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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).



Global Fissile Material Report 2010140

HEU (and contained U-235) in tons

Original Exports 
though 1994794

After retransfers & 
returns, end of 1992795

Exports less returns, 
1995 – May 2010796

European Union before 1993 
(Austria, Belgium, Denmark, Germany,
Greece, Italy, Netherlands, Portugal,
Spain)

12.0 (8.3) 7.9 –0.24 (0.19)

Canada 2.2 (2.0) 1.2 0.14 (0.13)

Japan 2.1 (1.0) 2.0 –0.66 (0.35)

All others (Argentina, Australia, 
Brazil, Chile, Columbia, Iran, Jamaica, 
Mexico, Philippines, Romania, South 
Africa, South Korea, Norway, Slovenia, 
Sweden, Switzerland, Taiwan, 
Thailand, Turkey)

0.27 (0.24)
0.48 –0.45 (0.36)

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

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

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

of fissile metal barely large enough to sustain a 

fission chain reaction in the absence of any material 

around it. Uranium-235 and plutonium-239 are 

the key chain-reacting isotopes in highly enriched 

uranium and plutonium respectively. Uranium-

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

plutonium-239, reactor-made fissile isotopes and 

could potentially be used to make nuclear weapons 

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

other than experimental devices. 

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

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

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

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

nically less sophisticated “gun-type” method used 

in the Hiroshima bomb (left), a subcritical projectile 

of HEU is propelled towards a subcritical target of 

HEU. This assembly process is relatively slow. For 

plutonium, the faster “implosion” method used 

in the Nagasaki bomb is required. This involves 

compression of a mass of fissile material. Much less 

material is needed for the implosion method be-

cause the fissile material is compressed beyond its 

normal metallic density. For an increase in density 

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

one quarter of its normal-density value.

For either design, the maximum yield is achieved when the chain reaction is initiated 
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) 8 kg 25 kg*

1st-generation gun-type weapon n/a 50 – 60 kg 20 kt Hiroshima

1st-generation implosion-type weapon 5 – 6 kg 15 – 18 kg 20 kt Nagasaki (6 kg Pu)

2nd-generation single-stage weapon 4 – 5 kg 12 kg 40 – 80 kt (levitated or boosted pit)

Two-stage low-yield weapon 3 – 4 kg Pu and 4 – 7 kg HEU 100 – 160 kt W76

Two-stage medium-yield weapon 3 – 4 kg Pu and 15 – 25 kg HEU 300 – 500 kt W87/W88

Two-stage high-yield weapon 3 – 4 kg Pu and 50+ kg HEU 1 – 10 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



Global Fissile Material Report 2010154

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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Chapter 9. India
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Geneva, Homi Bhabha, the founder of the Indian nuclear program, explicitly stated “it is the inten-
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with serious developmental work for enrichment of uranium-235. This lacuna must be made good 
in view of the present evaluation of gas centrifuge technology … Substantial Research and Develop-
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tains Full Power Operation,” The Hindu News Update Service, 19 November 2004.
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of the time. 
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responds to capacity factors of 45.1 percent and 49.6 percent for CIRUS and Dhruva respectively. 
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for CIRUS and Dhruva respectively. It seems from the speech that these figures refer only to the 
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ability factors of CIRUS and Dhruva in the 2006 – 07 Annual Report of the Department of Atomic 
Energy. 

615. 	�In the 1990s, U.S. Government experts cited lifetime capacity factors of 40% for these reactors.. In 
the late 1980s, there were problems with fabricating fuel for CIRUS, and the reactor was operated 
at 20 MWt for six months beginning August 1989 to conserve fuel. Similarly, there are reports of 
design problems with Dhruva leading to its operating power being reduced to 80 MWt, during the 
first decade of its operations, Hibbs, “Dhruva Operating Smoothly within Refueling, Availability 
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617. 	� We emphasize that these are lifetime capacity factors and there would be specific years when the reac-
tor would operate with higher and lower capacity factors. The two periods where normal operations 
are not assumed are 1985 to 1988 in the case of Dhruva, when we assume a capacity factor of 0.25, and 
1990 to 1997 for CIRUS, when it is assumed to be operating at 80 % of its average capacity factor.

618. 	�The decision to construct it was taken in July 1958 and the plant started operating in 1964, C. V. 
Sundaram, L. V. Krishnan, and T. S. Iyengar, Atomic Energy in India: 50 Years, Department of Atomic 
Energy, Government of India, Mumbai, 1998. The first quantities of plutonium oxide and samples 
of plutonium metal were produced later that year or early the following year. The Trombay plant was 
designed initially to reprocess 30 tons of spent fuel per year. The plant “failed to work properly for 
almost seven years after formal commissioning. The chief problem was the separation of plutonium 
from the fission products. The concentration of the latter in the final product continued to be too 
high for the material to be handled and used for any purpose”, Ashok Parthasarathi, Technology at 
the Core: Science and Technology with Indira Gandhi, Pearson Longman, New Delhi, 2007, p. 17. This 
presumably was solved by the late 1960s because the plant did produce enough plutonium to set up 
a low energy critical system called PURNIMA (Plutonium Reactor for Neutron Investigations in Mul-
tiplying Assemblies) facility in 1972 that was used to verify neutronics calculations in preparation 
for the 1974 test. The Trombay reprocessing plant had to be shut down in 1972 for decontamination 
and partial decommissioning. The process took till 1983. When the plant was recommissioned its 
capacity was increased from 30 to 50 tons/year. The Trombay plant was also shut down from 2004 
to 2006 or 2007 for “major revamping”. The assumption here is that the Trombay reprocessing plant 
has operated at a capacity factor of 70% on average except between 1972 and 1983, and 2004 and 
2006.

619. 	� This should not be surprising because there could have been only a modest stockpile of plutonium 
after the 1974 nuclear test, which wasn’t growing because the Trombay reprocessing plant was down. 
CIRUS fuel was reprocessed during the first three campaigns on PREFRE in 1978 – 79, 1980 – 81, 
and 1982 – 83, Annual Report 1977 – 1978, Department of Atomic Energy, 1978, p. 52; Annual Report 
1978 – 1979, Department of Atomic Energy, 1979, p. 32; Annual Report 1979 – 1980, Department of 
Atomic Energy, 1980, p. 28; Annual Report 1980 – 1981, Department of Atomic Energy, 1981, p. 31; 
Annual Report 1981 – 1982, Department of Atomic Energy, 1982, p. 26; Annual Report 1982 – 1983, 
Department of Atomic Energy, 1983, p. 31.

620. 	�In 1995, the U.S. Congress’s Office of Technology Assessment reported that the PREFRE plant was 
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ent”, Nuclear Safeguards and the International Atomic Energy Agency, U.S. Congress, Office of Technol-
ogy Assessment, 1995, p. 117. Based on DAE annual reports, it is clear that these campaigns involved 
spent fuel from the two reactors at the Rajasthan Atomic Power Station that were imported from 
Canada and were under safeguards. The stores of plutonium recovered from these campaigns are 
still under safeguards.

621. 	�This assumes that the plutonium concentration in the spent fuel is 0.9 kg/t. According to the MCNP 
calculations described in Appendix B, this corresponds to a burnup of about 1200 MWd/tU and a 
plutonium-239 content of nearly 94 %.

622. 	�Even without trying to optimize these PHWRs for weapon-grade plutonium production, the first 
spent fuel discharges from PHWRs have relatively low burnup and contain small concentrations of 
the higher isotopes of plutonium. 

623. 	�Refuelling typically starts once the core has been operating for about 100 full-power days (FPD) 
when the excess reactivity in the initial core has fallen to a small value, Shao-hong Zhang and Ben 
Rouben, “CANDU Fuel Management,” China Journal of Nuclear Power Engineering, Vol. 20, No. 6, 
1999. The core reaches equilibrium around 400 to 500 FPD. Assuming that 500 FPD corresponds 
to a burnup of 7000 MWd/tU, 100 FPD would correspond to about 1400 MWd/tU. The plutonium-
239 fraction remains above 90 percent for a burnup of just under 2000 MWd/tU; see Appendix B. 
This would correspond to about 140 FPD of operations. There are 3672 fuel assemblies in each 220 
MWe (756 MWth) reactor. Therefore, the power generated by each assembly is 0.206 MWth. At a 
burnup of 7000 MWd/tU, the energy generated by each assembly, which has 13.4 kg of uranium, 
should be 93.8 MWthd. Therefore, each fuel assembly stays for about 455 FPD in the reactor core. 
In other words, at equilibrium, each day 8 fuel assemblies are discharged. Therefore, about 320 fuel 
assemblies would have accumulated by the time the reactor achieves 140 FPD of operations. At these 
burnups, the amount of plutonium produced is roughly 1.4 g/kgU. In all, therefore, there would be 
about 6 kg of plutonium. The assumption here is that the only deliberate action performed to get 
this weapon-grade plutonium is to reprocess the first discharges separately, without any changes in 
the way the reactor is fueled or operated. This estimate corresponds roughly to the 5 kg that others 
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have used, David Albright, Frans Berkhout, and William Walker, Plutonium and Highly Enriched Ura-
nium 1996: World Inventories, Capabilities and Policies, SIPRI, Oxford University Press, 1997, p. 268.
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626. 	�The amount of plutonium that would have fissioned in this pulsed reactor is relatively small. 
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volved in the test, the design involved a “device” that weighed about 1500 kg, with 5 – 7 kilograms 
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630. 	�T. S. Gopi Rethinaraj, “Tritium Breakthrough Brings India Closer to an H-Bomb Arsenal,” Jane’s Intel-
ligence Review, January 1998.

631. 	�In the 1990s, PREFRE was reportedly running “substantially” below its nominal capacity, with an 
average capacity factor of 25 %, Mark Hibbs, “PREFRE Plant Used Sparingly, BARC Reprocessing Di-
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632. 	�More precisely, the assumption is that PREFRE was down during all of 2002, had a capacity factor of 
25 % for the period from 1987 to 1992, 35 % for subsequent years when PREFRE is reported as being 
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trations were significantly higher, and would therefore lead to higher estimates of plutonium produc-
tion. See for example Albright, Berkhout, and Walker, 1997, op. cit. 
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637. 	� This implies that KARP has an effective lifetime capacity factor of 65 %. Given what is known of 
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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.



Global Fissile Material Report 2010 211

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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would be an important step on the path to achieving 
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