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About the IPFM

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

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

Both military and civilian stocks of fissile materials have to be addressed. The nuclear
weapon states still have enough fissile materials in their weapon stockpiles for tens of
thousands of nuclear weapons. On the civilian side, enough plutonium has been sepa-
rated to make a similarly large number of weapons. Highly enriched uranium is used
in civilian reactor fuel in more than one hundred locations. The total amount used for
this purpose is sufficient to make about one thousand Hiroshima-type bombs, a design
well within the potential 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 in-
clude nuclear experts from Brazil, China, France, Germany, India, Japan, South Korea,
Mexico, the Netherlands, Norway, Pakistan, Russia, South Africa, Sweden, the United
Kingdom and the United States. Professor José Goldemberg of Brazil stepped down as
co-chair of IPFM on July 1, 2007. He will continue as a member of IPFM. Short biogra-
phies 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.
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Summary

Almost two decades since the end of the Cold War, the United States and Russia still
retain stockpiles of about 10,000 nuclear weapons each and have committed only to
reduce to about half that number by the end of 2012, when the Strategic Offensive
Reductions Treaty comes into force.

There are now seven other nuclear weapon states, including North Korea, which car-
ried out its first nuclear test on October 9, 2006. Their arsenals range from a few simple
warheads to several hundred high-yield thermonuclear weapons.

There are growing concerns about a loss of momentum in the nuclear disarmament
process, additional states acquiring nuclear weapons, and the possibility of nuclear
terrorism.

Fissile materials, ordinarily plutonium and highly enriched uranium (HEU), are the
essential ingredients in all nuclear weapons. Securing, consolidating, and eliminating
fissile material stocks worldwide are the common imperatives in the overlapping efforts
to eliminate nuclear weapons in the countries where they exist, halt their spread to still
more countries, and prevent terrorists from obtaining them.

This is the second report by International Panel on Fissile Materials on the global si-
tuation with regard to efforts to secure and eliminate fissile materials. In this year’s

report:

e Chapter 1 provides an overview of the status of fissile-material stocks and their
production and disposition worldwide;

* Chapters 2 through 5 describe progress in reducing and consolidating global stocks
of nuclear weapons and fissile materials; and

* Chapters 6 through 9 discuss initiatives aimed at strengthening international
controls over fissile materials and the means of their production.

A short Appendix provides an introduction to fissile materials and their use in nuclear
weapons.

Below we summarize briefly some of our key findings and conclusions.



Highly enriched uranium (Chapters 1 and 2). As of early 2007, the global stockpiles of
HEU totaled between 1400 and 2000 metric tons.” The uncertainty reflects mostly the
fact that Russia has not revealed how much HEU it has made.

During 2006, Russia blended down 30 metric tons of weapon-grade uranium to low-
enriched uranium (LEU) and shipped it to the United States. This met about half the
fuel requirement of U.S. nuclear power plants. Thus far, almost 300 tons of Russian
weapon-grade uranium have been disposed of in this way. This program is expected to
continue until 2013, by which time 500 tons of HEU, enough for 20,000 weapons, will
have been blended down.

In the United States, a total of 87 tons of excess HEU had been blended down as of mid-
2007. None of this HEU was weapon-grade. The United States plans to blend down or
otherwise dispose of 147 additional tons of HEU, some from weapons, over the next
few decades.

Russia and the United States retain for weapons a combined total of 600 to 1200 tons
of HEU—sufficient for 25,000 to 50,000 nuclear warheads.

The United States has set aside almost all its excess weapon-grade uranium for use as
naval-reactor fuel—enough for 5,000 more nuclear warheads. Russia and the United
Kingdom also have large reserves of HEU for naval fuel. These naval HEU stockpiles,
and their vulnerable processing and transport links, would be eliminated if the three
countries followed France’s example and moved to naval reactors fueled with LEU.

HEU also has been used as a fuel for research reactors worldwide since the 1960s. The
United States is leading a global effort to clean out often insecure civilian HEU. Thus
far, HEU in both fresh and spent fuel has been completely removed from sixteen coun-
tries. Twenty-eight, however, still have enough civilian HEU to make at least one nucle-
ar weapon. Russia, which has half of the world’s 140 HEU-fueled research reactors, has
no policy with regard to HEU cleanout at home.

Separated plutonium (Chapters 1 and 3). The current global stockpile of separated plu-
tonium is about 500 tons.

During 2006, Russia and the United States made no progress toward implementing
their agreement to each dispose of a minimum of 34 tons of excess weapon-grade plu-
tonium. These programs, launched in 2000, have experienced slipping schedules and
rising cost estimates. Russia’s intention to use its excess plutonium to fuel a breeder
reactor indicates that it expects eventually to separate the plutonium again.

India, Pakistan and probably Israel continue to produce more plutonium for weapons.
Both India and Pakistan are expanding their production capabilities but, on 14 July
2007, North Korea shut down its plutonium production reactor—hopefully perma-
nently.

As of 2007, the global stock of civilian plutonium is approximately 250 metric tons—
our central estimate of the amount of plutonium that was made for weapons in the
Cold War. Stocks of separated plutonium continue to build up at reprocessing plants in
India, Japan, Russia and the United Kingdom. About 8 kg of this “reactor-grade” pluto-
nium is sufficient to make a simple nuclear weapon.

* In this report, the term “tons” denotes metric tons.
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The United Kingdom has decided to abandon spent-fuel reprocessing. Like France and
Russia, it has lost its foreign reprocessing customers. It now is faced with the challenge
of disposing of one third of the world’s separated civilian plutonium and cleaning up
the legacy of radioactive contamination from reprocessing, at a cost currently estima-
ted at $75 billion.

Japan has shifted from reprocessing abroad to reprocessing at home. In 2006, it began
to operate a new $20 billion domestic spent-fuel reprocessing plant. Operating at de-
sign capacity, this plant will separate more than 20 kg of plutonium per day. Japan has
not yet been able to begin recycling any of its 40 tons of already separated plutonium
into light-water power reactor fuel.

In the United States, the Bush Administration has proposed to reverse a three-deca-
de-old moratorium on domestic reprocessing. This so-called Global Nuclear Energy
Partnership initiative is encountering strong opposition in the U.S. Congress, however,
and its future is uncertain.

Consolidation of fissile materials in the U.S. nuclear complex (Chapter 4). Following
the attacks of 11 September 2001, the U.S. Department of Energy (DOE) raised the
security requirements for the hundreds of tons of fissile materials spread over its huge
nuclear complex. In fiscal year 2006, it spent over $1 billion on this effort.

To further strengthen security and reduce costs, DOE is beginning to consolidate its
fissile materials into a smaller number of sites and buildings. When this effort is com-
plete, four of the DOE’s ten main sites will no longer have weapon quantities of fissile
materials. At three others, fissile materials will be consolidated into one or two high-se-
curity buildings. Progress is being slowed in some cases by opposition at sites that stand
to lose fissile materials and fear for their current missions and budgets.

Consolidation has not yet touched the naval-reactor fuel cycle. Naval-reactor fuel is
fabricated in the United States at two private lower-security facilities using HEU ship-
ped from the DOE’s Y-12 Site in Tennessee. All U.S. HEU processing and storage could
be consolidated at the Y-12 site, where work is underway on new high-security HEU
storage and processing buildings.

Progress toward nuclear disarmament (Chapter 5). Nothing would reduce the nuclear
threat to civilization and increase the credibility of the nonproliferation regime more
than the United States and Russia cutting their weapons and associated fissile-materials
stockpiles much more deeply.

There are well-developed proposals for how the United States and Russia could quickly
reduce the number of warheads in their nuclear stockpiles to 1000 each. Deeper cuts
to about 200 weapons each could be made if other nuclear weapon states joined the
arms limitation process. Such deep cuts would make it possible to eliminate most of the
global stockpile of weapons HEU and plutonium.

International monitoring in the nuclear-weapon states (Chapter 6). In the 1990s, the
United States, Russia, France and the United Kingdom officially ended their production
of plutonium and HEU for weapons and China communicated unofficially that it had
joined the moratorium. All enrichment and reprocessing activities in these countries
therefore could be subject to international monitoring, as in the non-weapon states.



All five of these NPT nuclear weapon states have made “voluntary offers” of nuclear fa-
cilities for International Atomic Energy Agency (IAEA) safeguarding. The United King-
dom and the United States have offered all of their civilian nuclear facilities. France,
Russia and China have made more limited offers. Budget constraints have prevented
the IAEA from putting more than a few of these nuclear facilities under safeguards.

In France and the United Kingdom, all civilian nuclear facilities, including enrichment
and reprocessing plants, are subject to Euratom safeguards. This has established an
invaluable precedent for the extension of international safeguards into the civilian
sectors of the other weapon states.

If the IAEA mandate were extended to include safeguarding enrichment plants, repro-
cessing plants, and all civilian fissile materials in the nuclear weapon states, much of
the infrastructure for a verified ban on the production of fissile material for weapons (a
Fissile Material Cutoff Treaty) would have been established.

The future of nuclear power (Chapter 7). Over the past two decades, there has been
little growth in installed nuclear energy capacity in most of the world, with the excep-
tion of some limited construction in Asia. Nevertheless, given the cost increases in oil
and natural gas, and rising concerns about climate change, many in the nuclear indus-
try hope for a three to four-fold increase in global nuclear capacity by 2050. Nuclear
power continues to have very high capital costs, however, and there is a lack of public
support for a major expansion.

Whatever the future of nuclear power, it is important to limit the spread of national
gas-centrifuge uranium enrichment plants, because they can easily be converted to the
production of HEU for weapons. One alternative is to have uranium enrichment take
place only in facilities that are multinationally owned and operated.

There is no need for spent-fuel reprocessing plants, national or multinational. Repro-
cessing and storage or recycling of the recovered plutonium persist only where govern-
ments do not allow much less costly and more secure dry-cask storage of spent fuel.

Russia’s role in the international nuclear fuel cycle (Chapter 8). Russia is seeking to
consolidate its civilian nuclear activities into a single state-owned company that can
compete in the global nuclear market as a supplier of nuclear fuel cycle services and
reactors.

Russia owns about half of the world’s uranium enrichment capacity. It is becoming a
major international supplier of uranium-enrichment services and recently proposed
to build a multinational enrichment plant at Angarsk that will be open to IAEA safe-
guards. Russia also fabricates fuel for all Soviet and Russian designed nuclear power
reactors, as well as for some Western reactors, and is constructing power reactors in the
developing world.

Russia’s commercial spent nuclear fuel reprocessing industry, like those of France and
the United Kingdom, is losing its foreign customers. Because of domestic opposition
to taking other countries’ radioactive waste, Russia now requires that radioactive waste
from foreign spent fuel be returned to the countries of origin. As a result, those coun-
tries are switching to domestic dry-cask storage of their spent fuel.

Global Fissile Material Report 2007 5
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Environmental monitoring to detect clandestine fissile material production (Chapter
9). As part of the Additional Protocol to their NPT safeguards agreements, non-wea-
pon states agree to allow the IAEA to conduct wide-area environmental monitoring to
detect clandestine reprocessing or uranium enrichment. Thus far, however, the IAEA
Board has not authorized such monitoring.

Field tests have shown that krypton-835, a gaseous fission product that is released when
spent fuel is dissolved, can be detected reliably at distances on the order of one hundred
kilometers downwind from small reprocessing plants. It could therefore be feasible to
install detectors outside military complexes to confirm non-intrusively that a country
is not separating plutonium inside.

It has proven more difficult so far to detect clandestine uranium enrichment programs.
It is widely believed that any uranium that might leak from a facility would be quickly
diluted in the atmosphere to the point where it could no longer be detected against
the background of naturally occurring uranium. Uranium is used in centrifuge enrich-
ment plants in the form of gaseous uranium hexafluoride (UF,), however, and it ap-
pears likely that it will remain tagged by fluorine long after its release. It could therefore
be distinguishable from natural uranium quite far downwind.



Nuclear Weapon and Fissile Material
Stockpiles and Production

In the Global Fissile Material Report 2006 we emphasized that:

* The production of fissile materials for nuclear weapons had stopped in the United
States, the United Kingdom, Russia, France and China, but was continuing in India,
Pakistan, and North Korea, and possibly Israel;

A significant fraction of the highly enriched uranium (HEU) and plutonium pro-
duced for weapons in the United States and Russia had been declared excess in the
mid-1990s, but much more could be, given the subsequent further downsizing of
their nuclear-weapon stockpiles;

° The United States is maintaining a large stock of weapon-grade HEU—enough to
make more than 5,000 warheads—for future use as fuel in nuclear-powered subma-
rines and other ships. Russia probably has a similar naval HEU stockpile. At some
point, the size of these stockpiles will become an impediment to further disarma-
ment;

Tens of tons of HEU reactor fuel, much of it under inadequate security, is distributed
at civilian reactor sites around the world; and

The global stockpile of civilian but weapon-usable separated plutonium is compara-
ble to that of plutonium produced for weapons and, despite efforts in some countries
to recycle it, is growing at an average rate of about ten tons per year.

During 2006, the international community continued to make steady, if slow, progress
in reducing excess HEU stocks, but made virtually no progress in disposing of excess
weapons plutonium or slowing the buildup of separated civilian plutonium. Sometime
in the coming year, the global stock of civilian plutonium will exceed our estimate of
the amount of plutonium made for weapons during the Cold War.

Highly enriched uranium (HEU). Russia and the United States continued to blend
down their excess weapon HEU to low-enriched uranium (LEU) for light water reactor
(LWR) fuel. In 2006, Russia blended down 30 tons of excess weapon HEU and at least
1.5 tons of excess civilian HEU and the United States blended down approximately ten
tons of HEU. This is a huge amount of material, but it corresponds to only about ten
percent of the remaining HEU assigned for blend-down and three percent of the global
HEU stockpile. Some of the HEU declared excess by the United States remains in weap-
ons today, and will be in weapon components for decades.

Global Fissile Material Report 2007 7
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International efforts directed at converting HEU-fueled research reactors to LEU fuel
and to clean out spent HEU fuel from research reactors have accelerated. So far, 16
out of 56 countries that have hosted HEU-fueled reactors have had their civilian HEU
removed. But there are still approximately 140 HEU-fueled reactors in the world (not
counting naval-propulsion reactors), half of which are in Russia. Russia still does not
have a policy on converting its HEU-fueled reactors or cleaning HEU out of those reac-
tor-facilities it no longer needs.

Separated plutonium. As part of the U.S.-India nuclear deal, India has refused to place
under international safeguards its stock of spent fuel from indigenous power reactors,
separated plutonium, reprocessing plants, fast breeder reactor program, and several
CANDU-type reactors needed to provide the initial fuel for the breeder reactors. India
is building a 500 MWe fast breeder reactor that could increase India’s weapon-grade
plutonium production by a factor of five. Pakistan is building its second and third plu-
tonium production reactors, which could at least triple its annual rate of weapon-grade
plutonium production.

One of the United Kingdom’s two civilian reprocessing plants remained shut down
during 2006 because of a pipe failure and major spill of dissolved spent fuel in April
2005. But Japan began operating its new reprocessing plant in Rokkasho. The Bush Ad-
ministration initiated a program that aims to lead within a decade to the United States
separating up to 30 tons of plutonium per year.

The following discussion updates our estimates of national nuclear weapon arsenals
and global fissile material stocks and discusses the above developments in more de-
tail.

Nuclear Weapon Arsenals

Nine states have nuclear weapons. These are, in historical order: the United States,
Russia, the United Kingdom, France, China, Israel, India, Pakistan and North Korea.
The first five are parties to the Nonproliferation Treaty (NPT). Estimates of their cur-
rent nuclear-weapon stockpiles are shown in Table 1.1. The U.S. and Russian stockpiles
peaked at approximately 30,000 for the United States (around 1965) and 40,000 for
Russia (around 1985). They have been dropping since then, albeit, at a slower pace
since the late 1990s.!

Country Nuclear Warheads

United States about 10,000
5000 deployed + 5000 in reserve
Russia about 10,000

Large uncertainty as to the number of
warheads awaiting dismantlement

France 348
United Kingdom 185
China about 130
Israel about 100
Pakistan about 60
India about 50
North Korea less than 10

Table 1.1. Estimated total nuclear-weapon stockpiles, 2007.2



The United States and Russia are reducing their deployed nuclear weapons as part of the
June 2003 Strategic Offensive Reduction Treaty (SORT). This agreement requires that
by December 31, 2012, each country’s total number of deployed strategic nuclear war-
heads should not exceed 2200.2 SORT does not require that warheads taken off deploy-
ment be eliminated, and the agreement expires on the day that its limits are to be met.
However, Congressional pressure forced the Bush Administration in 2004 to reduce by
almost half (to about 5000) the number of warheads the U.S. expects to retain in its
active stockpile in 2012.*

The Natural Resources Defense Council (NRDC) estimates of the nuclear-weapon stock-
piles of China, France, and the United Kingdom are shown in Figure 1.1. Estimates of
the size and composition of China’s nuclear arsenal have recently been significantly
revised. The NRDC assessment of China’s stockpile is largely based on information
from the U.S. Department of Defense, which in 2006 abandoned its long-standing
assumption that China had a large number of tactical nuclear weapons.® There are no
official sources to confirm this re-evaluation, but China’s Foreign Ministry declared
in April 2004 that China “possesses the smallest nuclear arsenal” among the nuclear-
weapon states of the NPT.® This statement suggests less than 200 deployed Chinese
nuclear weapons.”
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Figure 1.1. Estimated total stockpiles of nuclear it concluded that China may not have the tactical
weapons in China, France and the United Kingdom. nuclear weapons previously ascribed to it (light
In 2006, the Natural Resources Defense Council re- green in graph).

vised its estimates for China. Among other changes,

Global Fissile Material Report 2007 9



10 Global Fissile Material Report 2007

In December 2006, the United Kingdom announced that it will further reduce the
number of deployed nuclear weapons, from fewer than 200 to “fewer than 160,” and
carry out an equivalent 20-percent reduction in size of its “overall warhead stockpile,
which includes a small margin to sustain the operationally available warheads.”?

Highly Enriched Uranium (HEU)

More than 99 percent of the global HEU stockpile is in the possession of the nuclear
weapon states. Only the United Kingdom and the United States have made public the
total sizes of their stocks of HEU.? Estimates of the remaining national holdings are
generally highly uncertain.

As of early 2007, we estimate that the global stockpiles of HEU totaled more than 1700
tons.* This number carries a large uncertainty, about £300 tons, primarily due to a lack
of more detailed official data on Russia’s HEU inventory. The total includes about 360
tons of HEU that has been declared excess to weapon requirements and is to be blended
down to low enriched uranium (LEU) or in spent fuel that is to be disposed of directly
as waste. These HEU disposition programs are discussed in detail in Chapter 2. Figure
1.2 shows the inventories by country and category.

Metric tons [MT]

1000 215 MT
750 Data for Russia ST
higly uncertain | —
+300 MT LUl
146 MT
500 —30 MT
228 MT
250
0 T T 4 T T 1
China France India Pakistan Russia U.K. United States NNW States
20 MT 30 MT 02MT 13 MT 21.9 MT 10 MT
I HE, Stockpile available for Weapons B civilian Material
Naval (fresh and irridiated material) Excess (mostly for blend-down)

Figure 1.2. National stocks of highly enriched urani-  information. Other numbers are non-governmental
um as of mid-2007. Only the numbers for the United estimates, often with large uncertainties.
Kingdom and United States are based on official

The United States has almost 480 tons of HEU in its military stockpile today, including
128 tons of fresh HEU reserved for naval propulsion and about 100 tons in spent naval
fuel. It declared a total inventory of 741 tons as of September 30, 1996." The breakdown
of the U.S. stockpile is discussed in more detail in Appendix 1A to this chapter. In the
case of Russia, we assume that a naval stockpile of 100 tons and a civilian stockpile of
30 tons exist today. These values are very rough estimates.

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



HEU production. None of the five nuclear weapon states of the NPT are thought to
be producing highly enriched uranium.'? The only states believed to be doing so are
Pakistan for weapons, and India for naval-reactor fuel. Their production rates have
been estimated to be on the order of 100 kg per year each.!® A recent report suggests,
however, that Pakistan has developed more advanced centrifuge technology (P-3 and
P-4).** If these machines have gradually replaced the earlier designs (P-1 and P-2), then
Pakistan’s production rate and inventory of weapon-grade uranium could be signifi-
cantly higher than previously estimated. India also appears to be expanding its cen-
trifuge program, moving to a larger number of machines with increased separative
power."s This could allow it to produce highly enriched uranium for both naval fuel
and, at higher enrichments, for weapons.

HEU used to fuel naval and other military reactors. France, Russia, the United King-
dom and the United States use HEU to fuel submarine and ship propulsion reactors,
although France is switching to LEU fuel.’® During the Cold War, the Soviet Union and
the United States each used more than two tons of HEU per year for this purpose.!” To-
day, Russia uses about one ton and the United States, two tons of weapon-grade-equiva-
lent HEU per year. Russia also uses HEU for fueling plutonium and tritium production
reactors.!®

The 128 tons of HEU that the United States has set aside for military naval nuclear pro-
pulsion would be sufficient to fuel its existing fleet of aircraft carriers and submarines
for 40-60 years.” The United States appears to be committed to maintaining its reliance
on a nuclear navy, and possibly expanding it to include nuclear-powered cruisers.°
The U.S. Navy is developing a Next Generation Core (NGR-93), which will use 93-per
cent enriched HEU recovered from excess Cold War weapons, instead of the specially
produced 97-per cent enriched material that has been used up to present.?!

Civilian HEU inventory and sites. HEU is used to fuel civilian research reactors as
well as Russia’s fleet of nine nuclear-powered civilian vessels (eight icebreakers and
one transporter ship) that ply the country’s northern seaways.?? As part of the Atoms
for Peace program, the Soviet Union/Russia and the United States have supplied HEU
to many countries for civilian research-reactor fuel and medical-isotope production
targets since the 1950s.

Very roughly, one hundred tons of the HEU are in the fuel cycles of civilian research
reactors worldwide and in Russia’s nuclear-powered civilian vessels.?*> Most civilian
HEU is in the NPT nuclear weapon states. About ten tons are in non-nuclear weapon
states.*

In connection with a voluntary agreement with the IAEA, nine countries make infor-
mation about their civilian stocks of plutonium publicly available. France, Germany,
and the United Kingdom have begun also to declare their civilian HEU-inventories.?
The inventories for these three countries are shown in Table 1.2. The other six countries
in the plutonium management regime, Belgium, China, Japan, Russia, Switzerland and
the United States, all have HEU stocks and could join in making such declarations.

Global Fissile Material Report 2007 11
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France 4900 kg 1580 kg

Germany 330 kg 730 kg

United Kingdom 1350 kg 140 kg

Declared total 6580 kg 2450 kg
Table 1.2. Civilian HEU inventories declared by three measure in their annual INFCIRC/549-communica-
European Union members for December 2005. This tions to the TAEA.

information is provided as a voluntary transparency

Even though civilian HEU currently represents only a small percentage of the total
global HEU, it would be sufficient for more than 1,000 gun-type nuclear weapons and
more than twice as many implosion-type weapons. This HEU is located at about 100
sites, in 40 countries worldwide. Figure 1.3 shows countries categorized by the size of
their current holdings of civilian HEU.

More than 10,000 kg Il
1,000 - 10,000 kg [
100 - 1,000 kg [
10-100kg [
1-10kg [J

Less than 1 kg (cleared) []

Figure 1.3. Civilian HEU is still distributed around 100 sites in 40 countries where the material can be
the globe in large quantities. International efforts found in significant quantities, at operational or

to convert HEU-fueled research reactors to LEU have  shut down, but not yet decommissioned HEU-fueled
reduced the annual demand of the material by about  reactors.

250 kg of HEU per year. Yet, there are still about

Civilian HEU is currently the object of a global cleanout campaign in which research
reactors are being converted to LEU, with spent HEU fuel taken back to its country of
origin, and excess civilian HEU being blended down. As of May 2007, we consider 16
countries that previously had HEU to be cleaned out, i.e., previously existing HEU-fu-
eled reactors have been converted or shut down, and the remaining fresh and spent
fuel has been shipped back to the country of origin.?®

However, this program is far from comprehensive. It largely excludes, for instance, crit-
ical assemblies and pulsed-power reactors that can contain huge quantities of barely-
irradiated HEU.?” Table 1.3 gives a break-down of the remaining HEU-fueled research
reactors as of 2007.



Reactor Russia China Europe United Other TOTAL

States

Steady state 20 3 12 11 23 69
<0.25 MWt 1 3 5 1 12 22
0.25-2.0 MWt 1 = 0 4 4 9
2.1-10 MWt 6 = 2 3 6 17
>10 MWt 12* = 5 3 1 21
Pulsed/Critical 48 + 3** 1 6 grx* 5 71
Total 71 4 18 19 28 140
Civilian 54 L 15 12 27 111
Military 17 = 3 7 1 29

Table 1.3. Operational HEU-fueled research reactors  tors of unknown mode of operation. ***Includes &

by power level in thermal megawatts (MWt) and critical assemblies moved to the Device Assembly
type for selected countries and regions.3! Approxi- Facility in Nevada that are either operational or
mately half are in Russia. *Includes 5 production soon will be.

and 2 breeder reactors. **Includes 3 military reac-

Separated Plutonium

Plutonium is produced in the uranium fuel of all nuclear reactors—primarily by the
absorption of neutrons in U-238. The total spent fuel generated annually by the world’s
reactors is approximately 10,000 tons, containing about 75 tons of plutonium. Once
the U.K.s B-205 Magnox fuel reprocessing plant and THORP light-water reactor fuel
reprocessing plants are shut down, (currently scheduled for 2012) less than one-quarter
of the spent fuel generated each year will be reprocessed, even if Japan is operating its
new Rokkasho plant at its full 800 tons/year capacity. Unreprocessed spent fuel, which
in the case of the dominant light-water reactors contains about one percent plutonium,
is stored at reactor or central interim-storage sites.

The global stockpile of separated plutonium is about 500 tons. It is divided almost equal-
ly between weapon and civilian stocks, but it is virtually all weapon-usable. Separated
plutonium exists mostly in nuclear weapon states, but Japan and a few non-nuclear
weapon states in Europe also have significant stocks. Figure 1.4 summarizes the data.

Russia and the United States possess by far the largest stocks of military plutonium:
120-170 and 92 tons, respectively. Russia has declared 34 tons, and potentially up to 50
tons, of its weapon-grade plutonium excess for weapon purposes.?® The United States
has declared excess 45 tons of separated government-owned plutonium.? Their re-
spective plutonium disposition projects have not made much progress since they were
launched in the mid-1990s (see Chapter 3 of this report).

The civilian plutonium stockpile is still growing worldwide. In 2007, we estimate this
civilian stockpile will likely exceed the global military stock. Japan, which recently
began operation of a large reprocessing facility in Rokkasho, will be a major contribu-
tor to this growth until it is able to recycle plutonium into mixed-oxide fuel (MOX) as
rapidly as it separates it from spent fuel. In contrast, Germany’s stockpile of separated
plutonium is now shrinking as a consequence of Germany’s decision in the early 2000s
to stop spent-fuel shipments to the United Kingdom and France for reprocessing. Its
last shipment of spent fuel occurred in April 2005. Germany'’s utilities expect that its
final batch of separated plutonium will be converted into MOX fuel in 2013.%°
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Metric tons [MT]

200
150
50 MT
100 Data for Russia
higly uncertain 0.9 MT
+25MT : 45 MT
50
37.9MT
0.4 MT 229MT  S4MT
0 : T T —— T e T T
Belgium China France  Germany India Israel Japan  North Korea Pakistan Russia UK.  United States
33MT  4MT 5MT 1MT  0.52MT  O45MT  59MT  0.035MT 0.064 MT (3.2+ k)
MT
[ | Military stockpile [ | Previously civilian, now military stockpile
Excess military stockpile . Civilian stockpile, stored in country
Civilian stockpile, stored outside country
Figure 1.4. National stocks of separated pluto- Weapon stocks are based on non-governmental
nium.32 Civilian stocks are for December 2005 and estimates except for the United Kingdom and the
based on the latest INFCIRC/549 declarations (when United States, whose governments have made
available and with the exception of Germany, see declarations. India’s plutonium separated from
also Appendix 1B to this chapter). Civilian stocks unsafeguarded spent PHWR fuel is assigned to its
are listed by ownership, not by current location. military stockpile.

Military production. The French, UK. and U.S. Governments have announced pub-
licly that they have stopped producing and separating plutonium for use in weapons,
and China has given unofficial indications to that effect.** Russia continues to produce
about 1.2 tons of separated weapon-grade plutonium per year as an unwanted by-prod-
uct of the continued operation of three plutonium-production reactors, which supply
heat and power to nearby populations. Russia and the United States are cooperating on
a project to refurbish and build coal-fired district-heating plants to make it possible to
shut down these reactors.

India and Pakistan have not stopped production of plutonium for weapons. Israel may
also still be producing plutonium for weapons with its reactor at Dimona.** In addi-
tion, both India and Pakistan are building new unsafeguarded reactors (Figure 1.5) that
would increase their rate of production of military plutonium within the next decade.

India plans to complete construction of its first high-power plutonium breeder reactor,
the 500 MWe Prototype Fast Breeder Reactor (PFBR), by 2010. This reactor would not
be safeguarded under the U.S.-India nuclear agreement and would use unsafeguarded
plutonium extracted from India’s spent heavy-water-reactor (PHWR) fuel for its initial
core and reloads.



India’s Department of Atomic Energy has emphasized the military significance of its
fast breeder program in the debate on the U.S.-India Deal® and independent analyses
have shown that more than 140 kg of weapon-grade plutonium could be produced an-
nually in a “blanket” of natural uranium around the breeder core.*® For comparison,
the Indian reactors Cirus and Dhruva produce together an estimated 30 kg of plutonium
per year, for India’s nuclear arsenal. India is also building another two new reprocess-
ing plants, at Tarapur and Kalpakkam, which are planned to start operating within
a few years.¥” It currently has three plants, with a combined capacity of about 250
tons/year.

Khushab-3 Construction Site
(revealed in June 2007)
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Khushab-2 Construction Site
(revealed in 2006)
e

Figure 1.5. New reactors under construction in India  safeguards. It could produce up to 140 kilograms

and Pakistan. Construction of the containment ves- of weapon-grade plutonium per year. Pakistan is
sel of India’s Prototype Fast Breeder Reactor (PFBR)  building a second and third plutonium production
as of 2006, seen on the left. India has insisted that reactor at its Khushab site (right). These two reac-
this reactor is part of its national-security infra- tors would at least triple Pakistan’s production rate
structure and will not be offered for international of weapon plutonium.®

In 2006, commercial satellite imagery revealed the existence of a second plutonium
production reactor under construction at the site near Khushab where Pakistan’s first
plutonium-production reactor is located. Not much is known about its design power
level and some estimates have been very high.® At the bottom end of the range, its
production capacity would be comparable to that of the existing Khushab-1 reactor—
about 13 kilograms per year if it operated 300 days per year. More recently, in June
2007, early signs of construction activity for a third production reactor were discovered
just north of the site of the second reactor.*® Once operational, these new reactors could
at least triple Pakistan’s capacity for producing plutonium for weapons.

Pakistan seems also to have resumed construction of a second reprocessing plant at its
Chashma power-reactor site.*! This emphasis on plutonium production may indicate
that Pakistan’s nuclear weapon program, which has relied on HEU, is now shifting to
more compact plutonium-based weapons. (The critical mass of plutonium is one third
or less than that of weapon-grade uranium, depending upon the surrounding mate-
rial.) Pakistan’s reported level of mining of natural uranium is very limited.*? The de-
mands of its military HEU and plutonium-production reactor programs could move it
to conserve uranium by first using it to fuel the plutonium production reactors—which
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consume less than 20 percent of the U-235 when producing weapon-grade plutonium—
and then enriching the resulting slightly depleted uranium to weapon-grade. Both Rus-
sia and the United States did this early in their nuclear weapon programs when their
demand for natural uranium exceeded the supply.

North Korea resumed production of plutonium in its 20 MWt reactor in Yongbyon in
early 2003. In a February 2007 agreement, North Korea committed to end its pluto-
nium production—and, in mid-July 2007, the IAEA confirmed that it had done so.*

Civilian stocks and production. At present, France, India, Japan, Russia and the United
Kingdom are carrying out large-scale reprocessing and recovery of plutonium from
power-reactor spent fuel. This stemmed originally from an interest in commercializ-
ing liquid-sodium-cooled plutonium breeder reactors. So far, efforts to commercialize
breeder reactors have failed because of their high cost and the operational and safety
complications associated with using the sodium coolant, which burns on contact with
water or air.

Despite the unfavorable economics of plutonium recycle in light-water reactors, repro-
cessing continues in France and in Japan.** France recycles its plutonium in light-water
reactors and Japan hopes to do so, while Russia and the United Kingdom store their
separated plutonium. India plans to use its separated heavy-water-reactor plutonium to
fuel unsafeguarded plutonium-breeder reactors.

Aside from Japan, virtually all the countries that have been sending their spent fuel
to France, the United Kingdom and Russia to be reprocessed have decided to stop and
store their spent fuel domestically. Germany, which has already been mentioned in
this connection, was the largest reprocessing customer of France and the United King-
dom, after Japan. But Belgium, Spain, Sweden and Switzerland have also not renewed
their reprocessing contracts with France and the United Kingdom. Armenia, Bulgaria,
the Czech Republic, Finland, Hungary, the Slovak Republic and the Ukraine have not
renewed their spent-fuel reprocessing contracts with Russia. Russia has been reprocess-
ing spent fuel from only 15 percent of its nuclear generating capacity.

With the demise of its foreign reprocessing business, the United Kingdom has decided
to end its reprocessing program altogether and close its facilities. In the near term,
France and Japan will dominate the global reprocessing picture. China plans to open
a pilot civilian reprocessing plant. India proposes to build internationally monitored
reprocessing plants for the fuel from light-water reactors it seeks to import under the
U.S.-India deal.

Overall, the global stockpile of separated civilian plutonium has been growing steadily
for decades. From 1996, when all countries with civilian separated plutonium stocks—
except India—agreed to publicly declare their civilian plutonium holdings annually
to the IAEA, to 2005, the global stockpile rose from 160 tons to 250 tons, not includ-
ing the plutonium declared excess for weapon use by Russia and the United States (see
Appendix 1B).

Unlike France, Japan does not yet have a plutonium recycling program in place. There-
fore, the most significant impact on the future trend of the global stockpile of civilian
plutonium will be due to Japan’s new reprocessing plant, which began initial opera-
tions in August 2006. By December 2006, 50 tons of PWR fuel (109 assemblies) and
10 tons of BWR fuel (57 assemblies) had been reprocessed and some of the plutonium
was recovered in a 50-50 mixture of plutonium and uranium oxides.* Full-scale opera-
tion of the facility is currently expected to begin in November 2007, but completion



of the local MOX-fuel fabrication plant is not expected earlier than 2012. Japan’s plu-
tonium stockpile, therefore, is likely to grow from 40 tons today to more than 70 tons
by 2020.%

The United Kingdom, which started large scale reprocessing in the 1950s, is planning
to end this program by 2011-2012, when existing contracts at the British Nuclear Fuels’
THORP facility were to have been fulfilled.*” It is not clear that THORP will be able to
fill its contracts by that date.*® The plant was closed in 2005 following a leak—permis-
sion was given in early 2007 to restart it and work may resume later in 2007.* But
the U.K.s Nuclear Decommissioning Authority has raised the possibility of shipping
already separated British plutonium and high-level waste to the foreign reprocessing
customers, which give the United Kingdom the option of not restarting.>° The United
Kingdom has not been recycling its separated plutonium in power reactors.

The United States abandoned reprocessing in the late 1970s for economic and nonpro-
liferation reasons, but the Bush Administration has recently embraced reprocessing as
part of its proposed Global Nuclear Energy Partnership (GNEP). This proposal—like
Japan’s reprocessing—is driven principally by pressures to begin removing spent fuel
from power reactor sites.>! In the United States, unlike Japan, however, local govern-
ments are almost all allowing their nuclear utilities to build additional on-site dry-cask
spent-fuel storage.

Plutonium transport. More than 200 tons of the worlds’s separated civilian pluto-
nium, or 80 percent of the total, are stored at four sites in Europe and Russia. These are
the French reprocessing and fuel-fabrication sites at La Hague and Marcoule (together
64.2 tons, as of December 2005), the British site at Sellafield (102.3 tons) and Russia’s
Mayak facility (40 tons).

From a security perspective, the concentration of the separated plutonium at a few
sites is favorable. Due to the recycle of a large fraction of plutonium that is separated
in France, however, there are frequent transports of large quantities of separated pluto-
nium over long distances in Western Europe. In the future, there will also be frequent
transports from Western Europe to Japan. Even though Japan has now begun to oper-
ate its own reprocessing facility, there are still more than 30 tons of Japanese separated
plutonium stored in France and the United Kingdom awaiting shipment to Japan over
the next years or decades. And although Germany stopped shipping spent fuel for
reprocessing in April 2005, shipments of MOX fuel to Germany will continue until
its existing stockpiles of separated plutonium in France and the United Kingdom have
been consumed (circa 2013 in the case of France).

Fissile materials are most vulnerable to theft or dispersal when in transit.>> An average
of about 100 commercial shipments containing an average of about 300 kilograms of
civilian plutonium will take place annually worldwide over the next 15 years.* Cen-
tralizing reprocessing centers would not significantly reduce transport vulnerability
since the plutonium is recycled in many dispersed nuclear power plants. However,
co-locating the fabrication of MOX fuel with reprocessing plants reduces the danger of
theft of pure separated plutonium oxide.

Examples of transports. The 12-15,000 kilograms per year of plutonium separated at
La Hague reprocessing facility are sent in the form of plutonium oxide to the fuel-
fabrication plant at Marcoule (Melox plant), a distance of more than 1000 kilometers.
From the fuel-fabrication plant in Southern France, the MOX fuel is shipped to 6 sites
in France, where 20 reactors are licensed to use MOX-fuel, and to reactors in Germany,
Switzerland, Belgium and Japan. Figure 1.6 illustrates some of the transport paths.
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b Marcoule/

I‘ Melox 14.4 t
Figure 1.6. Sites and transport-routes of separated elsewhere. Right: In October 2004, Greenpeace
plutonium in Europe. Separated plutonium oxide activists were able to intercept a truck carrying 140
is shipped regularly from the French reprocess- kilograms of U.S. weapon-grade plutonium across
ing facilities for fuel-fabrication at Marcoule and France at a public gas station.>* [Photo courtesy of
from there to reactor sites in France, Germany, and Greenpeace/Clements]

MOKX fuel containing 12-15,000 kilograms of separated plutonium is transported each
year over distances on the order of 1000 kilometers to supply German and French
reactors.*> Reportedly, 270-300 kg of plutonium are transported per shipment from La
Hague to Marcoule for fuel fabrication.®* MOX-fueled reactors need between 400-500
kg of plutonium per year, which may be delivered in one or two shipments. Thus ship-
ments of a few hundred kilograms of plutonium—enough to make 30-60 Nagasaki
bombs—are on the roads during an average week in France and Germany.

The reprocessing and MOX programs in Western Europe, especially France, show the
scale and problems associated with the large-scale transport of plutonium for use in the
nuclear fuel cycle. Even in a relatively localized MOX-program involving two neighbor-
ing countries, huge quantities of plutonium may be on the roads a large fraction of the
time. This problem will become more acute if there is a broader reliance on plutonium-
recycling worldwide.



Ap pendix 1A. The u.s. HEU Inventory

In 2006, the U.S. Government released a detailed report on U.S. “production, acquisi-
tion, and utilization” of HEU through September 1996. The report had been completed
at the end of the Clinton Administration in 2001.%” This report and more recent decla-
rations and official briefings make it possible to discuss the evolution of the U.S. HEU-
inventory in greater detail. Figure A1.1 shows how excess weapon HEU has been shifted
to other purposes or eliminated since 1993.
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(457-200-7) 1
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Inventory [metric tons]
. Stockpile available for weapons % Civilian HEU, fresh (about 10 tons)
. Fresh naval fuel reserve \\\\\ Civilian HEU, in spent fuel
) We assume that the irradiated HEU fuel that existed
D Irradiated naval fuel by 1994 was part of the first U.S. declaration of excess
material (174 tons). This category, about 13 tons,
. Excess (to be used as civilian HEU) therefore disappears thereafter.
. Excess (irradiated, for direct disposal) ;7 :J Blended down
[—| Excess (to be blended down)
Figure 1A.1. Evolution of the U.S. Stockpile of HEU (see Table 2.1in Chapter 2 for details). Today, about
since new production ended in 1992. Prior to the 250 tons of U.S. HEU remain available for use in
first excess-declaration in 1994, the inventory was weapons—enough for 10,000 warheads. A significant

741 tons. As of mid-2007, 87 tons had been blended fraction of the HEU that has been declared excess
down. The average enrichment of the blended down  and assigned for blend-down, however, is still in
material was about 53%. The 87 tons therefore are assembled nuclear weapons.

equivalent to 51 tons of 90%-enriched uranium

The 2001 report gave the U.S. HEU inventory as 741 metric tons as of September 30,
1996 (all numbers are rounded to the nearest ton.) This number is used as the baseline
for the present discussion, even though some material (on the order of one ton) has
been returned from foreign countries in the meantime, mostly in the form of U.S. ori-
gin irradiated research-reactor fuel. Another ten tons of HEU may be returned over the
next several years.58
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1994 Inventory. Prior to a first stockpile-declaration in December 1994, there were
about 23 tons of HEU in the civilian nuclear complex: about 10 tons as fresh HEU and
13 tons in irradiated fuel. The 2001 report suggests that the 13 tons of irradiated HEU
that existed at that time are now part of the 23 tons earmarked for direct disposal. The
civilian stockpile of 10 tons of HEU, which is also needed to supply the remaining U.S.
research reactors, is carried along in the following.

1996 Inventory. In 1994, the United States declared 174 tons of its HEU inventory to be
excess.®® About 150 tons of this was in unirradiated form and to be blended-down for
use as fuel in U.S. power reactors.®!

2007 Inventory. In late 2005, the United States declared an additional 200 tons of HEU
to be excess. However, only 52 tons of this material will be blended down to LEU. Of
the remainder, 128 tons of weapon-grade uranium will be reserved for naval-reactor
fuel and 20 tons for space and research reactors.®> An additional 8 tons of HEU in spent
research-reactor fuel were subsequently added to the excess material for blend-down.
About 1 ton of this is in returned fuel from foreign reactors.

As of mid-2007, 87 tons of the total amount of HEU earmarked for blend down had
been processed.®* None of this HEU was weapon-grade (see Chapter 2).

Taken together, almost 480 tons of HEU remain in the U.S. military stockpile today,
including the 128 tons of fresh HEU reserved for naval propulsion. This total, however,
includes about 100 tons of HEU in spent naval reactor fuel, which is to be disposed of as
radioactive waste.®* This reduces the amount of unirradiated HEU in the U.S. military
stockpiles to about 380 tons. The approximately 250 tons that are currently assigned
for weapon purposes are roughly consistent with the estimated 10,000 warheads in
the U.S. active and reserve stockpiles, if one assumes an average of 25 kg of HEU per
warhead.® If the United States dismantled most of its nuclear warheads over the 2200-
deployed strategic-warhead limit agreed to for the end of 2012 under the Russian-U.S.
Strategic Offensive Reductions Treaty, it could declare excess almost another 200 tons
of its stockpile of weapon HEU.



Appendix 1B. civilian Plutonium Stockpile Declarations

The global stockpile of separated civilian plutonium has been growing steadily for de-
cades. In 1997, as part of an initiative aimed at “increasing the transparency and pub-
lic understanding of the management of plutonium” nine countries (Belgium, China,
France, Germany, Japan, Russia, Switzerland, the United Kingdom and United States)
began to declare publicly their stocks of civilian plutonium annually to the IAEA. These
declarations (INFCIRC/549) are publicly available at the IAEA website. Some countries
now add civilian HEU to their declarations. All the INFCIRC/549 declarations give the
fissile material stocks at reprocessing plants, fuel-fabrication plants, reactors, and else-
where, divided into non-irradiated forms and irradiated fuel.

Between 1996, the first year covered by the declarations, and the end of 2005 the global
civilian plutonium stockpile rose from 160 tons to 250 tons, not including the pluto-
nium declared excess for weapons use by Russia and the USA. Russia does not include
in its declaration excess weapons plutonium, whereas the United States does.

2000 2001

Belgium

(Addendum 3) not disclosed

? 0.8 1.0 0.9 0.6 1.0 0.4 0.4 0.4
65.4 72.3 75.9 81.2 82.7 80.5 79.9 78.6 78.5 81.2
30.0 33.6 35.6 377 38.5 335 32.0 30.5 29.7 30.3

0.2 |<0.05 |<0.05 | <0.05 |<0.05 |<0.05 |<0.05 |<0.05 | <0.05 | <0.05

France
(Addendum 5)

Germany’s INFCIRC/549 declarations cannot be used to reconstruct
the evolution of the German plutonium stockpile (see note below for details)
The inventory is on the order of 15 tons today

5.0 5.0 4.9 5.2 5.3 5.6 5.3 5.4 5.6 5.9
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
15.1 19.1 4.4 27.6 321 32.4 333 35.2 37.1 37.9
28.2 29.2 30.3 32.0 33.4 35.2 37.2 38.2 39.7 41.2

Germany
(Addendum 2)

Japan
(Addendum 1)

Russia
(Addendum 9)

54.8 60.1 69.1 72.5 78.1 82.4 90.8 96.2 102.6 104.9

UK. 6.1 6.1 10.2 11.8 16.6 17.1 20.9 22.5 25.9 26.5

(Addendum 8)

0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
45.0 45.0 45.0 45.0 45.0 45.0 45.0 45.0 449 45.0
United States
(Addendum 6) 0.0 0.0 0.0
0.0 0.1 0.0
Table 1B.1. Annual inventories (as of December 31, grey: stored outside the country (i.e., notincluded
2005) of civilian separated plutonium in metric in local inventory). China and Switzerland also
tons as declared through IAEA INFCIRC/549-com- make INFCIRC/549 declarations, but China’s have all
muncations. Russia’s declaration does not include been zero and Switzerland has only been declaring
its stockpile of weapon plutonium declared excess the amount of plutonium that is in fresh MOX fuelin

to military needs, whereas the U.S. declaration does  the country and not yet loaded into its reactors as of
include this material. White background: inventory the end of the year.
held in country; light-grey: foreign-owned; dark-
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The INFCIRC/549 declarations of Germany are difficult to interpret. Most recently,
Germany declared a stockpile of more than 10 tons of plutonium. The German declara-
tions note that “[d]ata on material outside Germany [...] are not available.” This sug-
gests that the declared inventory of 10 tons is held within the country. However, the
statement on the lack of data on German plutonium outside the country only applies
to separated plutonium at reprocessing facilities, i.e., mainly at La Hague. Virtually the
entire plutonium-stockpile may be stored as MOX-fuel at the French fabrication site
MELOX.

Since important legacy stocks of plutonium have been removed from Germany—no-
tably the core of the German breeder reactor SNR-300, which was stored in Hanau for
many years—we do not expect other major stocks to be present at any given time. To
account for the delivery and storage of MOX-fuel before a scheduled reload takes place,
we assume a typical stockpile of plutonium in Germany on the order of one ton at any
given time (Figure 1.4).



Cleaning up After the Cold War

Global Fissile Material Report 2007 23



24 Global Fissile Material Report 2007

Disposition of Excess Highly
Enriched Uranium

Russia and the United States have declared excess significant portions of the huge
stockpiles of highly enriched uranium (HEU) they produced for weapons during the
Cold War and have initiated programs to dispose of these materials. They also are co-
operating to reduce civilian use of HEU in other countries and retrieve the HEU that
they exported as part of their Atoms for Peace programs.

Russia has declared 500 metric tons of HEU excess to its military needs. The United
States originally declared 174.3 tons of HEU excess to military requirements and, in
2005, an additional 200 tons excess to weapon requirements (most of the latter material
will be used as naval reactor fuel). Much more HEU will have to be declared excess,
however, if the stockpiles in each country are to be reduced irreversibly below 10,000
warheads (see Chapter 1).

Most of the HEU declared excess for all military requirements will be converted to low-
enriched uranium (LEU) containing 4-5 percent U-235. This is relatively easily done by
dilution with depleted, natural or slightly enriched uranium. LEU cannot sustain an
explosive nuclear chain reaction but is used to fuel most of the world’s nuclear-power
reactors and is therefore of commercial value.

This chapter describes the progress of the Russian and U.S. HEU disposition programs
and how they could be expanded and accelerated. It also provides a brief update on the
progress of the international programs to clean out and dispose of civilian HEU. The
quantities of HEU involved are much smaller than those in the weapons programs but
civilian sites are typically much less secure than military ones. Cleaning them out may
therefore contribute more to reducing the overall danger of nuclear theft.

HEU to LEU

HEU contains 20 percent or more of the chain-reacting isotope U-235. Natural ura-
nium contains only 0.7 percent. (The process of HEU production is described in the
Appendix to this volume.)

In Russia, virtually all excess HEU comes from weapons and contains 90-percent U-
235. The process of elimination in Russia therefore begins with the conversion of HEU
weapon components into metal shavings and then the metal to oxide. The oxide is put
through a solvent extraction process to remove chemical impurities and then convert-
ed to UF, gas, which is blended with a stream of UF, gas enriched to 1.5-percent U-235.
The 1.5-percent enriched blend-stock is made by stripping more U-235 out of already



depleted “tails” from past enrichment operations.®® About 30 tons of this blend-stock
are required to dilute one ton of HEU (see Figure 2.1).

1 ton, 90% HEU

29.5 tons, 1.5% LEU —)

Figure 2.1. Schematic showing amount of 1.5-per- weapon uranium LEU for use as power-reactor fuel.
cent enriched blend-stock required to blend down Thirty tons of this LEU is sufficient to fuel a typical
one ton of excess 90-percent enriched Russian one-gigawatt reactor for 1.5 years.

In the United States, the excess HEU being blended down to LEU is from production
scrap and reactor fuel as well as from weapons and comes in a variety of forms and en-
richments. There is therefore no single U.S. blend-down process. A significant fraction
of U.S. HEU is being blended down by mixing acid solutions of HEU and blend-stock
together to produce LEU.

Disposition of Excess Russian HEU
Currently, Russia is carrying out two HEU disposition programs in cooperation with
the United States:

e The HEU Purchase Agreement, aimed at converting excess Russian weapon HEU to
LEU for export to the United States; and

* A much smaller U.S.-financed Material Consolidation and Conversion (MCC) Pro-
gram, designed to remove excess HEU that is primarily civilian from Russian research
institutes and blend it to LEU, to be left in Russia.

In addition to these two programs, Russia’s Federal Atomic Energy Agency (Rosatom) is
also using enriched uranium, which may be HEU, for blending with Western European
reprocessed uranium to be recycled in light water reactor (LWR) fuel.®” Each of these
efforts is described below.

The HEU Purchase Agreement. In 1993, the United States and Russia reached an agree-
ment under which Russia committed to blend down to an enrichment of 4 to 5 % over
a 20-year period 500 tons of 90 percent enriched uranium recovered from dismantled
warheads. The United States committed to buy the blended-down uranium for use in
LWR fuel.®® Approximately 30 tons of HEU are being blended each year and the 500-
ton agreement is to be completed in 2013. As of the end of 2006, Russia had delivered
to the United States LEU blended down from about 292 tons of HEU—the equivalent
of almost 12,000 warheads. Figure 2.2 shows the progress of the Russian and also the
U.S. blend-down program.
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Metric tons of 90% HEU Warhead equivalents
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Figure 2.2. Cumulative amounts of excess HEU Shown on the right-hand side are the number of
blended down by Russia for sale to the United warheads that could be made from this material,
States and by the United States. The Russian HEU assuming 25 kg of HEU per warhead. The U.S. quan-
is 90-percent enriched. The U.S. HEU is of various tities are relatively small, in part because almost
enrichments but represented here by tons of 90- all U.S. excess weapon-grade uranium is being set
percent HEU containing the same amount of U-235. aside for future use as naval-reactor fuel.®®

As part of their agreement, the United States and Russia established transparency mea-
sures to be used by the United States at the Russian HEU blend-down facilities and
by Russia at U.S. facilities receiving the Russian LEU for further processing. The sites
involved and the material flows between them are shown in Figure 2.3.7° U.S. inspec-
tors make several visits each year to the facilities where the HEU metal shavings are
converted to oxide. There, they can observe the whole oxidation procedure from the
beginning and use gamma-ray spectrometry to confirm that the uranium is weapon-
grade. The inspectors then attach tags and seals to the containers of oxide before it is
shipped to the blend-down facilities.

When the containers of oxide arrive at the blend-down sites, the U.S. inspectors check
the tags and seals. They can also request nondestructive analysis of the chemical com-
position and enrichment of containers of HEU oxide, observe the feeding of oxide
into a process that chemically converts the HEU to a hexafluoride form, and perform
an assay of the HEU hexafluoride withdrawn from the conversion process. The United
States also has equipment continuously monitoring the enrichments and flows of UF,
gas at the blending point. There, the 90-percent enriched HEU in one pipe and the 1.5
percent enriched blend-stock in another mix to form the LEU that flows out through
a third pipe.

Russian inspectors similarly have the right to regularly visit the U.S. fuel fabrication
facilities where the LEU is fabricated into reactor fuel.

In aggregate, these measures give the U.S. Government confidence that the LEU ar-
riving in the United States was in fact derived from weapon-grade metal and Russia
confidence that the LEU is used for fuel.
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Russia has been annually supplying the United States through the HEU deal with the
equivalent of about 5.5 million SWUs of enrichment work—about 44 percent of U.S.
nuclear-utility requirements.” The United States is currently negotiating with Russia
over what access to the U.S. market Russia will have after the HEU deal ends in 2013.
Rosatom hopes to have 20-25% of the U.S. enrichment market in the post-2013 period.
The United States has not yet agreed, but is likely to need at least that much enrichment
work from Russia.

No definite decisions have yet been announced regarding what will happen to Russia’s
large remaining quantities of excess weapon HEU when the 500-ton HEU Purchase
Agreement is completed in 2013. Sergei Kirienko, the head of Russia’s Federal Atomic
Agency (Rosatom), has repeatedly made clear, however, that Russia will not continue
to dispose of its HEU through USEC after 2013. The way in which the HEU Purchase
Agreement is currently implemented by USEC makes it less profitable for Russia than
simply selling the blended-down LEU directly on the open market.

There are many alternatives to continuing the HEU deal in its current form. For ex-
ample, if Russia could get trade barriers removed, it could sell blended down excess
HEU on the open market.”? Alternatively, Rosatom may wish to use blended down HEU
to fuel some of the reactors it plans to build in Russia and abroad. This LEU would not
need to meet Western commercial specifications and could be produced simply by
blending the HEU with natural or depleted uranium. Russia is believed to be spending
as much enrichment work stripping tails to produce the blend-stock used in the Russia-
U.S. deal as would have been required to produce the LEU from natural uranium.”?

Not needing to enrich blend-stock would free more Russian enrichment capacity for
foreign business. It also would make it much easier for Russia to blend excess HEU at a
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rate greater than 30 tons per year. Studies by Russian experts sponsored by the Nuclear
Threat Initiative (NTI) indicate that the largest constraint on Russia’s blend-down rate
is its capacity to make the 1.5-percent enriched blend-stock.”

With the end of the HEU Puchase Agreement only six years away, accelerating the HEU
blend-down rate would only make sense, however, if Russia increased the amount to
be blended down beyond the 500 tons already committed. The United States could
encourage Russia to do so by offering to let it compete for a larger share of the U.S.
enrichment market if it does so.”” The United States also could offer to ship some of
its depleted uranium to Russia on condition that some agreed amount of HEU would
be blended down. Although considered waste until recently, at current high urani-
um prices, U.S. depleted uranium could profitably be enriched by Russia’s centrifuge
plants. For example, if the relatively rich U.S. depleted uranium were used to produce
1.5-percent enriched blend-stock for the HEU Purchase Agreement, it would save Rus-
sia a great deal of enrichment work.”®

Acceleration of Russia’s blend-down rate could raise concerns about the potential dis-
ruption of the world enrichment market. If this became a problem—which appears
unlikely, given the currently tight market—it could be mitigated if Russia stored some
material it blended down until the market was ready to absorb it. The United States
could encourage this by paying Russia, as a security investment, for the cost of blend-
ing to 19-percent LEU, with Russia gaining the full commercial value when the 19-
percent stockpile was eventually blended down to 4-5 percent LEU and sold for power
reactor fuel.

Material Consolidation and Conversion (MCC) Program. The second Russian-U.S. co-
operative HEU blend-down effort is focused on excess civilian HEU in Russia’s nuclear
research institutes and the facilities that fabricate Russia’s research-reactor fuel. Many
of these facilities have large quantities of HEU (see, for example, Figure 2.4). Under
this program, the Research Institute of Atomic Reactors in Dmitrovgrad (RIAR) and the
Scientific Production Association Luch in Podolsk are funded by the U.S. DOE to buy
excess civilian HEU and blend it down to LEU. The MCC Program is interested primar-
ily in material enriched to more than 80-percent and containing more than 50-percent
uranium by weight.

MCC Program plans call for blending 17 tons of Russian civilian HEU to LEU by the
end of 2015. As of the end of fiscal year 2006, some 8.4 tons of HEU had been blended
down.”” The down-blended material is shipped to the Machine Building Plant (Russian
acronym MSZ) in Elektrostal for fabrication into reactor fuel.

Blending-up west European reprocessed uranium. Nuclear utilities in Germany, Swe-
den, Switzerland, and the Netherlands have been sending reprocessed uranium to Rus-
sia to be mixed with Russian enriched uranium to produce LEU. This is part of an
agreement in which the fuel-fabrication company, MSZ of Elektrostal, uses hardware
supplied by the French company AREVA, to produce fuel containing an equivalent
amount of LEU for the European utilities.”® MSZ has already produced more than 1000
fuel assemblies containing about 500 tons of low-enriched uranium.”



Figure 2.4. The BFS-2 Critical Assembly at
the Institute of Physics and Power Engineer-
ing (IPPE), Obninsk, Russia, has huge inven-
tories of HEU and plutonium. These include
about 700 kg of weapon-grade uranium
fuelin thousands of disks that are stacked
up in columns mixed with similar disks of
36-percent enriched HEU, depleted uranium
and plutonium to simulate large fast-reactor
cores. Since the maximum enrichmentin a
fast reactor core is less than 36-percent, the
weapon-grade uranium is not required and
could be declared excess and blended down
by the MCC Program.?°

Some sources indicate that the reprocessed uranium is being blended with HEU, origi-
nally destined for submarine and icebreaker fuel, or even ex-weapon HEU.®' If the blend-
ing were done with 90-percent enriched HEU, roughly 35 kilograms of HEU would be
required to produce each ton of LEU. For 500 tons, some 17.5 tons of HEU could have
been consumed. But a responsible Russian official reports that the material comes from
reprocessed naval and icebreaker spent fuel with an enrichment of 16-17%.%? In that
case, this program would not, strictly speaking, count as additional blending of HEU,
which is defined as containing at least 20 percent U-235.

Disposition of Excess U.S. HEU

The U.S. HEU disposition program is not as far advanced as Russia’s. This is in part be-
cause the pace of dismantlement of U.S. nuclear weapons and weapon components has
been so slow. According to DOE, some of the HEU declared excess will not be available
for down-blending until 2050.%* Most of the material being blended down is less than
weapon-grade because the U.S. Navy has requisitioned virtually all excess weapon-
grade uranium for use as naval fuel (see Chapter 1). The proposed disposition paths for
the various batches of excess U.S. HEU are shown in Table 2.1.

The blend-down of two batches of HEU to LEU for USEC to sell for power-reactor fuel
has been completed.®* HEU also is being blended down to 19.75-percent enriched LEU
for research reactor fuel. As of the end of 2006, some 2.6 metric tons of HEU had been
down-blended for this purpose. These campaigns account for more than 70 percent of
the U.S. HEU that had been blended down.

Because of contamination with artificial uranium isotopes, a substantial fraction of the
remaining U.S. excess HEU cannot easily be processed into LEU that meets U.S. com-
mercial specifications.® DOE therefore negotiated an agreement with the government-
owned Tennessee Valley Authority (TVA) to use in its reactors off-specification LEU
blended from some 40.3 tons of HEU. This HEU is in a wide range of forms: solutions,
oxides, fabricated fuel, uranium fluorides, uranium-aluminum ingots, and metal disks.
It is being dissolved and down-blended at the H-Canyon reprocessing facility at the Sa-
vannah River Site (SRS) in South Carolina and at Nuclear Fuel Services (NFS) in Erwin,
Tennessee. As of late 2006, 23 tons of this “off-spec” HEU had been blended down.®
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Destination Quantity Average Disposition Completed as of
[tons U] Enrichment Period end 2006

14 75% 1995-1998 14
Blend-down to LEU for USEC

47 43.7% 1998-2006 L7
Blend-down to off-spec. LEU for TVA 40 60.7 % 2002-2016 23
Blend-down to LEU for research 10 33.L% 2002-2016 2.6
reactor fuel
Blend-down to LEU for reliable fuel 17 71.4 % 2007-2010 0
supply

23 Not available 2010-2020 0

0 -

Blend-down to LEU, unallocated 20 1% 2007-2030 0

32 93% 2007-2050 0

8 Not available 2010-2019 0
HEU fuel for research and space 20 93% n.a. 0
reactors
Disposition as waste or blend-down 23 Not available TBD 0
to be decided
Total 254 87

Table 2.1. Disposition plans and accomplishments for U.S. HEU declared excess to military needs.®’

In total, as of mid-2007, 87 tons of U.S. excess HEU containing 45.8 tons of U-235 had
been blended to LEU (see Table 2.1).%8

In July 2007 DOE issued a contract for blending down 17.4 tons of excess HEU that the
United States had pledged to use to establish a U.S.-controlled reserve of LEU for foreign
countries that do not enrich their own LEU if their suppliers fail to deliver.®? The plan
is to complete blending down 9.3 tons by March 2009.%°

For the remaining excess U.S. HEU, 75 tons is designated for down-blending to LEU for
commercial use.”’ The pace of blending of this material is expected to be slow. For fis-
cal year 2010 and beyond, DOE only plans to blend about 3 tons of HEU per year.”? At
25 kg average per warhead, this corresponds to the equivalent of about 120 warheads
per year, which is close to the estimated rate of dismantlement of excess U.S. warheads
in recent years. Given the planned increase in this dismantlement rate to perhaps 300
warheads per year (see Chapter 5), the blend-down rate also could increase.

The United States has invited the IAEA to monitor a portion of the U.S. HEU disposi-
tion effort. In a “verification experiment,” the IAEA confirmed the down-blending of
3.5 tons of HEU at a USEC facility in Portsmouth, Ohio, and monitored blend-down of
46.6 tons of HEU at BWX Technologies. There does not appear to be any international
monitoring in place at Nuclear Fuel Services or at the DOE’s Savannah River or Y-12
sites, however, where the remainder of the U.S. HEU blend-down is being carried out.
There is also no bilateral monitoring with Russia comparable to that associated with
the HEU Purchase Agreement.

Disposition of Civilian HEU in other Countries

There are about 20 tons of civilian HEU in countries other than the United States and
Russia, of which about half is in non-weapon states.”* Much of it is excess to any current
or likely future fuel needs. All but a few percent of this material was supplied by either
the United States or Russia, and both the United States and Russia are now engaged in



active programs to take some of this material back or otherwise arrange appropriate
disposition for it.** The U.S. program is managed by the DOE’s Global Threat Reduction
Initiative (GTRI).

As part of the Bush-Putin nuclear security initiative launched at the Bratislava sum-
mit in early 2005, Russia and the United States hope to remove or otherwise dispose
of all of the estimated 2.2 tons of Russian-origin HEU outside of Russia. As of the end
of 2006, some 0.5 tons of HEU, including 60 kilograms in irradiated fuel, had been
returned to Russia under this program. Under current plans, all of the HEU currently
outside of reactor cores is to be removed or blended down by the end of 2010. The re-
mainder is to be removed by the end of 2015, after it has been discharged from reactors
and cooled enough for transport.”> Once in Russia, the fresh HEU is blended down to
LEU at the Luch and Dmitrovgrad facilities. The irradiated fuel is reprocessed and its
HEU blended down to LEU in the Mayak facility.

Some Russian-origin material in Kazakhstan, the Ukraine, and Belarus is likely to be
blended down in those countries. In a program largely financed by the private Nuclear
Threat Initiative, Kazakhstan has already blended down 2.9 tons of unused HEU fuel
(enriched to 22-26%) that had been destined for the BN-350 fast-neutron reactor.”®

An estimated 17.5 tons of U.S.-origin HEU that was shipped abroad had not been re-
turned as of the beginning of the U.S. take-back program in 1996.”7 Of this, some 5.2
tons—roughly one-third—was in fuel eligible for take-back (currently aluminum-based
and TRIGA reactor fuels and target material from isotope production). DOE estimates
that, after irradiation, this eligible material now contains 3.6 tons of HEU.%®

Several countries are not planning to take advantage of the take-back offer, however. As
of mid-2007, 1.14 tons HEU had been returned and DOE expected the return of only an
additional 110 kg by the end of the program.*

When returned to the United States, aluminum-based fuel is sent to the DOE’s Savan-
nah River Site where DOE currently plans to reprocess it in the H-Canyon.*® TRIGA
fuels are being shipped to the Idaho National Laboratory and will probably be placed
in a geological radioactive waste repository.

The remaining 12.3 tons of the original HEU not currently eligible for the U.S. take-
back program is mostly in Europe, Canada, or Japan. Small but significant quantities
are in many other countries, however. A modest fraction of this material has already
been reprocessed abroad, and more is slated for reprocessing in the future. For much of
the rest, however, no definite disposition path has been identified.

GTRI therefore has launched an effort known as the “Emerging Threats and Gap Ma-
terials” program designed to dispose of potentially vulnerable material not covered by
other efforts. This material includes HEU that is neither of U.S. or Russian origin. The
new program removed its first 83 kilograms of HEU during fiscal year 2006, (fresh,
unirradiated HEU from Belgium, Canada and the Netherlands).!”!

The GTRI hopes to remove a total of 1.4 tons of material in this program by the end
of 2013. Several disposition paths are being pursued. Unirradiated HEU is to be added
to the stocks of excess U.S. HEU at the DOE’s Y-12 facility in Tennessee, from where it
is to be sent to Nuclear Fuel Services or Savannah River for blending. Some spent HEU
fuel is to be reprocessed at La Hague, France. In addition, DOE is currently considering
whether additional HEU and plutonium can be imported into the United States.!%*
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Even if successful, however, all these programs will leave many tons of HEU at research
reactors and associated sites outside the United States and Russia.

Conclusion

HEU is being eliminated on a large scale by blending down to LEU for commercial
use. The primary Russian HEU down-blending program will end in 2013, however.
The scale of the U.S. effort has been limited by the U.S. Navy’s requisition of almost
all excess weapon-grade uranium for its fuel stockpile. And the rate of the U.S. blend
down now appears to be limited—at least in part—by the leisurely pace of U.S. warhead
dismantlement. The efforts in both countries need to be expanded and accelerated.

Russia and the United States therefore should immediately begin discussions on blend-
ing large additional quantities of excess weapon HEU to LEU. Given the current high
price of natural uranium—which is anticipated to last at least a decade—both countries
could realize billions of dollars.

This approach would contribute to deep and irreversible nuclear arms reductions,
strengthen international political support for the nonproliferation regime, and reduce
the costs and risks of guarding HEU.

Reductions in excess stocks of civilian HEU should be pursued with equal urgency. If
the United States, Russia, and other countries work together to ensure that unneeded
civilian HEU is consolidated in secure locations and blended down, the number of
civilian sites with enough HEU to make a bomb could be reduced dramatically within
a few years. In the longer term the goal should be to eliminate the use and presence of
HEU at all civilian facilities.



Disposition of Excess Plutonium

During the Cold War, the Soviet Union and United States produced huge quantities of
plutonium for weapons. In the early 1990s, following substantial cuts in their nuclear
arsenals, Russia and the United States began discussing what to do with their excess
weapon materials and, in 2000, concluded a Plutonium Management and Disposi-
tion Agreement (PMDA), committing each to eliminate 34 tons of excess weapon plu-
tonium.'

The most urgent steps to be taken with this excess plutonium—and with all other
separated plutonium worldwide—are to ensure that it is secure and under international
monitoring to increase confidence that these stocks will not be used in weapons. In the
longer term, however, these excess stocks should be physically transformed into forms
from which it would be expensive and difficult to recover for use in weapons.

Applying disposition only to the 34 tons of plutonium in each country currently cov-
ered by the U.S.-Russian agreements would have little benefit for international security,
however, unless it was a first step toward disposition of much larger quantities of excess
plutonium. For Russia, 34 tons of plutonium represents about a quarter of its total stock-
pile of 120-170 tons of weapon-grade plutonium. For the United States, it is just over a
third of its total stockpile of 92 tons of separated plutonium—including plutonium that
is not weapon-grade (see Chapter 1). If the United States and Russia disposed of larger
fractions of their plutonium stockpiles, it would make deep nuclear arms reductions
more difficult to reverse and constitute a step toward fulfilling their Nonproliferation
Treaty commitments. This would help build political support for strengthening the
nonproliferation regime.

Disposition also could facilitate consolidation of excess plutonium into smaller num-
bers of secure sites.!% It is not likely, however, that disposition of the 34 tons of excess
weapon plutonium by each country will substantially reduce the risk of nuclear theft.
This plutonium is some of the most secure in either country and some of the build-
ings where it resides are likely to still contain tons of plutonium when its disposition is
complete. If the highest practicable standards of security and accounting are not main-
tained during processing and transport, in terms of the danger of theft, the disposition
cure could be worse than the disease of excess stockpiles.

Unfortunately, disposition of the U.S. and Russian excess weapon plutonium has yet to
begin. The original schedules on both sides have slipped by more than seven years and
the estimated costs have more than doubled.
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This chapter describes disposition options and assesses the Russian and U.S. programs.
The discussion is also relevant to the problem of disposing of the world’s growing
stocks of separated civil plutonium—especially in the United Kingdom, which cur-
rently has no disposition plan.

Plutonium Disposition Options

Unlike highly enriched uranium (HEU), weapon-grade plutonium cannot simply be
eliminated as a potential weapon material by dilution with a non-fissile isotope. All
plutonium isotopes can support an explosive chain reaction and only plutonium-238,
which is available in only relatively small quantities, is considered unusable for weap-
ons. Nuclear weapon designers prefer to use weapon-grade plutonium, containing typi-
cally more than 90 percent Pu-239 because other isotopes generate far more heat and
spontaneous neutrons. Nevertheless, even a simple Nagasaki-type design made from
power reactor plutonium, which contains only 50-60 percent Pu-239, would have an
assured yield in the kiloton range. Advanced nuclear weapon states can make nuclear
weapons with reactor-grade plutonium that have yield, reliability, and weight compa-
rable to those made from weapon-grade plutonium.!® Table 3.1 lists the isotopics of
typical plutonium compositions. Additional properties of plutonium are summarized
in the Appendix to this report.

Pu-238 Pu-239 Pu-240 Pu-241 Pu-242 Am-241

Super-grade = 98.0% 2.0% = = =
Weapon-grade 0.01% 93.8% 5.8% 0.13% 0.02% 0.22%
Fuel-grade 1.2% 70.9% 15.4% 6.4% 1.9% 4.2%
Reactor-grade (33 GWd/t) 1.3% 60.3% 24.3% 5.6% 5.0% 3.5%
Reactor-grade (50 GWd/t) 2.7% 47.0% 26.0% 9.0% 9.0% 6.0%
MOX-grade 1.9% 40.4% 32.1% 10.7% 7.8% 7.1%
Fast breeder reactor blanket © 96.0% 4.0% = = =

Table 3.1. Isotopic contents of different plutonium grades.'%

An extensive two-volume study from the U.S. National Academy of Sciences (NAS),
published in the mid-1990s, laid out potential plutonium-disposition options.!?”

One option would be to store excess inventories of separated plutonium indefinitely
in high-security facilities, such as that built with U.S. assistance near the Mayak re-
processing facility in Russial®® and its U.S. counterparts such as the Device Assembly
Facility in Nevada (see Figure 4.2