predominate over the requirements for 
tritium production in the Dimona reactor.

Thus, information on the quantity of Li-6 produced by Israel does not provide a basis 
for an accurate estimate of Israel’s tritium requirements. Assuming, rather arbitrarily, 
that: (1) Israel has about 100 weapons; (2) half of them are boosted; (3) they require a 
minimum of 4 grams of tritium to operate; and (4) the design life of the weapon before 
the need for replenishing the tritium is 12 years (i.e., one tritium half life), then the 
initial tritium inventory for these 50 boosted weapons would be about 50 x 4 x 2 = 400 
grams, and the refueling requirement in the steady state would be about 20 g/yr.

Although tritium on a large scale, i.e., kilograms to tens of kilograms, has usually been 
produced in reactors dedicated to that purpose, smaller amounts can be produced by 
inserting Li-6 targets and/or substituting Li-6 for boron control rods in the core of reac-
tors whose main purpose is the production of electricity or plutonium. To get a rough 
estimate of the capability of the Dimona reactor to produce tritium in this manner, it 
is assumed that small concentrations of lithium-6 can be added to the semi-permanent 
aluminum-sleeves enclosing the fuel rods in the Dimona reactor’s core.588 Computer 
simulations find that up to 0.5 grams of lithium-6 can be loaded for every kilogram of 
uranium in the reactor, while still achieving the target burnup of 450 MWd/ton with-
out loss of criticality and therefore without negatively affecting plutonium production 
in the reactor.589 Assuming a power level of 70 MWt and 270 effective full-power days 
per year, about 14 grams of tritium could be produced in this way per year.590 A more ef-
fective production strategy using dedicated lithium-rods might be able to increase this 
production rate to about 20 g/yr. The rate could be increased further with the use of 
slightly enriched fuel if a reduced plutonium production rate is accepted (see below).

Production of Tritium from Heavy Water
In his book on Israel’s nuclear program, Seymour Hersh, quoting Vanunu, states that, 
even before the startup of the Li-6 production plant, Israel had been “painstakingly” 
removing tritium from the reactor heavy water since the 1960s in order to manufacture 
boosted fission weapons.591 The Transcripts contain the following statement that adds 
credence to Hersh’s claim:592

“ The American inspection teams were systematically fooled, by 
methods ranging from the installation of fake walls to blank 
off the entrance to the plutonium facility, to the building of 
a specialized plant to remove tritium from the reactor’s heavy 
water …”

The statement about tritium removal is plausible from a technical perspective since 
processes to strip tritium from heavy water that has been irradiated in a reactor and 
simultaneously produce a concentrated stream of tritium were developed in Europe 
in the 1960s. All the processes involve the transfer of tritium from the tritiated heavy 
water to hydrogen that is then used as feed for a cryogenic distillation column.593
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Because of the very small cross section for neutron absorption in deuterium, the build-
up of tritium in heavy water reactors is only about 0.3 – 0.4 grams of tritium per ton of 
heavy water (D2O) per year. For Dimona, which is estimated to use about 20 tons of 
heavy water at a power level of 40 MWt, this amounts to an annual production of about 
seven grams—which, accumulated over a period of about ten years, might explain 
how Israel was in a position to trade 30 grams of tritium to South Africa for 500 tons 
of natural uranium during 1977 – 78, even if tritium production from lithium-6 in the 
reactor was not yet operational.594

Production of Enriched Uranium
According to Vanunu, the production of enriched uranium at Dimona using gas cen-
trifuges started in 1979 or 1980. There is additional supporting evidence for Israel’s in-
terest in centrifuges, if not for the construction and operation of an actual plant.595 In 
particular, shortly before his death in 2008, centrifuge pioneer Gernot Zippe revealed 
that, in the mid-1960s, he was persuaded to meet with Israeli scientists and security 
agents who wanted him to give them information about centrifuge equipment sup-
pliers, ostensibly to prevent acquisition of the technology by states hostile to Israel.596 
Zippe came to believe, however, that they wanted the information for a centrifuge 
program of their own. As support of Zippe’s conjecture, Israeli scientists have published 
extensively on centrifuge theory and participated in conferences on the subject.597

Vanunu also claims that the production of enriched uranium at Dimona using lasers 
started in 1981. By contrast with the secrecy surrounding the alleged centrifuge opera-
tion, however, Israeli research at Dimona on the Atomic Vapor Laser Isotope Separation 
(AVLIS) process for enriching uranium, which was co-invented in the 1960s by an Is-
raeli scientist, Isaiah Nebenzahl, was publicly acknowledged,598 although as in the case 
of centrifuge enrichment, there is no public information to support Vanunu’s claim of 
the operation of a production plant.

Another possible source of enriched uranium was NUMEC, a nuclear fuel facility in the 
United States near Pittsburgh. The allegation that hundreds of kilograms of weapon-
grade uranium were secretly transferred from the NUMEC plant to Israel in the 1960s, 
with the cooperation of the plant’s owner, Zalman Shapiro, has been the subject of 
intense investigation and speculation.599 Besides being used directly in weapons, the 
enriched uranium could have been blended with natural or depleted uranium and 
used in the Dimona reactor to increase the production of tritium, as noted above, or to 
decrease the amount of fresh fuel required for operating the reactor.600

The use of enriched instead of natural uranium to increase tritium production would 
cause a decrease in the production of plutonium by about 30 %, which can be esti-
mated from the reduced production rate of about 0.77 g/MWd for fuel enriched to 
1 % compared to 0.96 g/MWd for natural uranium (Figure 8.2).601 This might be the 
favored mode of operation if the goal was to maintain the tritium inventory for the 
existing stockpile rather than to produce plutonium for more weapons. Enriched ura-
nium could also be used for blending with irradiated and slightly depleted uranium so 
that it can be recycled back into the reactor.602
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Conclusion
Despite the revelations of Mordechai Vanunu, there remain large uncertainties in inde-
pendent estimates of Israel’s inventory and its current rate of production of plutonium 
and tritium for weapons. As of 2010, Israel is estimated to have produced a total of 800 ±  
125 kg of weapon plutonium. 

Plutonium production may be continuing along with that of tritium, with the latter 
used in boosted fission weapons and in the fission triggers of two-stage thermonuclear 
weapons. Tritium has a 12-year half-life and must be replenished regularly in weapons. 
This could be the principal reason why Israel continues to operate Dimona. It could 
make tritium in other ways, however, if it chose to shut down Dimona.

Israel’s interest in enriched uranium is well documented. There is some evidence that 
Israel illicitly acquired up to a few hundred kilograms of weapon-grade HEU from a 
plant in the United States. It has not proved possible to estimate how much highly en-
riched uranium may have been produced in the centrifuge and laser enrichment pro-
grams at Dimona described by Vanunu. There is no independent evidence that these 
programs went beyond research and development. 
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9  India
India’s nuclear program was launched in the mid-forties, around the time the country 
gained independence from over two centuries of British rule, and soon after the U.S. 
bombing of Hiroshima and Nagasaki. Officially, the program was only for peaceful 
purposes, i.e., aimed at producing electricity for development, but its leaders never lost 
sight of the possibility that the facilities constructed and expertise gained in this pro-
cess could be used for military purposes. From the very beginning, India’s Department 
of Atomic Energy (DAE) was generously funded, and it embarked on an ambitious pro-
gram aimed at having indigenous capability for covering the entire nuclear fuel cycle. 
Over the years, the DAE mined uranium, fabricated fuel, manufactured heavy water, 
constructed reactors, reprocessed spent fuel to extract plutonium and, more recently, 
enriched uranium. 

There is little information available from India’s Government on nuclear-weapon mat-
ters except at the most general level. With regard to the size of India’s stockpiles of fis-
sile materials, unofficial estimates have considerable uncertainties. What is known is 
that India produces highly enriched uranium (HEU) and weapon-grade plutonium. So 
far, the enriched uranium seems to have been intended for use in a nuclear submarine 
reactor. India also has an ambitious fast breeder-reactor program and has separated 
relatively large quantities of reactor-grade plutonium to fuel these future reactors. As 
of 2010, India is estimated to have a stockpile of about 0.2 – 0.5 tons of U-235 in HEU 
with an enrichment level of 30 – 45 %, a stockpile of 0.3 – 0.7 tons of weapon-grade 
plutonium, and a stockpile of 3.3  – 3.9 tons of reactor-grade plutonium. This chapter 
describes the basis for these estimates.

Weapon-grade Plutonium
Historically, India chose the plutonium route for its nuclear weapons because HEU was 
believed to be more expensive and difficult to produce.603 India’s weapon-grade pluto-
nium is produced in two reactors: the 40 megawatt thermal (MWt) CIRUS and the 100 
MWt Dhruva, both located in the Bhabha Atomic Research Centre (BARC) complex 
near Mumbai. CIRUS is a heavy-water-moderated, light-water-cooled, natural-uranium-
fueled reactor of the same design as the Canadian NRX reactor.604 Financial assistance 
for the construction of the reactor was provided by Canada as part of the Common-
wealth’s Colombo Plan.605 The heavy water was supplied by the United States. CIRUS 
became critical in 1960 and fully operational in 1963. An extended refurbishment of 
CIRUS started in October 1997, and it resumed operation in October 2003.606

When Canada and the United States agreed to provide assistance in building India’s 
CIRUS research reactor, India committed to use the facility and the fissile material 
coming out of it for peaceful purposes.607 By describing its 1974 test a “peaceful nuclear  
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explosion”—which was well within the terms of nuclear discourse at that time— 
India maintained that it had not violated its commitment. Nevertheless, the test ended 
almost all U.S. and Canadian cooperation with India in nuclear technology for three 
decades.

India subsequently built a larger research reactor called Dhruva, which is modeled after 
CIRUS, but uses heavy water as both coolant and moderator so as to further reduce neu-
tron losses. Dhruva was commissioned in 1985, but it had operating problems during its 
first few years; it is reported to have begun normal operations in 1988.608

Public details of the operating histories for CIRUS and Dhruva are sparse. One figure 
that has been published is the availability factor, which is the fraction of time that the 
reactor is operable. CIRUS is reported to have an “availability factor of over 70 %.”609 In 
2000, Dhruva was claimed to have “achieved an availability factor of over 68 % during 
the year which is the highest so far.”610 Similarly, in 2005, it was reported to have an 
availability factor of 70 %.611 Without knowing the power level of the reactor one can-
not translate this figure into a capacity factor.612

There have been a couple of rare instances where both availability factors and power 
levels were reported in official statements.613 These suggest capacity factors in the range 
of 40 – 50 %.614 These are lower than other figures typically seen in the nonproliferation 
literature.615

Earlier estimates of plutonium production at CIRUS and Dhruva assumed that the reac-
tors operated at full power when they were available, and provided “an upper-bound 
estimate of plutonium production.”616 The low capacity factors that have been reported 
since suggest that this is likely to be an over-estimate. Therefore, two scenarios are con-
sidered: one in which the average capacity factors of CIRUS and Dhruva during normal 
operations are 40% and one in which they are 65 %.617

Figure 9.1. Image of the CIRUS reactor by the KH-7 
reconnaissance satellite on 19 February 1966. The 

acronym “CIR” stands for Canada India Reactor and 

the “US” was added after the United States sup-

plied heavy water for the reactor. It became critical 

in 1960 and its spent fuel was reprocessed at the 

Trombay reprocessing plant that started operating 

in 1964 to produce the plutonium used in the 1974 

nuclear weapon test. The reprocessing plant is in 

the same complex but outside the frame in this im-

age. CIRUS is due to be shutdown at the end of 2010.

Source: National Security Archive.
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Spent fuel from CIRUS and Dhruva has generally been reprocessed at the Trombay 
reprocessing plant, the first in India.618 When the Trombay plant was shut down in the 
1970s for refurbishment, some CIRUS spent fuel was also sent to the Power Reactor Fuel 
Reprocessing Plant (PREFRE), which is nominally a civilian plant for reprocessing pow-
er-reactor spent fuel.619 It is only safeguarded, however, when the plant is reprocessing 
spent fuel from reactors that are under safeguards.620 Because the amounts of spent fuel 
produced by CIRUS and Dhruva are generally much lower than the nominal reprocess-
ing capacity of the Trombay plant, especially after its recommissioning, reprocessing 
capacity would not have been a major constraint on separation of weapon-grade plu-
tonium from CIRUS and Dhruva spent fuel. The backlog accumulated during periods 
when the Trombay reprocessing plant was shut down could be processed within a few 
years of the plant’s restart.

At a capacity factor of 65 %, CIRUS would produce about 7.9 tons of spent fuel each 
year, containing about 7.1 kg of weapon-grade plutonium, and Dhruva would produce 
about 19.8 tons of spent fuel each year containing 17.8 kg of weapon-grade plutoni-
um.621 At the lower capacity factor of 40 %, CIRUS and Dhruva would produce 4.9 tons 
and 12.2 tons of spent fuel each year, containing 4.4 kg and 11 kg of weapon-grade 
plutonium, respectively. 

Figure 9.2. Weapon-grade plutonium inventory from 
CIRUS and Dhruva. The decline around 1970 is due 

to the use of plutonium to construct the PURNIMA 

facility. The subsequent upturn is due to the facility 

being shutdown and plutonium being recovered, 

some of which was used in the 1974 nuclear weapon 

test. The inventory stays constant through much of 

the 1970s because the Trombay reprocessing plant 

has been shutdown. The three small increases 

between 1978 and 1982 come from the use of the 

PREFRE plant to reprocess CIRUS spent fuel. The 

sharp declines in 1983 and 1997 are due to the use 

of plutonium in the initial core of the Fast Breeder 

Test Reactor and the manufacture of the nuclear 

weapons tested in 1998.

Another source of weapon-grade plutonium may be the first discharges from pressur-
ized heavy water power reactors.622 These should have roughly 6 kilograms of pluto-
nium with the concentration of Pu-239 greater than 90 percent.623 Till 2010, such low 
burnup spent fuel would have been discharged from eleven unsafeguarded 220 MW 
PHWRs and two 540 MW PHWRs. Together these reactors may have produced at most 
95 kg of weapon-grade plutonium.624



Global Fissile Material Report 2010��0

There is much uncertainty about whether India has added such plutonium to its stock-
pile. Doing so would require that the first discharges of spent fuel be reprocessed sepa-
rately from the other, regular burnup spent fuel. Because this is technically feasible, 
this early-discharge plutonium is included in the higher estimate but not in the lower 
estimate.

In all, the total production of weapon-grade plutonium in India as of the end of 2009 
is estimated to be between 0.4 and 0.7 tons.

Plutonium use. The earliest use of India’s separated plutonium was to construct the 
PURNIMA facility in 1972. This system used 22 kg of plutonium.625 However, this facil-
ity was subsequently dismantled and so it is assumed that all the plutonium was recov-
ered.626 The withdrawal and recovery are assumed to have taken place in 1970 and 1973 
respectively. Next, 5 – 7 kg of plutonium is assumed to have been withdrawn in 1973 for 
use in the 1974 nuclear weapon test.627

The largest single withdrawal of weapon-grade plutonium has been for the initial core 
of the Fast Breeder Test Reactor (FBTR). The FBTR was constructed before any unsafe-
guarded reactor-grade plutonium was available and was therefore fueled with weapon-
grade plutonium. Since the FBTR was commissioned in 1985, it is assumed that suf-
ficient plutonium for the first core should have been available in 1983. The plutonium 
inventory of the FBTR’s first core has been estimated as 50 kg.628

Finally it is assumed that about 20 – 30 kg of weapon-grade plutonium was taken out of 
the stockpile in 1997 and used to construct the devices exploded in the 1998 nuclear 
weapon tests.

Subtracting these amounts from the total production, the current inventory is esti-
mated at somewhere between 0.33 and 0.65 tons. These figures are roughly comparable 
to earlier estimates.629 

Higher Estimate Lower Estimate

CIRUS and Dhruva production ��0 kg ��0 kg

Power Reactor first discharges �� kg —

Total consumption –�� kg –�� kg

Total stockpile ��0 kg ��0 kg

Table 9.1. Weapon-grade plutonium inventory. The 

higher estimate assumes that the two production 

reactors have operated at a capacity factor of 65 % 

each, whereas it is 40 % for the lower estimate. The 

higher estimate assumes that the first discharges 

of low burnup spent fuel from the power reactors 

have been separately reprocessed and the resulting 

plutonium added to the weapon-grade plutonium 

stockpile. The two estimates also differ in the esti-

mates of the amount of plutonium consumed in the 

1974 and 1998 nuclear weapon tests. Estimates have 

been rounded off to two significant figures.

Power-reactor (reactor-grade) plutonium
India’s fleet of unsafeguarded Pressurized Heavy Water Reactors (PHWR) is the source 
of its large stockpile of reactor-grade plutonium. Though this chapter does not deal with  
the subject, the tritium accumulating in the heavy water due to neutron absorption has 
been separated and reportedly used to boost the yield of nuclear weapons.630 The spent 
fuel generated by these reactors is reprocessed in two reprocessing plants: PREFRE and 
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the Kalpakkam Reprocessing Plant (KARP). Both have a nominal capacity of 100 tons.
The annual production rate of reactor-grade plutonium in spent HWR fuel is estimated 
from the yearly electricity production figures as reported by the International Atomic 
Energy Agency’s Power Reactor Information System (PRIS) database. There is little in-
formation available, however, on the performance of the reprocessing plants.

PREFRE was the only reprocessing plant dedicated to dealing with power reactor spent 
fuel prior to 1998, and it seems to have operated at very low capacity factors.631 Its net 
effective capacity factor for the period 1987 to 2010 is assumed to be about 50 %.632

The Kalpakkam Reprocessing Plant (KARP) has been operating since 1998, but it un-
derwent major modifications starting 2004; the plant restarted in March 2009.633 KARP 
is assumed to have operated at a capacity factor of 35 % during the years when it was 
being modified, and 70 % in other “normal” years. With these assumptions, KARP’s net 
effective capacity factor for the period 1998 to 2010 is 53 %.634

In all cases, the spent fuel is assumed to be stored for at least 3 years after discharge 
before being sent to the reprocessing plant; in those years when there is insufficient 
reprocessing capacity to deal with all the cooled spent fuel, it may continue to be stored 
till such capacity becomes available.

The estimated production of reactor-grade plutonium by year based on these assump-
tions is shown in Figure 9.3. In all, the estimate for total plutonium separated as of 
the beginning of 2010 is about 3.5 tons.635 Approximately 5.5 tons of reactor-grade 
plutonium is in the accumulated 2400 tons of spent fuel from non-safeguarded PHWRs 
that is to be reprocessed. About 660 tons and 540 tons of spent fuel, from safeguarded 
PHWRs and BWRs respectively, are stored in spent fuel pools or in dry casks. An esti-
mated 0.24 tons of plutonium has been separated from the spent fuel of safeguarded 
PHWRs and is under safeguards.

Figure 9.3. Cumulative production of separated 
reactor-grade plutonium. The lower estimate (3.3 

tons) corresponds to a burnup of 7000 MWd/t 

with the PREFRE and KARP reprocessing facilities 

operating at average capacity factors of 44 % and 

48 % respectively. The higher estimate (3.9 tons) 

corresponds to a burnup of 6600 MWd/t with KARP 

and PREFRE operating at higher average capacity 

factors of 65 % and 49 % respectively
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The major source of uncertainty in the amount of separated plutonium is the capacity 
factor with which the two reprocessing plants have operated. A second source of un-
certainty is the average burnup; DAE documents use values ranging from 6600 MWd/t 
to 7000 MWd/t.636 An upper bound can be estimated by assuming that KARP has op-
erated with an 80 % capacity factor during normal years, a capacity factor of 50 % in 
other years, and the burnup is 6600 MWd/t.637 As a likely lower bound, it is assumed 
that both KARP and PREFRE operate with a capacity factor of 60 % during normal 
years, a capacity factor of 35 % in other years, and the burnup is 7000 MWd/tU.638 The 
estimated total separated plutonium stockpiles in these two cases are 3.9 and 3.3 tons. 
This is comparable to some earlier estimates.639

Plutonium use. There are two chief uses to which reactor-grade plutonium has been put. 
The oldest use was to fuel the FBTR after its first core of weapon-grade plutonium. The 
second was to prepare the core of the Prototype Fast Breeder Reactor (PFBR), which is 
expected to be commissioned over the next year or two.640

The FBTR was initially designed to produce 40 MWt of heat, but it never reached this 
level.641 The total plutonium consumed is estimated to be about 120 kg.642 The PFBR 
design requires an initial inventory of 1.9 tons of plutonium in its core.643 This amount 
may have been withdrawn from the stockpile of reactor-grade plutonium in 2007.644 
Once the reactor begins operating, the first two or three fuel loadings, i.e., before the 
spent fuel arisings from the PFBR are reprocessed, will also require plutonium from the 
reactor-grade stockpile. But this is unlikely to have been taken out already.

A third minor requirement for reactor-grade plutonium is for MOX rods that have been 
used in the Boiling Water Reactors at Tarapur and various PHWRs in the country as 
part of experiments to study the impacts of MOX use on burnup and uranium con-
sumption,645 which is likely to have consumed about 50 kg in all.646

Highly Enriched Uranium
India’s interest in uranium enrichment dates back to the early 1970s.647 But it was only 
in 1986 that Indian Atomic Energy Commission Chairman Raja Ramanna announced 
that uranium had successfully been enriched.648 According to one report, a pilot-scale 
plant was set up in the Bhabha Atomic Research Center (BARC) in 1985.649 A larger cen-
trifuge plant reportedly has been operating at Rattehalli in southern India since 1990.650 
This plant, officially known as the Rare Materials Project (RMP), is still India’s main 
uranium enrichment facility. There is also an experimental laser enrichment program. 

The original and probably still primary purpose of the Rattehalli plant is to enrich 
uranium for nuclear-submarine fuel.651 This effort to develop a nuclear submarine, of-
ficially termed the Advanced Technology Vessel (ATV) program, was started in the 
1970s. By the late 1990s, a design for the reactor of this submarine was finalized. Test-
ing of a prototype reactor commenced at Kalpakkam in southern India somewhere 
around 2000 – 2001.652

Construction of the Rattehalli plant started in the mid 1980s.653 During its initial years 
of operation, the plant reportedly had “frequent breakdowns as a result of corrosion 
and failure of parts.”654 These problems seem to have been overcome by the end of that 
decade. There is no official information on the plant’s capacity or performance, and we 
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base our estimates below on two kinds of sources: statements by Indian officials and an 
analysis of procurement information carried out by David Albright and Susan Basu of 
the Institute for Science and International Security (ISIS).655 This was partly corrobo-
rated in 2008 by the Director of BARC who stated that:

“ Great strides have been made in development of advanced gas 
centrifuges for uranium enrichment program. The latest fourth 
generation design, with output 10 times the early design, has 
been successfully developed and an experimental cascade is in 
operation at BARC. These would soon be ready for induction 
at RMP. Third generation design, with 5 times output of early 
designs, are presently being inducted at RMP.”656

It appears that the Rattehalli facility has had three generations of uranium centrifuges.

The first generation of centrifuges was installed in the early 1990s,657 and resulted in 
a total enrichment capacity in the range 500 – 2000 SWU/yr.658

The second generation of centrifuges was installed starting in the late 1990s,659 and 
resulted in a total enrichment capacity in the range 3000 – 7000 SWU/yr by 2000.660 
The lower end of this range was determined by constraints from the design of the 
nuclear submarine as we describe below. Around 2005 – 2007, another 9000 – 12,000 
SWU/yr of centrifuges using the same design seem to have been installed.661

The third generation of centrifuges with an additional capacity of 7000  – 13,000 
SWU/yr was installed in the 2007 – 2009 period as described by the Director of 
BARC.662

One constraint on the uranium enrichment capacity in the late 1990s can be obtained 
by working backwards from the announcement that the prototype of the ATV reactor’s 
core was tested in 2000 – 2001.663 This implies that between 1990 and the late 1990s, 
RMP should have produced at least sufficient enriched uranium to fabricate the reac-
tor core.664 Characteristics of the submarine reported in the media and the resultant 
requirements for U-235 content are in Table 9.2. 

Specification

Submarine displacement �000 tons

Maximum Speed �� knots (�� km/h)

Reactor power��� �0 – �0 MWth

Fuel enrichment �0 – �� %

U-��� content��� �� – �� kg

•

•

•

Table 9.2.Characteristics of India‘s ATV nuclear 
submarine and naval reactor.667 There are no official 

figures on the technical characteristics of the ATV. 

Only the dimensions of the vessel and its maximum 

speed have been made public.668 The figures for 

reactor power and fuel enrichment are plausible 

ranges based on many media reports.
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It would take about 200 SWU to produce a mass of 30-45 percent enriched HEU that 
contains one kilogram of uranium-235, assuming depleted uranium tails of 0.3%.669 
To produce 65 kg of U-235 in this enrichment range, the total cumulative enrichment 
needed by the late 1990s would have been about 13,000 SWU, which, in turn, implies 
a minimum enrichment capacity at the beginning of 2000 of about 3000 SWU/yr.670 
Thus, the requirement that there be suffi cient enrichment capacity to produce an ad-
equate amount of enriched uranium for the submarine core brings up the lower end 
of the range from 1950 to 3000 SWU/yr. The capacity at the beginning of 2000 is esti-
mated to be between 3000 and 7000 SWU/yr.

In all, the capacity at the end of 2009 is an estimated 14,000 to 31,000 SWU/yr, enough 
to produce one or two submarine-reactor cores per year. As of the beginning of 2010 
and assuming 0.3 % depleted uranium tails, this growth of capacity corresponds to an 
estimated production of 0.2 to 0.5 tons of U-235 in HEU enriched to 30 to 45 %.

Figure 9.4. Satellite images of the Rattehalli ura-
nium centrifuge site on 27 April 2005 and 2 March 
2010 (12.357 N, 76.510 E). The two images show 

evidence of construction on the site and provide 

some indication of plans for further expansion in 

the future.671 The two rows of centrifuge halls shown 

in the image are approximately 3150 square meters 

(90 meters by 35 meters) each. Using the rule 

of thumb of one centrifuge per square meter,672 

these could have up to 6,300 centrifuges. This is 

somewhat larger than the current capacity. Source: 

Google Earth.

HEU use. As mentioned earlier, the primary aim of the Indian uranium centrifuge 
program was to produce HEU for the nuclear submarine program. Once the prototype 
submarine has been tested, India is likely to maintain a fl eet of somewhere between 
three to fi ve nuclear submarines.673 It has been reported that the hulls of two more 
submarines have already been completed.674 Assuming that all of these submarines use 
roughly the same amount of HEU as the current design, i.e., incorporating about 70 kg 
of U-235 in the core, the estimated current stockpile of HEU would suffi ce for three to 
seven cores. The estimated enrichment capacity could produce suffi cient HEU for three 
cores per year. Thus, the estimates of current enrichment capacity and HEU stockpiles 
laid out here dwarf what might be needed any time in the reasonable future for the 
submarine program. The question, therefore, is what else enriched uranium might be 
used for?
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There are at least three categories of uses: in research reactors, in thermonuclear weap-
ons, and in power reactors. The research reactors, the refurbished Apsara,675 and the 
proposed Multipurpose Research Reactor,676 might require about 5000 SWU/y of en-
richment capacity, about 40 percent of the requirements for a single submarine core. 
The second potential use for HEU is in nuclear weapons, either in secondaries of ther-
monuclear weapons or in composite pits. However, there is no evidence that the DAE 
tested such designs in 1998.

The only indigenously designed power reactor that might require LEU is the Advanced 
Heavy Water Reactor (AHWR).677 This currently at the design stage and would use low-
enriched uranium plus thorium as a fuel.678 Not enough is known publicly to estimate 
how much LEU it will use. However, since the announcement also mentioned that “the 
reactor is manageable with modest industrial infrastructure within the reach of devel-
oping countries,” it is reasonable to assume that India would provide the necessary LEU 
to fuel the reactor.679 

A more likely possibility is that once the enrichment capacity has expanded sufficient-
ly, India might consider producing LEU for use in LWRs. Till recently, the DAE had not 
evinced any interest in doing this. However, in a September 2010 newspaper interview, 
the head of the DAE revealed plans for a new site which would allow for producing “a 
much larger quantity of enriched uranium” to produce fuel for “large-scale commercial 
nuclear power stations.”680 
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10  Pakistan
Pakistan launched its nuclear research and development program in 1954, taking ad-
vantage of the U.S. “Atoms for Peace” program. Pakistan now has facilities covering the 
fuel cycle from uranium mining through uranium enrichment, fuel fabrication, and 
the reprocessing of spent nuclear fuel to recover plutonium. Pakistan also has built and 
operates a plutonium-production reactor.681

The civilian component of Pakistan’s nuclear program, which was built with foreign as-
sistance, is under International Atomic Energy Agency (IAEA) safeguards, and consists 
of two operating power reactors provided by Canada and China. A third power reactor 
is under construction by China. Since 1974, Pakistan’s nuclear complex also has had 
a significant military component. The extent of foreign assistance with the nuclear 
weapons program is unclear, but there are indications that China provided material 
and technology support. 

There is no official quantitative information available on Pakistan’s fissile-material-
production capacities or histories. It is widely acknowledged, however, that Pakistan 
has been using gas centrifuges to produce highly enriched uranium (HEU) for nuclear 
weapons at least since the early 1980s and a plutonium-production reactor has been 
operating since the late 1990s. In 1998, Pakistan carried out six nuclear tests, none of 
which is believed to have involved a thermonuclear weapon. Since then, Pakistan’s 
fissile-material production program has been undergoing a large expansion. Pakistan 
may, however, be constrained from an even larger expansion of its fissile-material pro-
duction by its limited domestic uranium production capacity. 

It is estimated here that, as of 2010, Pakistan had produced about 1.6 – 3.8 tons of weap-
on-grade (90 %-enriched) uranium, giving a mid-range value of 2.7 ± 1 tons. About 100 
kg of this HEU would have been consumed in the six nuclear weapon tests in 1998, 
leaving Pakistan with an HEU stockpile currently on the order of 2.6 ± 1 tons. Pakistan 
also may have produced 60 – 130 kg of weapons plutonium in its Khushab-I reactor, 
with a mid-range value of about 100 kg. As the recently completed Khushab-II reactor 
and the new Khushab-III reactor come on-line, the size of Pakistan’s plutonium stock-
pile will grow much more rapidly than over the past decade. 
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Uranium Mining and Acquisition
Uranium was discovered in Pakistan in 1959 by the Geological Survey of Pakistan at 
Baghalchore (Baghalchur), near Dera Ghazi Khan, in Punjab province.682 Both under-
ground and surface mining operations were launched, and a uranium mill established 
close by in 1977 – 78,683 with large-scale mining starting after about 1980.684 The mill’s 
design capacity is reported variously as 300 tons of ore per day,685 and 30 tons of uranium 
per year.686 The Baghalchore mine was described as being nearly exhausted by 1998,687 
and as having been closed in 1999. The site is now used to dump low-level radioactive 
waste.688 

A second uranium mine was opened at Qabul Khel (also spelled Kubel-Khel) in 1992, 
and mining of deposits at Nanganai and Taunsa (both located near Dera Ghazi Khan) 
started in 1996 and 2002, respectively, all using in-situ leaching technology.689 This 
method of mining is typically used for low-grade ores and involves pumping a solvent 
through the ore-body to dissolve the uranium and bring it to the surface. The three 
mines in Pakistan have an average grade of 0.02 % – 0.03 % uranium, significantly below 
the grade exploited in most commercial uranium mining today.690 The IAEA’s World 
Distribution of Uranium Deposits database reports an initial resource of 500 –1000 
tons of uranium at the Qabul Khel site.691 Figure 10.1 shows OECD/IAEA Red Book esti-
mates for cumulative uranium production from 1980 to 2009, a total of 791 tons, and 
projected to 2010 assuming uranium production has continued at 40 tons per year.692 
Pakistan has launched a costly search for new uranium sources.693 The Shanawa Ura-
nium Mine, in the North West Frontier Province, which also will use in-situ leaching, is 
planned to be completed in 2014, and would increase uranium production in Pakistan 
to 60 tons per year.694

Figure 10.1. Estimated uranium production in Paki-
stan, 1980 to 2010. The value for 2010 is a projection 

assuming that uranium production is continuing at 

an average rate of 40 tons per year. A total of about 

800 tons has been produced. Source: OECD/IAEA 

Uranium: Resources, Production and Demand (Red 

Books) 1990–2009. 

Uranium imports. Pakistan signed a safeguards agreement with the IAEA in 1977 for 
the import of uranium concentrate (commonly known as yellowcake) from Niger.695 It 
is reported to have bought at least 60 – 110 tons of uranium directly from Niger.696 Since 
it was safeguarded, it is not accounted for here as contributing to Pakistan’s unsafe-
guarded stocks of HEU and plutonium.
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Pakistan also received natural uranium fuel for its KANUPP power reactor, purchased 
from Canada, which began operating in 1970. Following the 1974 Indian nuclear test 
and Pakistan’s refusal to sign the Non-Proliferation Treaty (NPT), Canada ended its fuel 
supply. In response, Pakistan developed its own fuel fabrication capability, producing 
its first test fuel bundle in 1978.697 The total uranium consumption for KANUPP from 
1980 to 2010 amounts to about 148 tons, based on its declared electricity production in 
this period.698 Since this reactor is safeguarded, we assume the uranium feed was largely 
taken from the safeguarded imported material rather than unsafeguarded domestic 
production.

Pakistan may have received 15 tons of uranium hexafluoride from China in 1982 in 
the form of 10 tons of un-enriched uranium hexafluoride and 5 tons enriched to 3%.699 
This is not included in the accounting here. China also supplies all the low-enriched 
uranium (LEU) fuel for the 300 MWe Chashma-I reactor that it sold to Pakistan and is 
expected to provide fuel for the second reactor, currently under construction, as well 
as for the two additional reactors that Pakistan is seeking from China. China provided 
LEU for the safeguarded 10 MWt U.S.-supplied PARR-1 research reactor after the reactor 
was converted in 1992 from HEU to LEU fuel. 

Highly Enriched Uranium (HEU) 
Pakistan initially explored a number of techniques for uranium enrichment.700 In No-
vember 1974, a decision was made to proceed with a gas centrifuge enrichment plant.701 
Pakistan contracted with a German company to build a uranium hexafluoride plant, 
with a reported capacity of about 200 tons per year, which apparently began work in 
1980.702 The plant is not under safeguards. According to A.Q. Khan, Pakistan also re-
ceived uranium hexafluoride from China in 1982.703 

Enrichment capacity history. Pakistan achieved separation of uranium isotopes in its 
prototype centrifuge in June 1978 and a first cascade of 54 machines was set up by early 
1979.704 Pakistan was able to enrich natural uranium up to a few percent uranium-235 
by 1980,705 and up to weapon-grade by 1982.706 A 1983 U.S. State Department briefing 
paper noted, however, that Pakistan had “not yet produced significant quantities of 
enriched uranium.”707 By 1984, A.Q. Khan claimed that Pakistan had produced enough 
uranium for a nuclear test.708 By 1988, it was reported that Pakistan had enough weap-
on-grade uranium for four to six weapons (i.e., 100  – 150 kg of HEU).709 A U.S. official 
claimed in late 1991 that Pakistan had sufficient HEU for as many as six weapons.710 
This suggests Pakistan was enriching only a fraction of the uranium it had mined up 
to that time, and may have built up a small natural-uranium stockpile during this 
period.

The United States imposed sanctions on Pakistan in 1990, and in an attempt to have 
sanctions lifted, Pakistan may have adopted in 1991 an indefinite moratorium on HEU 
production,711 limiting itself to producing low-enriched uranium, possibly up to 5 %.712 
A.Q. Khan later denied there had been a HEU production suspension.713 It is assumed 
here there was no moratorium.714 The estimated cumulative production and thus the 
size of the current stockpile of HEU does not depend on this assumption, however.715

Pakistan may have been working during the 1990s to increase its enrichment capac-
ity. Satellite imagery suggests a second production area was added at some stage to 
the Kahuta facility, possibly replacing the original enrichment halls.716 During this 
time, Pakistan developed the indigenous capability to produce maraging steel and 
some other components for centrifuges. It also imported components, including in 
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1995 the purchase from China of 5000 ring magnets, which serve as part of the upper 
bearings of centrifuges, and would allow for building perhaps several thousand addi-
tional machines.717 In 1998, following the nuclear tests, along with two pilot centrifuge 
plants, and the Kahuta facility, the U.S. Department of Commerce listed an “enrich-
ment plant” at Gadwal as subject to export restrictions.718 

A possible Pakistani cascade design can be inferred from cascade plans, described as be-
ing “adapted by Pakistan test results, experience and reference calculations,” that were 
provided by the A.Q. Khan network to a South African company hired to manufacture 
an enrichment plant for export to Libya.719 The plan shows four blocks of cascades to-
taling 5832 centrifuges. There are separate feed and withdrawal stages for each of these 
cascades. This would allow, in principle, each of these enrichment stages to be carried 
out in separate facilities. A cascade design of half this size (about 3000 machines) is 
also feasible. This is consistent with reports that the plans for Kahuta in the late 1980s 
called for 2000 – 3000 centrifuges and a claim by a U.S. official that by 1991 Kahuta 
had about 3000 machines operating.720 If these 3000 machines were P-1 or P-2 centri-
fuges, with 3 or 5 SWU per year enrichment capacity each respectively, this would give 
a total capacity of 9000 or 15,000 SWU for the full cascade. At some stage, probably in 
the mid-1980s, Pakistan abandoned its use of P-1 machines altogether, and committed 
to using only P-2.721 Pakistan may have started developing more powerful P-3 and P-4 
centrifuges at this time.722 These may have been ready to introduce into service in the 
late 1990s.

There remains, however, great uncertainty in the estimate of HEU stocks because of 
the lack of reliable information both on the later enrichment capacity and operating 
history of Pakistan’s centrifuge plants. Several possible scenarios for the history of the 
growth of Pakistan’s enrichment capacity can be considered, all of which share a com-
mon early history: 

No substantial enrichment capacity till 1982;  

Sufficient capacity to make 20 kg per year of HEU by 1983                                  – 1985 (3000 SWU per 
year, produced by 1000 centrifuges of 3 SWU each);    

An increase from 3000 SWU per year in 1985 to 15,000 SWU per year by 
1990, with a move from P-1 to P-2 machines;     

No significant increase in enrichment capacity from 1991 until the 1998 nuclear 
tests.  

After the 1998 tests, Pakistan may have maintained a constant enrichment capacity 
of 15,000 SWU per year or, more likely, increased it to 30,000 SWU per year or even 
45,000 SWU per year. This could have been achieved from 6000 – 9000 P-2 machines, 
or a smaller number of P-3 or P-4 machines.723 Enrichment to weapon-grade need not 
all be at one site, but could be distributed across several sites. The enrichment plant at 
Gadwal has been reported as enriching uranium (presumably from Kahuta) to weapon-
grade.724 

Figure 10.2 shows the cumulative HEU production as of 2010. For enrichment capaci-
ties of 15,000 to 45,000 SWU per year, with tails of 0.2 – 0.3 %, Pakistan could have 
produced between 1.6 tons and 3.8 tons of highly enriched uranium (90 % uranium-
235)—rounded to the nearest 100 kg. This would have required 283–821 tons of natural  

a)

b)

c)

d)
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uranium feed, respectively. Pakistan would not have sufficient domestic uranium re-
sources to sustain an enrichment capacity of 45,000 SWU per year with tails of 0.4  %. In 
sum, it is estimated that, as of 2010, Pakistan may have produced about 2.7 tons of high-
ly enriched uranium (with an uncertainty of about ±1 ton, or roughly 30 %). This would 
be consistent with an enrichment capacity of 30,000 SWU per year and tails of 0.3 %. 

Figure 10.2. HEU production, 1980 – 2010. 

HEU imports and exports. Pakistan has imported HEU both from the United States 
and China. The United States supplied Pakistan’s PARR-1 research reactor in 1963 and 
its HEU-fuel. After the reactor’s conversion to LEU fuel in 1992, the fuel was supplied 
by China. The PARR-2 reactor, and its 1 kg of long-lived HEU fuel, was supplied by 
China.725 Both reactors and their spent fuel are under IAEA safeguards. In addition, 
A.Q. Khan claims that in 1982 Pakistan received 50 kg of weapon-grade HEU from 
China.726 Given the uncertainty in Pakistan’s total HEU production, these acquisitions 
do not add substantially to the estimate of Pakistan’s stockpile.

HEU utilization. Pakistan carried out six nuclear weapon tests in 1998, with five tests 
on May 28 and one test on May 30. These are generally believed to have been HEU-
based implosion weapons. Assuming that each weapon contained 12 – 18 kg of weapon-
grade uranium per core, the tests would have consumed about 100 kg of HEU.727 Paki-
stan does not use HEU for naval propulsion or to produce fuel for its two safeguarded 
research reactors. Pakistan is not reported to have exported any HEU. This suggests that 
as of 2010, Pakistan may have a total HEU stock of 1.5 – 3.6 tons. 

Plutonium
Pakistan has two power reactors and two plutonium production reactors. A new power 
reactor and production reactor are under construction. Pakistan does not reprocess its 
safeguarded power reactor spent fuel. It does not have a fast reactor program, nor does 
it use MOX fuel or have critical reactors or pulsed reactors that it fuels. Therefore, un-
like India, it does not have a civilian plutonium program.
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Production Reactors. Pakistan’s Khushab-I plutonium production reactor is reported 
to be a heavy-water-moderated, light-water-cooled, natural-uranium-fueled reactor 
with a capacity of about 40 – 50 MWt.728 It seems to be based on the Canadian NRX 
reactor, which was 40 MWt, as is India’s CIRUS reactor. Work on Khushab-I started in 
1986 – 87 and the reactor came on line in 1998.729 China is believed to have helped in 
its construction.730

A second production reactor has been completed at Khushab and may have started 
operation in late 2009 or early 2010.731 A third production reactor is under construc-
tion—work on it started in 2005 or 2006.732 Imagery from September 2010 shows that 
construction of Khushab-III may be completed possibly sometime in 2011.733

U.S. government sources have suggested that the Khushab-II reactor “appeared to be 
roughly the same size as the small one Pakistan currently uses to make plutonium for 
its nuclear program.”734 The cooling towers of Khushab I and Khushab II are nearly 
identical arrays of eight mechanical-draft cooling towers of about 5 meter diameter 
each. The Khushab II and III reactors appear identical to each other, with similar arrays 
of cooling towers (Figure 10.3), suggesting that the new reactors have a power of 40 – 50 
MWt each, like Khushab-I.

It is possible, however, that Khushab-II and Khushab-III could be heavy-water-moder-
ated and cooled, unlike Khushab-I. This would allow an increase plutonium produc-
tion without an increase in the power of these new reactors. See Appendix B for the 
effect on plutonium production rates of different kinds of reactors.

Figure 10.3. Khushab-II reactor 
(right) and Khushab-III reactor 
(left), as of September 2010. 
The two reactors are housed in 

similar structures, with arrays 

of cooling towers similar to 

each other and to the Khushab-I 

reactor, suggesting all three 

reactors may be of about equal 

power. Coordinates 32.0094 N, 

72.1725 E. Source: DigitalGlobe, 

courtesy of ISIS.

Reprocessing. Pakistan reprocesses spent fuel from Khushab-I at its New Labs facility 
near Rawalpindi, which has an estimated capacity of 10 – 20 tons per year of heavy 
metal.735 In March 2000, air samples reportedly showed traces of krypton-85, indica-
tive of active reprocessing.736 If Khushab-I began operating in 1998, the first batch of 
Khushab-I spent fuel could have been taken out in 1999, cooled and reprocessed by 
early 2000. Pakistan has built a second reprocessing plant at the New Labs, which looks 
similar in size to the original reprocessing plant (Figure 10.4).737
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Figure 10.4. Reprocessing facili-
ties at the New Labs complex, 
Rawalpindi. The large building 

on the upper right of the image 

is the new reprocessing plant, 

with a chimney stack similar in 

size to that of the earlier plant 

on the left. Coordinates:  

33.649 N, 73.255 E. Source: 

Google Earth. 

Between 2002 and 2006 Pakistan worked on completing a larger reprocessing plant at 
Chashma, originally to have been supplied by France in the late 1970s, and designed 
to handle 100 tons of spent fuel per year.738 There is no evidence that it has become 
operational as yet. 

Plutonium production. The timeline for the Khushab production reactors suggests that 
Pakistan has been accumulating weapon-grade plutonium since 2000 from Khushab-I. 
It is assumed that the Khushab-reactor operates to produce weapons plutonium at a rate 
of 0.78 g of plutonium per megawatt (thermal) day.739 A reactor of 40 – 50 MWt operat-
ing at 50 % capacity will produce about 5.7 – 7.1 kg of weapon-grade plutonium per year, 
and at 80 % capacity would produce about 9 – 11.5 kg of plutonium per year.740 As of 
2010, Pakistan could have accumulated about 60 – 130 kg of plutonium (rounded to the 
nearest 10 kg). The Khushab-I reactor would discharge about 6 to 12 tons of low-burnup 
spent fuel per year depending upon its capacity factor. Along with weapons plutonium, 
reprocessing this spent fuel would provide Pakistan with a stock of 65 – 130 tons of 
reprocessed uranium, containing about 0.6 % uranium-235. This could be fed into the 
enrichment plant to produce HEU should Pakistan wish to increase its production of 
fissile materials for weapons from its limited natural uranium production or it could 
recycle the reprocessed uranium one or more times through the production reactor.

With Khushab-II starting in 2010, and allowing time to irradiate and cool the fuel be-
fore reprocessing, the first plutonium from the new reactor could become available by 
2011. This would at least double Pakistan’s annual production of weapon plutonium. 
Plutonium from Khushab-III could become available in 2012 – 2013, if not before. 

Barring a possible Fissile Material Cutoff Treaty, the Khushab reactors might produce 
weapon-grade plutonium for Pakistan’s nuclear arsenal for several decades. India’s 
CIRUS reactor operated for over 30 years before undergoing a major refurbishment in 
the 1990s, and is now expected to be shut-down in 2010.741 
 
Summary
As of 2010, Pakistan may have produced about 2.7 ± 1 tons of highly enriched urani-
um. Allowing for HEU utilization in the six nuclear weapon tests in 1998, Pakistan may 
have currently 1.6 – 3.6 tons of highly enriched uranium, with a mid-range estimate of 
2.6 ± 1 tons.
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Pakistan also may have produced 60 – 130 kg of weapons plutonium, with a mid-range 
estimate of 100 kg.

As a result of its enrichment and reprocessing operations, along with the respective fis-
sile material stockpiles for weapons, Pakistan would have accumulated 280 – 820 tons 
of 0.2 – 0.3 % depleted uranium tails and 65 – 130 tons of reprocessed uranium and as-
sociated high level waste from reprocessing.

Some portion of Pakistan’s stock of depleted uranium has been used to produce de-
pleted uranium munitions.742 It may still be possible to reconstruct and partially verify 
its history of uranium enrichment from the remaining uranium tails. It should be pos-
sible also to carry out nuclear archaeology on Pakistan’s plutonium production reac-
tors, since none has been shut-down, decommissioned, and dismantled.
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11   The Non-weapon States
Almost all the highly enriched uranium (HEU) and separated plutonium in the non-
weapon states today were produced by or separated in the nuclear weapon states. The 
exceptions are plutonium separated by Japan and HEU produced by South Africa. All 
this material is under IAEA safeguards.

During the period 1997– 2009, the IAEA had under safeguards in non-weapon states on 
the order of ten tons of separated plutonium—sufficient for more than one thousand nu-
clear weapons. Most of this separated plutonium was in Japan. Three other non-weapon 
states, Belgium, Germany and Switzerland, recycle plutonium in “mixed-oxide” (MOX) 
fuel fabricated in France and the United Kingdom, but the fuel is loaded quickly into 
their reactors and none of the three countries has renewed its spent-fuel reprocessing 
contracts with France or the United Kingdom Increasingly therefore, plutonium stocks 
in the non-weapon states will be an issue relating to Japan. South Korea, however, is 
exploring the possibility of launching its own domestic reprocessing program.

HEU is more widely distributed because, during the Cold War, the competitive U.S. and 
Soviet “Atoms for Peace” programs provided HEU-fueled research reactors to 36 coun-
tries. The number of non-weapon states with HEU-fueled research reactors increased 
further in 1991 as a result of the breakup of the former Soviet Union and Yugoslavia.
 
Today, the number of countries with 1 kg or more of HEU has dropped by almost half. 
This is due largely to the U.S.-led Global Threat Reduction Initiative (GTRI) converting 
HEU-fueled research reactors to low-enriched uranium (LEU) and shipping irradiated 
and unused fresh HEU fuel back to the United States and Russia. 

The non-weapon states still possess about 7 tons of U-235 in HEU, which, by the IAEA’s 
metric, would be sufficient for about three hundred nuclear weapons.743 The prognosis 
for further reductions in this stockpile is good, however. Most of the 41 reactors in non-
weapon states that used HEU in fuel or in targets as of the end of 2009 will be shut down 
or converted to low-enriched uranium by 2020. Some difficult cases are likely to remain, 
however, along with tens of HEU-fueled reactors still in the weapon states.
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Plutonium
As of the end of 2008, Japan accounted for almost all of the separated plutonium in 
the non-weapon states (Figure 11.1). Japan separates plutonium domestically.744 In the 
past, Belgium, Canada, Germany, and Italy all had pilot-scale reprocessing and MOX-
fuel-fabrication plants. These facilities have been decommissioned, and all plutonium 
has been removed from them.745 Today, Belgium, Germany, and Switzerland have plu-
tonium-recycle programs but the separation of their plutonium from spent fuel and its 
fabrication into mixed-oxide fuel is done in France and (to a very limited extent) in the 
United Kingdom. This plutonium therefore appears only briefly in unirradiated form 
in these non-weapon states before it is loaded into power reactors. 

 

Figure 11.1. Japan accounts for an increasing share 
of the total separated plutonium in the non-weapon 
states. If the Rokkasho Reprocessing Plant begins 

to operate at full capacity, Japan’s stockpile of 

plutonium will increase by 8 tons annually for some 

years until its MOX-fuel fabrication plant can be 

completed and plutonium-recycle programs in about 

20 additional reactors can be organized. (Based 

on IAEA Annual Reports and Japan’s annual public 

INFCIRC/549 reports to the IAEA).

As of the end of 2009, France and the United Kingdom held at their reprocessing and 
fuel-fabrication plants respectively 25.9 and 27.7 tons of non-weapon-state separated 
plutonium.746 Japan owned about two thirds of these stocks, 18.9 tons stored in France 
and 17.3 tons in the United Kingdom.747 Japan has not been able to take back these 
stocks yet because of delays in its MOX program. 

In France, reprocessing of foreign spent fuel has largely come to an end. As of the end of 
2009, all Belgian, German, Japanese, and virtually all Swiss spent fuel had been repro-
cessed, and all the resulting separated plutonium had been shipped to France’s Melox 
MOX fuel-fabrication plant. Any remaining plutonium owned by Belgium, Germany, 
and Switzerland in France will soon have been recycled.748 Italy, the Netherlands, and 
Spain, which have each sent relatively small amounts of spent fuel to France for re-
processing, apparently have contracted to have the recovered plutonium recycled in 
French reactors.
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In the United Kingdom, all of Japan’s spent fuel has been reprocessed.749 Completion 
of the German and Swiss reprocessing contracts has been delayed for at least a decade, 
however, by technical problems and accidents at the THORP reprocessing plant.750 The 
United Kingdom has the same minor customers as does France (Italy, Spain, and the 
Netherlands), which do not recycle their separated plutonium. Britain currently stores 
its own separated plutonium, however, and cannot contract to dispose of foreign stocks 
until it has worked out a policy for its own.

Today, therefore, Japan is the only non-weapon state that reprocesses spent fuel and 
fabricates plutonium-containing fuel. Its domestic plutonium stock is expected to grow 
rapidly in the next few years because it has built a full-scale domestic reprocessing 
plant at Rokkasho Village in Aomori Prefecture that is designed to reprocess 800 tons 
of spent fuel, separating over 8 tons of plutonium annually. A MOX fuel fabrication 
plant is planned for completion in 2015 to make it possible to recycle the domestically-
separated plutonium. In the interim, however, unless the Rokkasho Reprocessing Plant 
remains non-operational, Japan’s domestic stockpile of separated plutonium will grow 
dramatically.

Meanwhile, the large-scale commercialization of plutonium breeder reactors, the origi-
nal rationale for Japan’s reprocessing, has receded into the distant future. In 1956, 
commercialization was projected for 1970. Today, it is projected as an “option” after 
2050.751

 
The new rationale for reprocessing in Japan has become the fact that many spent-fuel 
pools at Japan’s reactor sites are filling up. Tacitly, however, Japan’s spent-fuel-man-
agement policy has begun to shift toward interim storage. Japan’s last shipments of 
spent fuel to France and the United Kingdom for reprocessing were in 1998.752 Com-
missioning of its domestic Rokkasho Reprocessing Plant was originally scheduled for 
2000,753 but construction and commissioning have been repeatedly delayed by techni-
cal problems and full operation is currently projected for 2012 (the 18th such delay).754 
A dry-storage facility with a capacity of 5,000 tons is being built near Mutsu in Aomori 
Prefecture and more dry-storage facilities are being proposed.755

In the meantime, South Korea is arguing that it has the same spent-fuel storage prob-
lems as Japan and should have the same right to reprocess. It is currently negotiating a 
new Agreement of Cooperation on Civil Uses of Atomic Energy with the United States 
to replace the existing agreement, which will expire in 2014.756

Highly Enriched Uranium
Virtually all of the HEU in the non-weapon states originally came from the United 
States or Soviet Union/Russia, with small amounts from China, France and the United 
Kingdom.757 South Africa is the only non-weapon state that produced its own stockpile 
of HEU, which is a legacy of its nuclear-weapon program. Figure 11.2 shows the amount 
of HEU and contained U-235 reported by the IAEA to be in the non-weapon states dur-
ing 1997–2009.

It will be seen that the total amount of HEU under IAEA safeguards approximately 
doubled between 2001 and 2002, while the contained U-235 increased by about 50 
percent. This almost certainly is due to approximately ten tons of HEU in spent fuel 
from Kazakhstan’s shutdown demonstration BN-350 breeder reactor coming under 
IAEA safeguards.758 The increase in the amount of contained U-235 was much less be-
cause the original enrichment of the HEU was barely greater than the 20 percent ura-
nium-235 dividing line between HEU and LEU.759
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Figure 11.2. Trends in HEU and contained U-235 un-
der IAEA safeguards in non-weapon states between 

1997 and 2008, based on IAEA Annual Reports.760

Although the United States and Russia continue to export HEU fuel to research reactors 
that have not yet been converted to low-enriched uranium, the net flow of HEU from the 
weapon states to the non-weapon states has reversed. Since 2002, Russia and the United 
States have cooperated in efforts to repatriate unused fresh and spent HEU fuel from 
the non-weapons states. Between 1996 and January 2010, foreign research reactor fuel 
originally containing 1.63 tons of HEU was repatriated to the United States and 0.915 
tons to Russia.761 As of 22 April 2010, twenty-one non-weapon states had been cleared 
of HEU to a level where the residual amount of HEU in country is less than 1 kg (Figure 
11.3). More than 25 countries still have 1 kg or more HEU, however (Table 11.1).

Figure 11.3. Number of non-weapon states that have 
possessed more than one kg of HEU. The increase in 

the early 1990s is due to the breakup of the Soviet 

Union. Semicolons divide countries into U.S. and 

Soviet supplied. Countries are cleaned out when 

they appear in italics.762
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Civilian HEU in country Countries

> �0,000 kg
Kazakhstan, mostly in BN-��0 spent fuel but ��.� kg removed in Russian
origin spent research reactor fuel.���

�,000 – �0,000 kg Canada and Japan���

�00 – �,000 kg
Belarus, Belgium, Germany,��� Italy, Netherlands, Poland,��� South Africa,
Ukraine

�0 – �00 kg Czech Republic,��� Mexico, Serbia,��� Uzbekistan���

� – �0 kg
Argentina,��0 Australia, Austria, Hungary,��� Iran, Norway,��� Switzerland,
Vietnam���

~~� kg��� Ghana, Jamaica, Nigeria, Syria

<� kg 
(“cleaned out”)

U.S. origin:775 Brazil, Chile,��� Colombia, Denmark, Greece, Indonesia, Portugal,  
Philippines, S. Korea, Romania (also from Russia) Slovenia, Spain, Sweden, 
Taiwan, Thailand, Turkey; Soviet/Russian origin: Bulgaria,��� Georgia,��� Iraq��� 
(also from France), Latvia,��0 Libya,��� Romania��� (also from the United States)

Table 11.1. HEU holdings of non-weapon states  
that have possessed more than one kilogram.783  
Due to the continuing operation of the FRM-II 

research reactor, Germany will soon move into  

the category of states having more than 1000 kg of 

highly enriched uranium.

U.S. exports and returns. During 1965 – 77, the United States exported an average of 
1.45 tons of HEU annually with an average enrichment of about 70 percent (Figure 
11.4). After India used U.S. Atoms-for-Peace assistance to acquire plutonium for its 
1974 “peaceful nuclear explosion,” however, efforts were launched to end U.S. HEU 
exports. The Reduced Enrichment for Research and Test Reactors (RERTR) program was 
established in 1978 for the purpose of converting foreign and domestic HEU-fueled 
reactors to low-enriched uranium (LEU) fuel.784 The conversion is achieved by replac-
ing weapon-grade HEU fuel with fuel containing an approximately five-times higher 
concentration of uranium. This makes it possible for the fuel to contain a little more 
U-235 fuel—but diluted with added U-238 to slightly less than the 20-percent enrich-
ment dividing HEU from LEU. 

Concerns about the proliferation dangers of exported HEU fuel were reinforced when 
it was learned that, on the eve of the 1991 Gulf War, Saddam Hussein had ordered a 
“crash program” aimed at recovering for use in a nuclear weapon about 50 kg of HEU 
in research-reactor fuel provided by France and Russia.785

In 1992, the U.S. Congress passed the “Schumer Amendment,” which required coun-
tries that imported U.S. HEU to commit to convert to LEU fuel as soon as it became 
available. A second condition was that, if appropriate LEU fuel was not already avail-
able, the United States must have an active program underway to develop it.786 These 
requirements resulted in U.S. HEU exports dropping to zero during 1994 – 1997 before 
resuming at a much lower level. The United States only exported a total of about 0.393 
tons of U-235 in HEU during 1998 – 2008.

According to the U.S. Department of Energy report, Highly Enriched Uranium: Striking a 
Balance,787 as of the end of 30 September 1996, the United States had transferred 25.4 
metric tons of HEU to foreign countries for peaceful purposes.788 Of this exported HEU, 
6.3 tons, mostly in spent fuel, had been returned as of 1988, when the original Con-
gressional authorization to repatriate HEU spent fuel expired.789
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Figure 11.4. U.S. annual exports of HEU for civilian 
purposes measured in tons of contained U-235. 

Information provided by Alan Kuperman.790

Of the original exported U.S. HEU, 16.7 tons containing 11.5 tons of U-235 were 
shipped to non-weapon states.791 Table 11.2 shows a breakdown of the original destina-
tions of this HEU. The IAEA assumes that 25 kg of U-235 in HEU is sufficient to make 
a first-generation nuclear weapon.792

Of the total U.S. U-235 in HEU exported to the non-weapon states, 66 % was exported 
to Germany, 18 % to Canada, 9 % to Japan, and the remaining 7 % to twenty-six other 
countries. There were many subsequent retransfers, however. In 1993, the U.S. Nuclear 
Regulatory Commission (NRC) reported to Congress a net retransfer of 1.16 tons of 
U.S. HEU to non-European countries. Transfers within the European Union (EU) are 
not fully visible to the U.S. Government because it is not officially informed about 
them. Table 11.2 also shows the NRC numbers for net exports of U.S. HEU as of the end 
of 1992, including its estimates of retransfers within the EU. Balancing out U.S. ship-
ments to the non-weapon states; retransfers between France, the United Kingdom and 
the non-weapon states; and repatriation to the United States, there had been a net flow 
of 11.6 tons of U.S. HEU to the non-weapon states.

In 1996, Congress renewed the U.S. Department of Energy’s authority to repatriate 
HEU in two common types of research-reactor fuel, from reactors whose operators had 
committed to convert to LEU fuel.793 Largely as a result of this provision, there has been 
a reduction of 1.2 tons in the net amount of U.S. HEU shipped to non-weapon states 
(Table 11.2).
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HEU (and contained U-235) in tons

Original Exports 
though �������

After retransfers & 
returns, end of �������

Exports less returns, 
���� – May �0�0���

European Union before ���� 
(Austria, Belgium, Denmark, Germany,
Greece, Italy, Netherlands, Portugal,
Spain)

��.0 (�.�) �.� –0.�� (0.��)

Canada �.� (�.0) �.� 0.�� (0.��)

Japan �.� (�.0) �.0 –0.�� (0.��)

All others (Argentina, Australia, 
Brazil, Chile, Columbia, Iran, Jamaica, 
Mexico, Philippines, Romania, South 
Africa, South Korea, Norway, Slovenia, 
Sweden, Switzerland, Taiwan, 
Thailand, Turkey)

0.�� (0.��)
0.�� –0.�� (0.��)

Total 16.7 (11.5) 11.6 –1.21 (0.78)

Table 11.2. U.S. cumulative net HEU exports to non-weapon states through 2009.

Soviet/Russian exports and returns. Soviet/Russian-origin HEU fuel has been export-
ed to Belarus, Bulgaria, the Czech Republic, Georgia, Germany, Hungary, Iraq, Kazakh-
stan, North Korea, Latvia, Libya, Poland, Romania, Yugoslavia (Serbia and Slovenia), 
Ukraine, Uzbekistan, Vietnam, and to the European Union via France.797

In parallel with the establishment of the U.S. RERTR program in 1978, the Soviet Union 
too established a program to reduce the enrichment of its exported research-reactor 
fuel from 80 percent HEU. By the late 1980s, the Soviet Union was exporting only 36-
percent enriched fuel.798

Prior the breakup of the Soviet Union, it was routine for research-reactor spent fuel to 
be shipped back to the Mayak reprocessing plant near Chelyabinsk in the Urals from 
reactors in the Soviet Union but not from Eastern Europe. Afterwards, shipments from 
the non-Russian republics became more difficult to arrange and the spent HEU fuel 
accumulated at all the non-Russian reactor sites. Starting in 2002, in a cooperative 
program with the United States, however, Russia began to accept back Soviet and Rus-
sian-origin fresh and spent fuel. As of early 2010, six of the 17 non-weapon states that 
had been recipients of Soviet/Russian HEU had been cleaned out (Table 11.1).

Other factors influencing non-weapon-state stocks. In addition to U.S. and Russian 
exports and repatriation, the net amount of HEU in the non-weapon states is subject 
to other influences, including shipment to France for reprocessing and blend-down, 
shipments of Russian HEU to France for fuel fabrication for non-weapon states, and 
special situations.

Shipment to France for reprocessing and blend-down. Between 1998 and 2006, France re-
ceived for reprocessing 0.4 tons of HEU in spent fuel from Belgium and, between 2000 
and 2005, 0.2 tons of UK-origin HEU in spent fuel from Australia.799 It was reprocessed 
with power-reactor fuel and thereby blended down to LEU. Research-reactor fuel con-
taining HEU was also reprocessed in Belgium and the United Kingdom but it appears 
that most of the recovered HEU was recycled into new HEU fuel.800
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Shipments from Russia via France. In addition to its continuing supply of 36-percent en-
riched HEU to Soviet-designed reactors, pending their conversion or shutdown, Russia 
shipped to France about a ton of weapon-grade (90-percent enriched) uranium to be 
fabricated into fuel for Western European research reactors. France’s Cerca fabricates 
research-reactor fuel for virtually all research reactors in the European Union and also 
redistributes unused fresh HEU within the European Union.

The primary beneficiary of the Russian shipments is the FRM-II, a German research 
reactor located in Bavaria that started operating in 2004 and uses about 40 kg of HEU 
per year.801 Since there is no plan for conversion of the FRM-II to LEU fuel, it is not 
eligible to receive U.S. HEU.

In 1996, Russia agreed to sell France 0.62 tons of HEU over nine years. In 1998, the 
German government contracted directly with Russia for up to an additional 1.2 tons of 
93-percent-enriched uranium for the FRM-II to be delivered to Cerca. 400 kg had been 
delivered as of 2003 when a new German government suspended the contract.802

Germany’s INFCIRC/549 HEU declarations to the IAEA803 show that the amount of 
HEU in irradiated fuel stored in Germany has been increasing despite shipments of 
more than 100 kg to the United States during 2000 – 2008.804 This growth will continue 
as long as the FRM-II operates on HEU fuel because spent FRM-II fuel is not qualified 
for U.S. take-back805 and, by German law, spent fuel can no longer be shipped to France 
for reprocessing. 

The FRM-II is difficult to convert because its designers used HEU in an early medium-
uranium-density fuel design that had been developed to convert reactors to LEU. Its 
operators are committed to reduce the enrichment of the FRM-II fuel to 50 percent by 
using a higher-uranium-density fuel,806 and probably could go to a still lower enrich-
ment using the highest density fuel that can be developed (uranium-metal alloy) but 
they believe that conversion to LEU fuel would require unacceptable compromises in 
performance.807

Special situations. The drop in 2005 of the amount of HEU in the non-weapon states 
shown in Figure 11.2 is associated with the down-blending to LEU of 2.9 tons of HEU in 
unirradiated BN-350 fuel in an operation that was completed in 2005 by a partnership 
of the government of Kazakhstan and a U.S. NGO, the Nuclear Threat Initiative. The 
total amount of U-235 under safeguards changed much less because the enrichment of 
the HEU was barely above 20 percent.808

Prognosis for further reductions. Figure 11.2 shows that the global HEU cleanout effort 
has not yet greatly reduced the amount of HEU in the non-weapon states. Figure 11.3 
shows, however, that it has been dramatically decreasing the number of countries with 
one kilogram or more of HEU. Looking into the future, one can expect more progress, 
but there will also be difficult cases. Below, the situation is discussed for groups of 
countries, classified according to their estimated stocks of HEU (Table 11.1).

Countries with about 1 kg (Ghana, Jamaica, Nigeria, Syria). Canada and China have proj-
ects at an advanced stage to convert to LEU the Slowpoke reactor that Canada exported 
to Jamaica and the Miniature Neutron Source reactors that China exported to Ghana, 
Nigeria, and Syria. These conversions will not be that significant, however, because the 
quantities of HEU involved are very small compared to weapon quantities.
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Countries with 1 – 10 kg (Argentina, Australia, Austria, Hungary, Iran, Norway, Switzerland, 
Vietnam). Argentina, Australia, and Vietnam are in the final stages of cleanout. The 
operators of the Austrian research reactor have political concerns about converting its 
fuel, but its core contains only a small amount of HEU.809 Switzerland’s HEU-fueled 
reactor is to be shut down. If the issue of refueling Iran’s Teheran Research Reactor 
with LEU fuel could be worked out, removing its spent HEU fuel would probably be 
part of the deal. Hungary is cooperating in the Russian-U.S. conversion and take-back 
program while Norway plans to dispose of its HEU domestically.

Countries with 10 – 100 kg (Czech Republic, Mexico, Serbia, Uzbekistan). All countries in 
this group are on track to be cleaned out in the next few years. The Czech Republic’s 
LWR-15 reactor should be converted in 2010. At the April 2010 Nuclear Security Sum-
mit, Mexico’s President committed that its HEU-fueled research reactor would be con-
verted to LEU fuel.810

Countries with 100 – 1000 kg (Belarus, Belgium, Germany, Italy, Netherlands, Poland, South 
Africa, Ukraine). Belarus is undertaking HEU repatriation and conversion projects and 
Ukraine committed at the April Nuclear Security Summit to eliminate its HEU stock 
within two years.811 Poland’s reactor will be converted within a few years. Belgium is 
waiting for the development of the high-density LEU fuel that will make possible con-
version of its BR2 reactor. That fuel is expected to be available in 2016. The Netherlands 
and South Africa have already converted their research reactors to LEU fuel.

HEU is also used as a neutron target in Belgium, the Netherlands and South Africa, 
which, along with Canada, are the major producers of the fission product, molybde-
num-99 (Mo-99) whose decay product, technicium-99m, is the most widely used medi-
cal radioisotope. In 2009, a U.S. National Academy of Sciences panel found that the 
major producers could all convert to LEU, but that conversion would cost tens of mil-
lions of dollars, take up to several years, and potentially disrupt production during the 
conversion process.812 South Africa, however, plans to convert in 2010.813 Once it has 
done so, South Africa will no longer have a reason to preserve the HEU stockpile that is 
a legacy of its pre-1991 nuclear-weapon program.

A major incentive for such shifts to LEU targets is U.S. legislation that encourages a 
shift to using Mo-99 produced with LEU from domestic sources if the foreign producers 
do not shift to LEU. Although the United States accounts for about half of the global 
market for Mo-99, it does not currently produce the isotope. The U.S. Global Threat 
Reduction Initiative proposes to provide financial support, however, to a number of 
domestic organizations interested in producing Mo-99 without the use of HEU.814

In Italy, the primary obstacle to HEU cleanout is the Tapiro fast-neutron reactor. Since 
its fuel is weapon-grade uranium-metal alloy, the traditional method of converting to 
higher density LEU fuel is not available. The reactor is little used, however, and should 
be decommissioned.815

Finally, as discussed above, Germany does not plan to convert the FRM-II and therefore 
could become the last non-weapon state with a HEU-fueled reactor.
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Countries with 1000 – 2000 kg (Canada and Japan). Canada has been importing about 15 
kg of weapon-grade uranium annually from the United States for neutron targets in the 
NRU reactor to produce Mo-99.816 The NRU production reactor is to be retired in 2016. 
Canada’s government has expressed an interest in shifting to accelerator-based produc-
tion of medical radioisotopes using non-fission nuclear reactions817 but MDS Nordion, 
the company distributing Mo-99 produced in Canada has opted, in the near term, at 
least, to purchase Mo-99 made with HEU targets in Russia.818

Canada has committed to returning the NRU’s pre-conversion spent HEU fuel to the 
United States819 but has not yet focused on how to dispose of the hundreds of kilograms 
of HEU in the Mo-99 production-target waste. Finally, Canada has three Slowpoke reac-
tors that are fueled with lifetime cores containing one kilogram of weapon-grade ura-
nium each. Although these reactors could be converted to LEU in parallel to the con-
version of the Slowpoke that Canada exported to Jamaica, Canada has not announced 
that it intends to do so.

In Japan, the most difficult HEU issue is the Fast Critical Assembly (FCA), which is 
designed to test the criticality of fast-neutron-reactor cores. The FCA has about 200 kg 
of weapon-grade uranium as well as plutonium and 20% enriched uranium.820 Since Ja-
pan has no intention of fueling its breeder reactors with HEU it does not need HEU fuel 
for the FCA.821 Japan also has a fast-neutron critical facility, YAYOI, at the University of 
Tokyo that is very similar to Italy’s Tapiro reactor, and is to be shut down.822

Kazakhstan and its 10,000 kg of HEU. Kazakhstan is in a special category only because it 
has custody of the spent fuel from the shutdown Soviet BN-350 breeder reactor whose 
HEU fuel was originally enriched to slightly above 20%. It is possible that enough of 
the U-235 in this spent fuel has been fissioned and transmuted so that most of the ura-
nium is no longer even HEU.823 Kazakhstan also has two high-powered research reac-
tors that are fueled with HEU and that currently do not have a well-defined mission. If 
they have a future, they could be converted.

In summary, as of November 2009, the GTRI program counted in the non-weapon 
states 41 HEU-fueled research reactors as converted to LEU or shut down and 26 still 
HEU fueled.824 Of these, three reactors: the FRM-II in Germany, Tapiro in Italy, and the 
Fast Critical Assembly (FCA) in Japan, pose the most serious challenges to cleaning out 
HEU from non-weapon states. Increasingly, however, the problem of HEU-fueled reac-
tors is concentrated in Russia.825
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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).



Global Fissile Material Report 2010 ���

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 
in the fissile mass at the moment when it 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.

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 uranum-235 contained 
in HEU, including losses during production. The Nagasaki bomb contained 6 kg of 
plutonium, of which about 1 kg fissioned. A similar uranium-based first generation 
implosion weapon could contain about 20 kg of HEU (enriched to 90 % uranium-235, 
i.e. 18 kg of uranium-235 in HEU).  

The United States has declassified the fact that 4 kg of plutonium is sufficient to make 
a more modern nuclear explosive device. As the IAEA significant quantities recognize, 
an implosion fission weapon requires about three times as much fissile material if it 
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is based on HEU rather than plutonium. This suggests a modern HEU fission weapon 
could contain only about 12 kg of HEU.

In modern nuclear weapons, the yield of the fission explosion is typically “boosted” by 
an order of magnitude by introducing a mixed gas of two heavy isotopes of hydrogen, 
deuterium 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 A.4). The tritium in the secondary is made during the explosion by neutrons 
splitting lithium-6 into tritium and helium. 

Figure A.4. A modern thermonuclear weapon usu-
ally contains both plutonium and highly enriched 
uranium. Typically, these warheads have a mass 

of about 200 – 300 kg and a yield equivalent to 

hundreds of thousands of tons (kilotons) of chemical 

explosive, which corresponds to about one kiloton 

of explosive yield per kilogram of mass. For com-

parison, the weapons that destroyed Hiroshima 

and Nagasaki weighed about 300 kg per kiloton. 

Source: Final Report of the Select Committee on U.S. 

National Security and Military/Commercial Concerns 

with the Peoples Republic of China, January 3, 

1999.826 The report identifies this design as a U.S. 

W-87 warhead, with a yield of 300 kt.

Modern nuclear weapons generally contain both plutonium and HEU (Figure A.4). The 
primary fission stage of a thermonuclear weapon can contain either plutonium or HEU 
or both plutonium and HEU (the latter is known as a composite core or pit). HEU also 
is often added to the secondary stage to increase its yield, as a ‘spark-plug’ to generate 
neutrons and as a tamper for the thermonuclear fuel. Natural or depleted uranium 
is also used in the outer radiation case, which confines the X-rays from the primary 
while they compress the thermonuclear secondary. Neutrons from thermonuclear reac-
tion induce fission in this uranium, which can contribute one-half of the yield of the  
secondary. 
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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. Many of the older US and Russian strategic weapons had yields in excess of 
1 MT and may have contained more than 25 kg HEU, lower yield thermonuclear weap-
ons of the kind in use today (typically around 100 – 500 kt) could contain 10 – 20 kg  
of HEU.

Plutonium HEU Yield Example

IAEA Significant Quantity (SQ) � kg �� kg*

1st-generation gun-type weapon n/a �0 – �0 kg �0 kt Hiroshima

1st-generation implosion-type weapon � – � kg �� – �� kg �0 kt Nagasaki (6 kg Pu)

2nd-generation single-stage weapon � – � kg �� kg �0 – �0 kt (levitated or boosted pit)

Two-stage low-yield weapon � – � kg Pu and � – � kg HEU �00 – ��0 kt W76

Two-stage medium-yield weapon � – � kg Pu and �� – �� kg HEU �00 – �00 kt W87/W88

Two-stage high-yield weapon � – � kg Pu and �0+ kg HEU � – �0 MT B83

Table A.1. Nuclear weapon generations and 
estimated respective fissile material quantities. 
Warhead types are U.S. warhead-designations.  

The estimates assume about 18 kt per kilogram  

of nuclear material fissioned, a fission-fraction of 

50 % for a 2nd-generation and two-stage weapon, 

and a yield fraction of 50 % in the secondary from 

fission in the two-stage weapon. �The significant 

quantity specifies uranium-235 contained in highly 

enriched uranium.

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.5 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. 
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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. 

Figure A.5. 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.

Electromagnetic separation relies on introducing a beam of uranium-containing ions 
into a magnetic field and separating the ions into two beams by virtue of the fact that 
the path of the electrically charged ions containing the heavier U-238 atoms is bent 
less by the magnetic field. This method was used by the United States during the Man-
hattan Project.
 
Gaseous diffusion enrichment, also invented during the Manhattan Project, exploits 
the fact that, in a uranium-containing gas, the lighter molecules containing U-235 
move more quickly through the pores in a barrier than those containing U-238. The 
effect is only a few tenths of a percent, however, and the molecules have to be pumped 
through thousands of barriers before HEU is produced.

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. An axial circulation of 
the UF6 is induced within the centrifuge, which multiplies this separation along the 
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length of the centrifuge, and increases the overall efficiency of the machine signifi-
cantly (see Figure A.6 for an illustration).

Plutonium. Plutonium is an artificial isotope produced in nuclear reactors after ura-
nium-238 (U-238) absorbs a neutron creating U-239 (see Figure A.7). 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.2). 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. 

Figure A.6. 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.
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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. 

Figure A.7. 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.

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 plu-
tonium isotopes ... can be used to make a nuclear weapon.” The report recognizes that 
“not all combinations, however, are equally convenient or efficient,” but concludes 
that “reactor-grade plutonium is weapons-usable, whether by unsophisticated prolif-
erators or by advanced nuclear weapon states.”827

The same report also noted that, “at the lowest level of sophistication, a potential pro-
liferating state or sub-national group using designs and technologies no more sophisti-
cated than those used in first-generation nuclear weapons could build a nuclear weapon 
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from reactor-grade plutonium that would have an assured, reliable yield of one or a few 
kilotons (and a probable yield significantly higher than that). At 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 generally 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, however, 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.

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.2. 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.
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Separative Work and the Production of Highly Enriched Uranium
The capacity of a uranium enrichment plant is measured in separative work units 
(SWUs). Both kilogram-SWU and ton-SWUs (1000 kg-SWU) units are used in the lit-
erature. In IPFM publications kg-SWUs are used, referred to simply as SWUs. Enrich-
ment typically separates natural uranium feed (F) containing a U-235 fraction, xF = 
0.0072 (by atoms), into an enriched product (P) and depleted “tails” (T) with U-235 
fractions of xP and xT, respectively. The amount of product produced per unit of feed is 
determined by these U-235 fractions as follows:

The amount of separative work, measured in SWUs (U) required to produce a kg of 
product for a specified tails assay, is 

where V(x), the value function is given by

SWU calculators to carry out calculations conveniently may be found on the web.828 
The user needs to put in only the amount of desired product (e.g. one metric ton), the 
percentages of U-235 in the feed (usually natural uranium, xF = 0.0072), the desired 
product, and the desired depleted uranium assay and then hit the “calculate” button 
and the remaining boxes are filled in, showing: the required amount of enrichment 
work (measured in ton-SWUs, i.e., 1000 kg-SWUs) and feed (in metric tons) and quan-
tity of depleted uranium (in metric tons) that will be produced. Tonnages are also 
shown for the corresponding amounts of UF6, the chemical form in which uranium is 
enriched by the gaseous diffusion and gas centrifuge methods.

Figures B.1 and B.2 illustrate the dependencies of enriched product and required en-
richment work.

Appendix B

Production of Highly Enriched Uranium 
and Plutonium for Weapons
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Figure B.1. Amount of enrichment required to pro-
duce a kilogram of enriched product as a function 
of enrichment for three different tails assays. Above 

10 percent enrichment, the amount of enrichment 

work (SWUs) required per kg of enriched product is 

roughly proportional to the percentage enrichment. 

Figure B.2. Amount of enrichment required to pro-
duce a kilogram of product of varying enrichment 
per kilogram of U-235 contained in the product for 
three different tails assays. The data shows equiva-

lently that, per kg of U-235 in the product, most of 

the enrichment work has been done by the time 

that uranium has been enriched to 10 %. One way to 

understand this is that, by 10 % enrichment, of the 

140 U-238 atoms per atom of U-235 in the original 

natural uranium, all but ten have been separated 

from the U-235 atoms in the product.
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Plutonium Production in Natural-Uranium Fueled Reactors
Virtually any reactor type can be used for the production of weapon-grade plutonium 
by limiting the burnup of the uranium fuel, but plutonium production is maximized 
in natural-uranium-fueled reactors. High-purity graphite or heavy water (D2O) has to 
be used with natural uranium fuel for moderation to minimize parasitic neutron ab-
sorption. Reactor designs that permit continuous refueling are preferred for dedicated 
production reactors in order to facilitate frequent discharge and reloading of fuel ele-
ments for extraction of the plutonium. All weapon states relied on natural-uranium-fu-
eled reactors to produce most of their weapons plutonium (Table B.1).

Graphite-moderated Heavy-Water moderated

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

United States Hanford – – Savannah River

Russia “Tomsk-7” – – –

United Kingdom – Calder Hall – –

France – G-Series – Célestin

China “Jiuquan” – – –

Israel – – – Dimona

India – – Cirus/NRX Dhruva

Pakistan – – Khushab –

North Korea – Yongbyon – –

Table B.1. Table 4.1. Select natural-uranium fueled 
plutonium production reactors, by country.829 

Graphite-moderated 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. 

In order to obtain accurate plutonium production rates for these reactors, we have per-
formed a series of infinite-lattice burnup calculations. Specifically, we have carried out 
calculations for (a) a Hanford-type reactor, which reportedly also served as a model for 
most Russian and Chinese production reactors; (b) a Calder-Hall-type reactor, which 
is representative for most UK production reactors and also for the French G-Series and 
for North Korea’s Yongbyon reactor; (c) an NRX-type reactor used in India as CIRUS 
and possibly in Pakistan; and (d) a modified French EL3-type reactor, which served as 
a model for Israel’s Dimona reactor, originally designated “EL-102.”830 In addition, we 
have generated effective plutonium production rates for CANDU-type reactors, which 
may have had some relevance for India’s weapon program.

Hanford-type reactor. The nine reactors at the Hanford site were all graphite-moder-
ated and light-water-cooled, but their designs evolved over time. The power levels of 
all Hanford reactors increased significantly to accelerate plutonium production.831 We 
modeled the first and conceptually most simple design, the B Reactor, which had an 
initial power level of 250 MW thermal. 2004 process tubes penetrate the reactor core, 
each 8.5 meters long. Russia and China reportedly used several production reactors 
that were virtually identical to the original early U.S. reactors operated at the Hanford 
site. We do not attempt to model these reactors here separately.
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Calder-Hall-type reactor. In the 1950s, the United Kingdom built numerous dual-use 
reactors that were used for both electricity and military plutonium production. These 
reactors were graphite-moderated and gas-cooled, and used a unique cladding material 
(magnesium non-oxidizing or Magnox alloy). The power levels of the four Calder Hall 
reactors ranged from 180 MW to 240 MW thermal.832 North Korea later adapted the 
Calder-Hall design, apparently based on information published in the 1950s, and built 
a downsized (20 – 25 MW thermal) version of the reactor in the 1980s, reportedly based 
on a slightly different core geometry.833

 

Figure B.3. Unit cells of production reactors 
examined in this analysis. The dashed contour of 

Dimona’s unit cell indicates the original (larger) 

cell of the French EL-3 reactor, on which the design 

for Israel was based. The reduced lattice pitch has 

a significant impact on the effective plutonium 

production rate of Dimona.
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NRX-type reactor. The NRX is a heavy-water-moderated and light-water-cooled reactor, 
originally designed as a plutonium-production reactor but used in Canada for civilian 
purposes.834 The original NRX reactor went critical in July 1947 with a power level of 20 
MW, later increased to 40 MW and finally to 42 MW thermal. As shown in Figure B.3, 
it uses a hexagonal lattice. India obtained a copy of the NRX reactor (CIRUS),835 which 
went critical in 1960 and became fully operational in 1963. Reportedly, Pakistan’s 50 
MW Khushab-I reactor, which has been operational since 1998, is also similar to NRX/
CIRUS. Pakistan is currently building two additional plutonium production reactors, 
Khushab-II and Khushab-III, at the same site.836 

Dimona-type reactor. Very little design information about this reactor is publicly available, 
but Dimona was built with French assistance and is reportedly based on a modified 
design of the EL-3 reactor.837 The original version of the EL-3 was designed for 50 MW 
and natural-uranium fuel. The original EL-3 is very similar to the NRX, but the chan-
nel tubes are semi-permanent sleeves surrounding the fuel rods. For the basic model of 
the Dimona reactor, we assume that the outer diameter of the fuel rod was increased 
from the original 2.9 cm to 4.0 cm and that power up-rates did not require changes 
that would significantly affect the neutronics of the design. More significant power 
up-rates might be possible with modified fuel designs increasing the surface-to-volume 
ratio of the fuel.838

CANDU-type reactor. The CANDU (Canada Deuterium Uranium) reactor is a pressurized 
heavy-water power reactor (PHWR) originally developed in Canada. It evolved from 
the NRX design, featuring the characteristic calandria, but using heavy water as both 
moderator and coolant. The majority of today’s CANDU fleet is deployed in Canada, 
but several other countries operate variations of this reactor design.839 Compared to 
light-water reactors using low-enriched fuel, natural-uranium-fueled CANDU reactors 
have a much lower target burnup. This results in higher plutonium production rates 
and higher Pu-239 fractions (but lower absolute concentrations) in the spent fuel. Fur-
thermore, CANDU are refueled continuously, which requires somewhat more difficult 
safeguards approaches. A number of India’s PWHR are derivatives of the Canadian 
design and are not under IAEA safeguards.

All calculations below have been carried out with MCODE,840 a computer-code system 
linking the Monte Carlo neutron-transport code MCNP and the general point-deple-
tion code ORIGEN2.841 All MCNP input decks used for this analysis are available at 
www.ipfmlibrary.org/mcnp-input. In general, plutonium production scales with the 
total power level of a particular reactor design, but the production rate is rather in-
sensitive to the actual power density in the core. In the neutronics calculations for all 
production reactors considered for this analysis, the power density was set to 3 watts 
per gram of uranium in the core; in other words, the average fuel burnup increases by 
300 MWd/t for every 100 effective full-power days in the reactor.
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Figure B.4. Unit cell of a 19-pin CANDU fuel bundle 
(left). The picture on the right shows a more recent 

37-pin fuel bundle used in the Bruce power stations, 

Ontario, Canada. Source: canteach.candu.org

The main results of these calculations are summarized in Figure B.5:

Plutonium concentration, specified in grams of plutonium per kilogram of urani-
um.842 Concentrations range from 0.42 to 0.48 g/kg(U) for 500 MW-days/ton and 
from 0.79 to 0.90 g/kg(U) for 1000 MWd/t.                                         

Effective production rates, specified in grams per MW-day (thermal) of operation. 
The most efficient plutonium producer per MW-day is the Dimona-type reactor, i.e., 
a variation of the French EL-3 design with a tighter lattice. Among those consid-
ered here, the heavy-water-cooled NRX is the least efficient machine. In between 
are graphite-moderated reactors whose production rates are initially high but drop 
more sharply than of heavy-water-moderated reactors because neutron absorp-
tion in plutonium is more pronounced for these designs. This effect increases the 
overall contribution of plutonium fission and conversion of Pu-239 to Pu-240.   

Plutonium quality, specified in weight percent of plutonium-239 in total plutonium. 
Heavy-water moderated reactors yield the highest Pu-239 content for a given burnup 
level of the fuel. As discussed above, the more pronounced neutron absorption in 
plutonium in graphite-moderated reactors explains the reduced Pu-239 content.

Figure B.6 shows the same results for the reference CANDU reactor. Its use of oxide 
instead of metal fuel design permits burnup values of 6000 – 8000 MW-days/t. The Pu-
239 content for this burnup level is on the order of 70 %. The material is not weapon-
grade—but still weapon-usable—and contains significantly more Pu-239 than pluto-
nium discharged from a light-water reactor. 

•

•

•
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Figure B.5. Plutonium concentration, effective 
production rate, and plutonium-239 fraction for the 
Hanford, Calder Hall, NRX/Cirus, and EL-102/Di-
mona. The dotted line in the center chart shows the 

effective production rate for EL-3, i.e., the origi-

nal French reactor that served as a model for the 

Dimona reactor.
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Figure B.6. Plutonium concentration, effective 
production rate, and plutonium-239 fraction for a 
CANDU reactor. These simulations are based on the 

19-pin-per-bundle design shown in Figure B.4 (left). 

Note that CANDU reactors produce plutonium more 

effectively than some dedicated reactors considered.
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838.   France later developed a so-called “snowflake” fuel that was used (or considered for use) in EL3 since 
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author.

841.   MCNP—A General Monte Carlo N-Particle Transport Code, Version 5, LA-UR-03-1987, X-5 Monte Carlo 
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Program on Science and Global Security – Princeton University

Harold Feiveson is a Senior Research Scientist and Lecturer in Princeton University’s 
Woodrow Wilson School of Public and International Affairs. He has a Ph.D. in public 
affairs from Princeton University (1972). Feiveson is the editor of the journal Science & 
Global Security. His research focus has been on nuclear arms control and nuclear weap-
ons proliferation. With Frank von Hippel, he co-founded and co-directed the Program 
on Science and Global Security until July 2006. He was a lead author of the overview 
chapter.

Alexander Glaser is an Assistant Professor jointly in the Woodrow Wilson School of 
Public and International Affairs and in the Department of Mechanical and Aerospace 
Engineering (MAE) at Princeton University. He directs the Nuclear Futures Laboratory 
in MAE. Glaser received his Ph.D. in physics (2005) from Darmstadt University of Tech-
nology in Germany. He is on the Science and Security Board of the Bulletin of the Atomic 
Scientists and an Associate Editor of Science & Global Security. He was a lead author of the 
chapters on stocks, France, and the United Kingdom, the lead author of Appendix B,  
and contributed to the chapter on Israel.

Zia Mian is a Research Scientist in Princeton University’s Program on Science and 
Global Security and directs its Project on Peace and Security in South Asia. He has a 
Ph.D. in physics (1991) from the University of Newcastle upon Tyne. His research inter-
ests are in nuclear-weapon and nuclear-energy policy in South Asia. He is an Associate 
Editor of Science & Global Security. He was a lead author of the overview chapter and the 
chapters on stocks and Pakistan.

Pavel Podvig (representing Russia on the IPFM with Anatoli Diakov) works part-time 
for Princeton managing the IPFM blog “Fissile Materials.” He is currently an indepen-
dent analyst based in Geneva also running his own project, “Russian Nuclear Forces.” 
During 2004 – 10, Podvig was at the Center for International Security and Cooperation 
at Stanford University. Previously, he was a visiting researcher at Princeton and a Senior 
Researcher at the Center for Arms Control Studies (CACS) at the Moscow Institute of 
Physics and Technology. He led the CACS project that produced the book, Russian Stra-
tegic Nuclear Forces (MIT Press, 2001). He was the lead author of the chapter on Russia’s 
highly enriched uranium.

IPFM Members and Other Contributors to this Report 

IPFM Members
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M. V. Ramana (representing India on the IPFM with R. Rajaraman) is currently a 
Research Scholar jointly with Princeton University’s Program on Science and Global 
Security and the Nuclear Futures Laboratory. He has a Ph.D. in physics (1994) from Bos-
ton University; has held research positions at the University of Toronto, Massachusetts 
Institute of Technology, and Princeton University; and has taught at Boston University, 
Princeton University, and Yale University. His research has focused on India’s nuclear 
energy and weapon programs. He was the lead author of the chapter on India.

Frank von Hippel (IPFM Co-Chair) is Professor of Public and International Affairs at 
Princeton University’s Woodrow Wilson of Public and International Affairs. He has a 
Ph.D. in nuclear physics (1962) from Oxford University. He co-founded Princeton’s Pro-
gram on Science and Global Security with Feiveson. He has worked on fissile material 
policy issues for the past 35 years, including contributing to: ending the U.S. program 
to foster the commercialization of plutonium breeder reactors; convincing the U.S. and 
Soviet Union to embrace the idea of a Fissile Material Production Cutoff Treaty; launch-
ing the U.S.-Russian cooperative nuclear materials protection, control and accounting 
program; and broadening efforts to eliminate the use of HEU in civilian nuclear reac-
tors worldwide. He was a lead author of the overview chapter and the lead author of the 
chapters on the United States and the non-weapon states.

International Participants

James Acton (United Kingdom) is an associate in the Nonproliferation Program at 
the Carnegie Endowment for International Peace. He co-authored the Adelphi Paper, 
Abolishing Nuclear Weapons, and co-edited the follow-up book, Abolishing Nuclear Weap-
ons: A Debate (both with George Perkovich). Prior to joining the Carnegie Endowment 
in October 2008, Acton was a lecturer at the Centre for Science and Security Studies 
in the Department of War Studies at King’s College London and was the science and 
technology researcher at the Verification Research, Training and Information Centre 
(VERTIC), where he was a participant in the UK-Norway dialogue on verifying the dis-
mantlement of warheads. He holds a Ph.D. in theoretical physics from the University of 
Cambridge. He was a lead author of the chapter on the United Kingdom. 

Anatoli Diakov (Moscow, Russia, shared membership with Podvig) is a Professor of 
Physics at the Moscow Institute of Physics and Technology (Ph.D. in 1975) and, since 
1991, the Director of its Center for Arms Control Studies. Diakov has written papers on 
nuclear arms reductions, the history of Russia’s plutonium production, disposition op-
tions for excess plutonium, and the feasibility of converting Russia’s icebreaker reactors 
from HEU to LEU as well as on many other topics relating to nuclear arms control and 
disarmament. He was the lead author of the chapter on Russia’s plutonium.

Jean du Preez (South Africa) is Chief, External Relations and International Coopera-
tion of the Comprehensive Nuclear-Test-Ban Treaty Organization in Vienna. Previously, 
he was Director of the International Organizations and Non-proliferation Program of 
the Monterey Institute for International Studies’ Center for Non-proliferation Studies 
and, before that, served for 17 years in the South African Ministry of Foreign Affairs, 
including as Deputy-Director for non-proliferation and disarmament and as a Senior 
Political Counselor for Disarmament Affairs at South Africa’s Permanent Mission to the 
United Nations. During that time, he represented his country at several international 
negotiating meetings, including the 1995 and 2000 NPT Review Conferences.
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José Goldemberg (São Paolo, Brazil) has a Ph.D. in nuclear physics (1954). He was 
Rector of the University of São Paolo (1986 – 90), Federal Minister of Science and Tech-
nology (1990 – 91), Federal Minister of Education (1991 – 92) and Minister of Environ-
ment of São Paolo (2002 – 2006). He was the first IPFM co-chair with von Hippel, step-
ping down in 2007. While Brazil‘s Minister of Science and Technology, he persuaded 
President Collor de Mello to end Brazil‘s nuclear-weapon program, which led Argentina 
to shut its program down as well, with monitoring by a joint Argentine-Brazil inspec-
torate. Goldemberg is best known for his work on global energy and environmental 
issues. He was a co-recipient of Sweden’s Volvo Environmental Prize in 2000, the re-
cipient of the Blue Planet Prize of Japan in 2008, and the winner of the Trieste Science 
Prize in 2010.

Pervez Hoodbhoy (Islamabad, Pakistan, shared membership with Nayyar) in 2010 
became emeritus Professor of Physics at Quaid-e-Azam University, Islamabad. He holds 
a Ph.D. in nuclear physics (1978) from MIT and is the recipient of the Abdus Salam 
Prize for Mathematics, the Baker Award for Electronics, Faiz Ahmad Faiz Prize for con-
tributions to education in Pakistan, and the UNESCO Kalinga Prize for the populariza-
tion of science. He has been a Visiting Professor at MIT, Carnegie Mellon University, 
the University of Maryland, and the Stanford Linear Accelerator. He is a member of the 
Pugwash Council, and a sponsor of The Bulletin of the Atomic Scientists.

Martin B. Kalinowski (Hamburg, Germany, shared membership with Schaper) is a 
Professor and Director of the Carl-Friedrich von Weizsäcker Center for Science and Peace 
Research at the University of Hamburg, Germany. He holds a Ph.D. in nuclear physics 
(1997) from Darmstadt University of Technology, Germany, and was a member of the 
Interdisciplinary Research Group on Science, Technology, and Security (IANUS) at that 
University. He served in the Provisional Technical Secretariat of the Preparatory Com-
mission for the Comprehensive Nuclear-Test-Ban Treaty Organization in Vienna, Austria 
(1998 – 2004). His research agenda deals with novel measurement technologies as well as 
nuclear and meteorological modeling of atmospheric radioactivity as a means to detect 
clandestine nuclear activities such as plutonium separation and nuclear testing. 

Jungmin Kang (Seoul, South Korea) has a Ph.D. in Nuclear Engineering from  
Tokyo University (1999) and is currently a visitor with the Korea Studies program at 
the Paul H. Nitze School of Advanced International Studies, Johns Hopkins University. 
He was the lead South Korean analyst in the MacArthur-Foundation-funded East-Asia  
Science-and-Security Initiative. He served as an advisor to South Korea’s National Secu-
rity Council on North Korean nuclear issues during 2003 and on South Korea’s Presi-
dential Commission on Sustainable Development, where he advised on nuclear energy 
policy. Kang has co-authored articles on radioactive-waste management, spent-fuel 
storage, the proliferation-resistance of closed fuel cycles, plutonium disposition and 
the history of South Korea’s explorations of a nuclear-weapon option. 

Patricia Lewis (Ireland and United Kingdom) has a Ph.D. in nuclear physics (1981) 
and is the Deputy Director and Scientist-in-Residence of the James Martin Center for 
Nonproliferation Studies at the Monterey Institute of International Studies. Previously, 
she served as Director of the United Nations Institute for Disarmament Research (UNI-
DIR) and as founding Director of the Verification Technology and Information Centre 
(VERTIC) in London. Dr. Lewis was an Advisor to the International Commission on 
Nuclear Nonproliferation and Disarmament established by the governments of Austra-
lia and Japan (2008 – 09); a Commissioner on the Weapons of Mass Destruction Com-
mission, chaired by Dr. Hans Blix (2004 – 06); and a Member of the Tokyo Forum for 
Nuclear Nonproliferation and Nuclear Disarmament (1998 – 99).
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Li Bin (Beijing, China) is a Professor of International Studies and Director of the Arms 
Control Program in the Institute of International Studies of Tsinghua University. He 
received his Ph.D. from China’s Academy of Engineering Physics (China’s nuclear-
weapon-theory and technical nuclear-arms-control institute). Within the Academy’s 
Institute of Applied Physics and Computational Mathematics (IAPCM), he became in 
1996 Director of the Arms Control Division and the Executive Deputy Director of the 
Program for Science and National Security Studies. He supported the Chinese team 
negotiating the Comprehensive Test Ban Treaty and attended the last round of negotia-
tions as a technical advisor to the Chinese delegation.

Yves Marignac (Paris, France, shared membership with Schneider) is Executive Di-
rector of WISE-Paris, an energy-information agency, which he joined in 1997 after 
four years shared between academic research in Paris-XI University, applied studies in 
the French Atomic Energy Commission (CEA), and a position at the nuclear company 
STMI. In 1999 – 2000, he participated in the only independent economic evaluation 
of France’s nuclear sector and its reprocessing policy. This study was commissioned 
by Prime Minister Jospin and resulted in what became known as the Charpin-Dessus-
Pellat report. He also contributed to the 2001 report to the European Parliament’s Sci-
entific and Technological Option Assessment Panel on reprocessing plant discharges. 
In 2005 – 06, he was Scientific and Technical Advisor to the commission preparing 
France’s public debate on the new European Power Reactor. He was a contributor to the 
chapter on France.

Miguel Marín Bosch (Mexico City, Mexico) had a long career in Mexico’s Foreign 
Service, including serving as Deputy Minister for Asia, Africa, Europe and Multilateral 
Affairs. During the early 1990s, he was Mexico’s Ambassador to the Conference on Dis-
armament and Chair of the Comprehensive Test Ban Negotiations during the first year 
of formal negotiations (1994). He also served as Chairman of the Group of Governmen-
tal Experts for the 2002 United Nations Study on Disarmament and Nonproliferation 
Education.

Arend J. Meerburg (Den Haag, the Netherlands) has an MSc in nuclear reactor phys-
ics (1964) and thereafter worked for some years in oceanography and meteorology (in-
cluding in the Antarctic). He joined the Ministry of Foreign Affairs in 1970 and worked 
there until his retirement in 2004. During most of that period he was involved in 
multilateral arms control matters, including the final negotiations in Geneva of the 
Chemical Weapons Convention and the Comprehensive Nuclear-Test-Ban treaty. He 
was involved in the International Nuclear Fuel Cycle Evaluation, discussions of an 
International Plutonium Storage regime, and the Nuclear Suppliers Group. He served 
as Ambassador to Yemen (1996 – 2000). He was a member of the IAEA expert-group on 
Multilateral Nuclear Approaches to the Nuclear Fuel Cycle (2004 – 05).

Abdul H. Nayyar (Lahore, Pakistan, shared membership with Hoodbhoy) has a Ph.D. 
in physics (1973) from Imperial College, London, retired from the faculty of Quaid-e-
Azam University in 2005 and is Director of the Ali Institute of Education, Lahore, a 
college for educating teachers for Pakistan’s public school system. He has been active in 
Pakistan’s nuclear debate since the 1980s and a regular summer visitor with Princeton’s 
Program on Science and Global Security since 1998. He is President of Pakistan’s Peace 
Coalition and the Co-Convener of Pugwash, Pakistan. He has worked on a range of 
issues relating to nuclear weapons and nuclear energy in South Asia, including reactor 
safety, fissile-material production, the consequences of regional nuclear war, and the 
feasibility of remote monitoring of a moratorium on plutonium separation. He was a 
lead author of the chapter on Pakistan. 
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R. Rajaraman (IPFM Co-Chair, New Delhi, India, shared membership with Ramana) 
is Emeritus Professor of theoretical physics in the School of Physical Sciences, Jawa-
harlal Nehru University. He is a Fellow of the Indian Academy of Science and Vice 
President of the Indian National Science Academy. He has a Ph.D. in theoretical physics 
from Cornell University (with Hans Bethe, 1963). He has been contributing articles to 
India’s nuclear-weapon debate since 1970 and has been a regular summer visitor with 
Princeton’s Program on Science and Global Security since 2000. He has written on the 
dangers of accidental nuclear war and the limitations of civil defense. In recent years 
his focus has been on capping South Asia’s nuclear arsenals.

Ole Reistad (Oslo, Norway) is a Research Scientist with a joint appointment at the 
University of Oslo and the Norwegian Radiation Protection Authority. He has a Ph.D. 
in physics (2008) from the Norwegian University of Science and Technology. His work 
has focused primarily on highly enriched uranium issues and the security and safety 
of the naval spent nuclear fuel on Russia’s Kola Peninsula. He is a co-organizer of the 
Norway-UK cooperative study on the verification of nuclear-warhead dismantlement.

Henrik Salander (Stockholm, Sweden) chairs the Middle Powers Initiative, a non-
governmental organization that is dedicated to worldwide reduction and elimination 
of nuclear weapons. Previously, he headed the Department for Disarmament and Non- 
Proliferation in Sweden’s Ministry for Foreign Affairs. During 2004 – 06, he was Sec-
retary-General of the WMD Commission chaired by Hans Blix. He led Sweden’s del-
egation to the 2000 NPT Review Conference where Sweden, along with the six other 
members of the New Agenda Coalition (Brazil, Egypt, Ireland, Mexico, New Zealand 
and South Africa), extracted from the NPT weapon states 13 specific commitments to 
steps toward ending the nuclear arms race, reducing their nuclear arsenals and the dan-
ger of nuclear use, and establishing a framework for irreversible disarmament. Salander 
was Sweden’s Ambassador to the Geneva Conference on Disarmament (1999  – 2003) 
where he authored the 2002 “Five Ambassadors” Compromise Proposal to start ne-
gotiations on an FM(C)T and other treaties. He also chaired the 2002 session of the 
Preparatory Committee for the 2005 NPT Review Conference.

Annette Schaper (Frankfurt, Germany, shared membership with Kalinowski) is a 
Senior Research Associate at the Peace Research Institute in Frankfurt. Her Ph.D. (1987) 
is in experimental physics from Düsseldorf University. She co-founded the Interdisci-
plinary Research Group in Science, Technology, and Security at the Institute of Nuclear 
Physics at the Darmstadt University of Technology. She was a part-time member of the 
German delegation to the negotiations on the Comprehensive Test Ban Treaty and a 
member of the German delegation at the 1995 NPT Review and Extension Conference. 
Her research covers nuclear arms control and its technical aspects, including the test 
ban, a fissile material cut-off and verification of nuclear disarmament.

Mycle Schneider (Paris, France, shared membership with Marignac) is an indepen-
dent nuclear and energy consultant. He founded the energy information agency WISE-
Paris in 1983 and directed it until 2003. Since 1997 he has provided information and 
consulting services to many European governments, NGOs and think tanks. Since 
2004 he also has been in charge of the Environment and Energy Strategies lecture 
series for the International MSc in Project Management for Environmental and Energy 
Engineering Program at the French Ecole des Mines in Nantes. In 1997, along with 
Japan‘s Jinzaburo Takagi, he received Sweden‘s Right Livelihood Award “for serving to 
alert the world to the unparalleled dangers of plutonium to human life.” He was a lead 
author of the chapter on France.
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Shen Dingli (Shanghai, China) stepped down from IPFM in 2010. He is Professor of 
International Relations at Fudan University, the Executive Dean of the University’s In-
stitute of International Studies and Director of its Center for American Studies. He co-
founded China‘s first non-government-based Program on Arms Control and Regional 
Security at Fudan University. He received his Ph.D. in physics (1989) from Fudan Uni-
versity and did post-doctoral work in arms control at Princeton University. His research 
areas cover the China-U.S. security relationship, regional security and nonproliferation 
issues, and China‘s foreign and defense policies.

Tatsujiro Suzuki (Tokyo, Japan) stepped down from IPFM in 2009 upon being  
appointed the Vice-Chairman of the Japan Atomic Energy Commission. For the past 
20 years, Suzuki has been deeply involved in providing technical and policy assess-
ments of the international implications of Japan’s plutonium fuel-cycle policies and in 
examining the feasibility of interim spent-fuel storage as an alternative. He has a Ph.D. 
in nuclear engineering from Tokyo University (1988).

William Walker (Edinburg, United Kingdom) stepped down from IPFM in 2010. 
He is a Professor of International Relations at the University of St. Andrews. He co-au-
thored Plutonium and Highly Enriched Uranium 1996: World Inventories, Capabilities and 
Policies (SIPRI/Oxford University Press, 1997) and authored Nuclear Entrapment: THORP 
and the Politics of Commitment (Institute for Public Policy Research, London, 1999) and 
Weapons of Mass Destruction and International Order (Adelphi Paper, 2004). 
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Robert Alvarez served as senior policy advisor to the U.S. Secretary of Energy be-
tween 1993 –1999. Both before and after this period he worked as an independent ana-
lyst focusing on energy issues, including the environmental impacts of nuclear energy. 
He is now a Senior Scholar at the Institute for Policy Studies in Washington, DC. He 
was the lead author of the appendix on plutonium-bearing wastes to the United States 
chapter.

Marvin Miller was a member of the MIT Department of Nuclear Science and En-
gineering (NSE) from 1976 until his retirement in 1996. Previously, he was on the 
faculty of the Department of Electrical Engineering at Purdue University, working on 
laser theory and applications including isotope separation which was the bridge to his 
research on nuclear non-proliferation. He is now a Research Associate in the Science, 
Technology, and Society Program at MIT, where he continues his research on nuclear 
power and nuclear proliferation. He was the lead author of the chapter on Israel. 

Hui Zhang is a Research Associate at the Project on Managing the Atom in the Belfer
Center for Science and International Affairs at Harvard University’s John F. Kennedy 
School of Government. He leads a research initiative on China’s nuclear policies and 
his work includes verification techniques for nuclear arms control, the control of fissile 
material, nuclear terrorism, nuclear safeguards and non-proliferation, and the nuclear 
fuel cycle. He was a post-doctoral fellow at the Center for Energy and Environmental 
Studies, Princeton University from 1997 – 1999. He received his Ph.D. in nuclear physics 
in Beijing. He was the lead author of the chapter on China.
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Over the past six decades, our understanding of the 
nuclear danger has expanded from the threat posed 
by the vast nuclear arsenals created by the superpo-
wers in the Cold War to encompass the proliferation 
of nuclear weapons to additional states and now 
also to terrorist groups. To reduce this danger, it is 
essential to secure and to sharply reduce all stocks 
of highly enriched uranium and separated pluto-
nium, the key materials in nuclear weapons, and to 
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