








controls would be required including unrestricted access by international inspectors to
the territory of all states to detect possible misuse of the peaceful atom as well as pos-
sible clandestine nuclear activities dedicated to making nuclear bombs. In the memo,
Szilard argued:

“That there may be dangerous loopholes in control systems which
might be set up is illustrated by events that took place after the
First World War. At that time there were many Germans who
were willing to give information to the Inter-allied Commission
about violations of the control regulations, but those who actu-
ally did so were publicly tried under the German Espionage Law
and were given heavy sentences. The Treaty of Versailles did not
stipulate that the German Espionage Law must be revoked.

Clearly, it would be desirable to create a situation, which would
permit us to appeal in various ways to physicists and engineers
everywhere for information that would uncover violations of the
controls. This would give us additional assurance that such vio-
lations would be detected, but it presupposes that we succeed in
creating conditions that would enable us to guarantee the per-
sonal safety of their families.”

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

Figure 9.1. Leo Szilard (1898-1964), the
scientist who introduced the concept of
societal verification in the nuclear age, here
in September 1949 reading of the onset of
the U.S.-Soviet nuclear arms race, which

he anticipated and warned against. Credit:
Argonne National Laboratory, courtesy AIP
Emilio Segre Visual Archives.
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After the war, Szilard and others elaborated on these ideas, specifically in the context
of detecting violations of treaties and agreements in the area of nuclear weapons such
as a ban on nuclear testing or a ban of nuclear weapons altogether.

Obviously, societal verification, including whistle-blowing, can be and has been
applied in monitoring agreements and reporting violations in many other con-
texts, e.g.,, human rights, humanitarian assistance, and environmental protection.
Although a detailed discussion of these other areas would carry us too far afield, we
mention them briefly below in those cases where the experience gained might provide
useful lessons for the application of societal verification in the nuclear area.

An International Duty?

The most vigorous proponent of societal verification in recent years, particularly in the
context of verifying a nuclear-weapon-free world, was the late Joseph Rotblat. A paper
he wrote in 1993 provides a useful summary of previous work in this area, mostly dat-
ing from the 1950s and 1960s, as well as his own views about the role of societal verifi-
cation in a nuclear-weapon-free world and the importance of and obstacles involved in
enlisting ordinary citizens as well as scientists and technologists.?”

Figure 9.2. Sir Joseph Rotblat (1908-2005),

a Manhattan Project scientist, one of the
founders of the scientists’ Pugwash move-
ment, and a strong advocate of societal
verification. Rotblat, a Nobel Laureate, was
a leading supporter of Israeli whistle-blower
Mordechai Vanunu, arguing that Vanunu‘s
exposure of Israel‘s nuclear weapon pro-
gram was an act of conscience. Credit: Peter
Hénnemann.

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



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

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

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

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

“At present, loyalty to one’s nation is supreme, generally overrid-
ing the loyalty to any of the subgroups. Patriotism is the dogma;
‘my country right or wrong’ the motto. And in case these slogans
are not obeyed, loyalty is enforced by codes of national criminal
laws. Any transgression is punished by the force of law: attempts
by individuals to exercise their conscience by putting humanitar-
ian needs above those dictated by national laws are denounced
by labeling those individuals as dissidents, traitors or spies. They
are often severely punished by exile (Sakharov), long-term prison
sentences (Vanunu), or even execution (the Rosenbergs).

The time has now come to develop, and recognize consciously,
loyalty to a much larger group, loyalty to mankind. [...] Among
scientists the feeling of belonging to mankind is already well
developed. Science has always been cosmopolitan in nature; its
methods and ethics are universal, transcending geographical
frontiers and political barrier. Because of this, scientists have de-
veloped the sense of belonging to the world community, of being
citizens of the world. [...] This new loyalty is necessary for the
protection of the human species, whether nuclear weapons are
eliminated or not. But the recognition of the necessity of this
loyalty, and the education of the general public about this need,
would be of momentous importance in ensuring compliance
with a treaty to eliminate nuclear weapons.”
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The historical record with regard to scientists acting as citizens of the world and not
of individual states, especially with regard to the development of weapons of mass
destruction, is not encouraging, however.>”® The involvement in work on chemical
weapons by the eminent German physical chemist, Fritz Haber; the work on nuclear
weapons by Soviet scientist and later human-rights activist, Andrei Sakharov; and the
work on Soviet biological weapons by Ken Alibek offer important examples.

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

Unlike Haber, Sakharov, a leading Soviet nuclear weapon designer, acknowledged the
terrible nature of the weapons he and his colleagues built after World War II. But they
were also convinced that the effort to keep pace with the United States in the nuclear
domain was essential, and the dedication and energy they brought to their work was
characteristic of “a true war psychology.”**° The Soviet Government rewarded them
amply for their successful efforts, and it was only later, after nuclear parity with the
United States had been achieved, that Sakharov began to speak out publicly about the
dangers of the nuclear arms race. His behavior was hardly unique: like their fellow
citizens, many scientists become convinced of their patriotic duty to aid their country
when its national security is threatened by external powers, and only have second
thoughts later, if at all.

Moreover, when Haber and Sakharov were engaged in the development of chemical
and nuclear weapons, respectively, there were no international treaties or agreements
prohibiting such work. This was not true in the case of Ken Alibek, however, who was
informed after joining Biopreparat, the principal Soviet agency for R&D in biological
weapons, in 1975, that the work he would be engaged in violated the 1972 Biological
and Toxins Weapons Convention, of which the Soviet Union was a signatory. He was
also told that the United States had a secret biological weapons program, however, and
on this basis had no difficulty in engaging in his assigned tasks, which had the add-
ed attraction of involving significant technical challenges. Alibek later left the Soviet
Union and revealed the details of the Soviet biological weapons program.8!

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



Figure 9.3. Two of the pictures taken by Vanunu A front-page story, based on this information, was
inside Dimona in or before 1985, showing mock-up published by the Times on 5 October 1986. By that

bomb components (left) and a control room of the time, however, Vanunu had been kidnapped by
Dimona plant (right). Vanunu shared these photos, Israeli intelligence agents and taken to Israel where
along with his notes about the operation of the he was tried in secret and sentenced to 18 years in

facility, with reporters for the London Sunday Times.  prison.

A small group of individuals, including Joseph Rotblat, supported Vanunu through
his arrest, trial and punishment on the grounds that, on the one hand, the existence
of a nuclear arsenal in Israel was already well-known and, on the other, that Vanunu
acted out of a genuine concern that this secret, advanced nuclear arsenal was a threat
to world peace. Thus, while he may have committed a crime in the sense of violating
the Israeli Official Secrets Act—which Vanunu claims he signed before being informed
that he would be working on nuclear weapons—Rotblat and others considered Vanunu
to be a bona fide whistle-blower and a true prisoner of conscience, whose punishment,
which included being kept in solitary confinement for ten years, was unduly harsh.?33

Vanunu revealed new, concrete evidence of a large and sophisticated nuclear arsenal,
and, in so doing, raised troubling questions about Israeli nuclear policy. However, since
Israel is not a signatory of the NPT, its acquisition of nuclear weapons, which it has
decided not to publicly acknowledge, does not violate international agreements. The
issue then is the tension between a country’s desire to keep secret certain information
about its activities, especially relating to national security, and the right of insiders to
blow the whistle, even if they violate security regulations in doing so.

Lessons for the Nuclear Domain?

There is a growing effort to better understand the opportunities and challenges of us-
ing whistle-blowing and other sources of information to uncover nuclear programs.
In an important analysis, Ronald Mitchell examined how non-governmental “actors,”
and non-governmental organizations (NGOs) in particular, could help in identifying
undeclared nuclear facilities.?®* Such groups have shown themselves capable and will-
ing to assist international regimes in contexts such as human rights, humanitarian
assistance, and environmental protection by accurately and honestly monitoring and
reporting violations of international treaties and agreements in these areas. Mitchell
describes such actions as a “fire alarm” system and contrasts it to traditional safeguards
procedures of the International Atomic Energy Agency, which he refers to as a “police
patrol” system.
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The limitations of the safeguards system came to prominence as a result of the failure of
the IAEA to detect nuclear facilities in Iraq prior to the conclusion of the 1991 Gulf War —
and remain a major concern for non-proliferation policy. While subsequent efforts to
address this problem by increasing the IAEA’s authority to conduct more intrusive and
unannounced inspections on the one hand, and to utilize intelligence information
supplied by member states on the other, are both useful they have basic limitations.
The Iraqi experience has not eliminated most states’ resistance to such inspections.
Moreover, the resources that the IAEA can devote to such activities are limited. While
“fire alarms” by member states related to clandestine activities can be very valuable, the
IAEA has to very cautious in using such information as the states ringing the alarm of-
ten have their “own axes to grind,” and also may demand unacceptable quid pro quos.

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

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

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

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

We discuss these requirements in turn in the following.

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

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

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



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

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

Figure 9.4. The Al Kibar site in Syria in August and and efforts were underway to clean-up the site. In
October 2007. On 6 September 2007, Israel attacked May 2008, the IAEA informed Syria that it intended
a target inside Syria. Analysts with the Institute for to send a team of inspectors to Syria to “review all

Science and International Security (ISIS), a Wash- available information and to visit the Dair Alzour

ington-based group, acquired commercial satellite [Al Kibar] site and three other locations alleged by
imagery taken before and after the raid and were some Member States to be of relevance.”® Credit:
able to pinpoint the site of the attack (35.708 N, Google Earth (August 2007) and Digital Globe/ISIS

39.833 E). A box-shaped building had disappeared (October 2007).
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Understandably, states that provide intelligence information must protect their sources.
This requires that the IAEA to be very cautious in evaluating and acting on such infor-
mation, however, since accusations that prove to be false alarms entail significant po-
litical costs. Accepting information from non-state actors could considerably increase
the difficulty of distinguishing false from true alarms. Even assuming that most out-
sider NGOs have strong incentives to accurately report their findings, the information
provided by insiders is potentially much more valuable, while also generally being
more difficult to verify.

The larger political problem is that while some countries welcome the opportunity
to provide select information to the IAEA about illicit nuclear activities in states they
consider to be “rogues,” they are much less enthusiastic about empowering non-state
actors to do the same because of concerns that the latter might blow the whistle on
questionable activities within their own borders, particularly with regard to matters
related to national security.

For their part, many insiders will only provide information if they can do so without
revealing their identities. Here, technology may be coming to the rescue. Various po-
tential methods have recently been described that use proxy computers in countries
that don’t censor the internet to assist people to communicate their information un-
traceably.?8®

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

There is, in fact, already a precedent in the field of human rights. The International
Criminal Court, charged with prosecuting cases of genocide, provides in its founding
treaty, the Rome Statute, that individuals or organizations may submit information on
crimes within the jurisdiction of the Court and that “witnesses” must be protected.
Such information from a non-state party is called a “communication.”3%°

The ICC procedure is clearly defined:

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

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



The obligation to protect witnesses (Article 43.6 of the Rome Treaty) states that

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

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

Conclusion

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

Regarding the need of societal verification for disarmament, there is no doubt that
advances in technology can make traditional verification means more sensitive, hence
less ambiguous, as well as less intrusive and more cost effective. A system for sounding
the alarm on suspicious activities will still be needed, however, as a complement to
traditional verification.

Regarding the need of disarmament to make societal verification possible, despite con-
siderable support in the nonproliferation community for universal implementation
of the Additional Protocol to IAEA Safeguards, including the possibility of extending
its current reach via, e.g., wide area environmental sampling, there is also significant
resistance to such initiatives without a concomitant commitment on the part of the
weapons states to disarmament. The need for such a quid pro quo will also be true in
the case of societal verification. For example, Rotblat’s vision of changing the mindset
of scientists from citizens of a particular country to “citizens of the world” cannot
be realized selectively. It is reasonable to expect that only when scientists in nuclear
weapon states stop work on such weapons will their peers in other countries refuse to
participate in such programs and blow the whistle on those who do.
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Appendix A
Fissile Materials and Nuclear Weapons

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

Explosive Fission Chain Reaction

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

Figure A.1. An explosive fission chain-reaction
releases enormous amounts of energy in one-mil-
lionth of a second. In this example, a neutron is
absorbed by the nucleus of uranium-235 (U-235),
which splits into two fission products (barium and
krypton). The energy set free is carried mainly

by the fission products, which separate at high
velocities. Additional neutrons are released in the

process, which can set off a chain reaction in a
critical mass of fissile materials. The chain reaction
proceeds extremely fast; there can be 80 doublings
of the neutron population in a millionth of a second,
fissioning one kilogram of material and releasing an
energy equivalent to 18,000 tons of high explosive
(TNT).



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.

Bare critical mass [kg]
100

80

U-233 U-235 Pu-239 Np-237 Am-241

Figure A.2. Bare critical masses for some key fissile ~ uranium and plutonium respectively. Uranium-
isotopes. A bare critical mass is the spherical mass 233, neptunium-237 and americium-241 are, like

of fissile metal barely large enough to sustain a plutonium-239, reactor-made fissile isotopes and
fission chain reaction in the absence of any material  could potentially be used to make nuclear weapons
around it. Uranium-235 and plutonium-239 are but have not, to our knowledge, been used to make
the key chain-reacting isotopes in highly enriched 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).

Gun-type assembly method Implosion assembly method

Conventional Sub-critical High-explosive Plutonium core
chemical pieces of uranium-235 lenses compressed
propellant combined

Figure A.3. Alternative methods for creating a
supercritical mass in a nuclear weapon. In the tech-
nically less sophisticated “gun-type” method used
in the Hiroshima bomb (left), a subcritical projectile
of HEU is propelled towards a subcritical target of
HEU. This assembly process is relatively slow. For
plutonium, the faster “implosion” method used

in the Nagasaki bomb is required. This involves
compression of a mass of fissile material. Much less
material is needed for the implosion method be-
cause the fissile material is compressed beyond its
normal metallic density. For an increase in density
by a factor of two, the critical mass is reduced to
one quarter of its normal-density value.

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

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

In a thermonuclear weapon, the nuclear explosion of a fission “primary” generates
X-rays that compress and ignite a “secondary” containing thermonuclear fuel, where
much of the energy is created by the fusion of the light nuclei, deuterium and tritium
(Figure 5.2 in Chapter 5). The tritium in the secondary is made during the explosion
by neutrons splitting lithium-6 into tritium and helium.



Modern nuclear weapons generally contain both plutonium and HEU. Both materials
can be present in the primary fission stage of a thermonuclear weapon. HEU also is
often added to the secondary stage to increase its yield without greatly increasing its
volume.

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

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

Production of Fissile Materials

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

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

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

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

In a uranium enrichment facility, the process splits the feed (usually natural uranium)
into two streams: a product stream enriched in U-235, and a waste (or “tails”) stream
depleted in U-235. Today, two enrichment technologies are used on a commercial scale:
gaseous diffusion and centrifuges. All countries that have built new enrichment plants
during the past three decades have chosen centrifuge technology. Gaseous diffusion
plants still operate in the United States and France but both countries plan to switch to
more economical gas centrifuge plants.
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Figure A.L. The fast-neutron critical mass of ura- in the figure is for a uranium metal sphere enclosed
nium increases to infinity at 6-percent enrichment. in a 5-cm-thick beryllium neutron “reflector” that
According to weapon-designers, the construction of  would reflect about half the neutrons back into the
a nuclear device becomes impractical for enrich- fissioning mass.

ment levels below 20 percent. The critical mass data

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

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

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

The plutonium in typical power-reactor spent fuel (reactor-grade plutonium) contains
50-60% Pu-239, and about 25% Pu-240. Weapon designers prefer to work with a mix-
ture that is as rich in Pu-239 as feasible, because of its relatively low rate of generation
of radioactive heat and relatively low spontaneous emissions of neutrons and gamma
rays (Table A.1). Weapon-grade plutonium contains more than 90% of the isotope Pu-
239 and has a critical mass about three-quarters that of reactor grade plutonium.
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feed richment. The possibility of using centrifuges to
product separate isotopes was raised shortly after isotopes
were discovered in 1919. The first experiments using
top scoop centrifuges to separate isotopes of uranium (and
other elements) were successfully carried out on a
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Figure A.6. Making plutonium in a nuclear reactor. with a half-life of 24 minutes into neptunium, which
A neutron released by the fissioning of a chain-re- in turn decays into Pu-239. Each decay is accompa-
acting U-235 nucleus is absorbed by the nucleus of nied by the emission of an electron to balance the
a U-238 atom. The resulting U-239 nucleus decays increase in charge of the nucleus and a neutrino.
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Isotope Critical Mass Half Life Decay Heat Neutron Generation
[kl [years] [watts/kg] [neutrons/g-sec]

Pu-238 10 88 560 2600
Pu-239 10 24,000 1.9 0.02
Pu-240 40 6,600 6.8 900
Pu-241 13 14 4.2 0.05
Pu-242 80 380,000 0.1 1700
Am-241 60 430 110 1.2

WPu (94% Pu-239) 10.7 2.3 50

RPu (55% Pu-239) 14.4 20 460

Table A.1. Key properties of plutonium isotopes

and Am-241 into which Pu-241 decays. Data from:
U.S. Department of Energy, “Annex: Attributes of
Proliferation Resistance for Civilian Nuclear Power
Systems,” in Technological Opportunities to Increase
the Proliferation Resistance of Global Nuclear Power
Systems, TOPS, Washington, DC, U.S. Department

of Energy, Nuclear Energy Research Advisory Com-
mittee, 2000, www.ipfmlibrary.org/doe00b.pdf, p.
4; see also, ]. Kang et al., “Limited Proliferation-
Resistance Benefits from Recycling Unseparated
Transuranics and Lanthanides from Light-Water
Reactor Spent Fuel,” Science & Global Security, Vol.
13, 2005, p. 169.

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

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

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

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

“At the lowest level of sophistication, a potential proliferating
state or sub-national group using designs and technologies no
more sophisticated than those used in first-generation nuclear
weapons could build a nuclear weapon from reactor-grade pluto-
nium that would have an assured, reliable yield of one or a few
kilotons (and a probable yield significantly higher than that). At



the other end of the spectrum, advanced nuclear weapon states
such as the United States and Russia, using modern designs,
could produce weapons from reactor-grade plutonium having
reliable explosive yields, weight, and other characteristics gener-
ally comparable to those of weapons made from weapon-grade
plutonium.”

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

Spent fuel can only be handled remotely, due to the very intense radiation field. This
makes its diversion or theft a rather unrealistic scenario. Separated plutonium can be
handled without radiation shielding, but is dangerous when inhaled or ingested.

Global Fissile Material Report 2009 131



132 Global Fissile Material Report 2009

Appendix B
Worldwide Locations of

Nuclear Weapons, 2009

This list of nuclear weapons locations includes sites where there is reason to believe
that: 1) nuclear weapons probably are deployed or stored; and 2) nuclear weapons and
their components are designed, fabricated and assembled, or dismantled. It is based on
open sources.*°

Country Location/Name Region/Province Weapon System Remarks
. . US bombs for delivery by
Belgium Kleine Brogel Air Limburg B61-3/4 Belgian F-16s of the 10th
Base .
Wing
Subtotal 1
Baoji area Shaanxi Various R'eglonal warhead storage
site
Chinese Academy of
En.gmeenng P.hy51cs, Sichuan Various Warhead design
Mianyang (Science
City)
Potential weapons storage
Danyang Air Base Hubei Bombs facility for nuclear bombs,
near H-6 bomber base?
Regional warhead storage
Huaihua region site for 803, 805 and
(55 Base) Il R 814 Missile Brigades
subordinate to 55 Base HQ
Regional warhead storage
Huangshan region - . _ . site for 807, 811, 815 and
China®! (52 Base) Anhui, Jiangxi DF-3A/DF-2155M 817 Missile Brigades

Kunming region
(53 Base)

Jianggezhuang Naval
Base

Luoyang region
(54 Base)

Pingtung area
(Institute of
Materials)

Yunnan

Shandong

Henan

Sichuan

DF-3A/DF-21 SSM

JL-1SLBM

DF-4/DF-5A/DF-31
SSM

Various

subordinate to 52 Base HQ

Regional warhead

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

Possible warhead storage

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

Nuclear weapons
fabrication, with possible
underground warhead
storage near Mianyang




Country Location/Name Region/Province Weapon System Remarks
Regional storage site
Shenyang region N . ~ g for 806, 810, 816, and
(51 Base) Liaoning, Jilin DF-3A/DF-21 SSM 818 Missile Brigades
subordinate to 51 Base HQ
Regional storage site
Xining region Qinghai. Shaanxi DF-3A/DF-4/DF-21 | for 806, 809, 812 Missile
. (56 Base) ghat, SSM Brigades subordinate to 56
China
Base HQ
Yidu area Shandong DF-21SSM Possible warhead storage
Yulin Naval Base Hainan JL-2 SLBM Possible warhead storage
Zitong (Research and Warhead assembly,
Design Academy of Sichuan Various disassembly and
Nuclear Weapons) dismantlement®?
Subtotal 14
Centre d'Etudes Bourgogne TNT5, TN8L, TNA, (li\iisr:?nlill\é’r:;ilatsjfrrlnubcllye::d
de Valduc 909 TNO
warheads
TN75 warheads on
Ile Longue Naval Triumphant-class SSBNs.
Base Bretagne ALl From 2010 TNO warheads
on M51 SLBM
TN81 warheads for ASMP
. for Mirage 2000N. From
Istres Air Base Provence ASMP (ASMP-A) 2010 TNO warheads for
ASMP-A
TN81 warheads for ASMP
Luxeuil-les-Bains . for Mirage 2000N. From
France Air Base Franche-Comté LA 2010 TNO warheads for
ASMP-A
e R ~ Deployment of ASMP-A for
Saint-Dizier Air Base | Champagne-Ardenne ASMP-A Rafale K3 begins in 2009
Warhead storage site for
M45 SLBMs at nearby
South of Ile Longue Bretagne TN75 (TNO) SSBN base. From 2010 also
M51 SLBMs with TNO
TN81 warheads for ASMP
for Super Etendard on
Toulon Naval Base, 1 : Charles de Gaulle aircraft
or vicinity®* Cote d'Azur ASMP (ASMP-A) carrier. From 2011 TNA
warheads on ASMP-A for
Rafale MK3
Subtotal 7
US bombs for delivery by
. . . German PA-200 Tornados
Germany Biichel Air Base Rheinland-Pfalz B61-3/4 of the 33rd Fighter-Bomber
Wing
Subtotal 1
Chandighar Plant Punjab Various Possible production of
nuclear weapons
Jodhpur Storage Potential underground
Facil?t g Rajasthan Prithvi/Agni SSM | facility for Prithvi and/or
. y Agni launchers
India
For possible use by Jaguar-
Unknown facility 15 at Gorakt}pur and
(Air Force) Unknown Bombs Lohegaon air bases, and
Mirage 2000H at Ambala

and Gwalior air bases
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Country Location/Name Region/Province Weapon System Remarks
For use by 222nd and
Unknown facilit 333rd Missile Groups
Y Unknown Prithvi/ Agni SSM | (Prithvi), and 334th and
(Army)** L.
India 335th Missile Groups
(Agni)
Unknown facility For Dhanush ship-
(Navy) Unknown Dhanush SSM launched SSMs™
Subtotal 5
US bombs for delivery by
Aviano Air Base Friuli-Venezia Giulia B61-3/4 US F-16s of the 31st Fighter
Wing
Italy
US bombs for delivery by
Ghedi Torre Air Base Lombardia B61-3/4 Italian PA-200 Tornados of
the 6th Wing
Subtotal 2
Dimona Plutonium, tritium, and
(Negev Nuclear n.a. Various warhead production
Research Center) complex
Warheads for
Sdot Micha Base . .
o e [0t n.a. Jericho II SSM .approx1mately 50 MRBMs
Israel3 n caves
Soreq Nuclear na Various Possible warhead design
Research Center h and fabrication
For F-16Is. Nuclear bombs
Tel Nof Air Base n.a. Bombs possibly in adjacent WSAs
near base
Subtotal 4
. R R US bombs for delivery by
Netherlands Volkel Air Base Noord-Brabant B61-3/4 Dutch F-16s of the 1st Wing
Subtotal 1
It is unknown how North
North Korea®® ? ? ? Korea has weaponized its
nuclear capability
Subtotal ?
Fatejhang National . M1ssﬂe. development and
Punjab SSM potential warhead storage
Defense Complex ars
capability
Masroor Weapons Potential storage of hombs
Denot P Sindh Various for Mirage Vs at Masroor
P Air Base, and/or warheads
Potential storage site with
underground facilities in
Pakistan Quetta Air Base Balochistan Bombs high-security weapons
storage area near Quetta
Air Base
Potential storage site for
Sargodha Weapons . . bombs for F-16s at nearby
Depot®® UL Various Sargodha Air Base, and
warheads for SSMs
- Missile development and
shanka Dara Missile Punjab SSM potential warhead storage

Complex

capability




Country Location/Name Region/Province Weapon System Remarks
Pakistan Central Air Force storage
s facility with bombs for
H;tlz:;;ac”“y ? Bombs F-16s at F-16s at Sargodha
Air Base, and Mirage Vs at
Kamra Air Base
Central Army storage
Unknown facility facility with warheads for
?
(Army) ’ SSM/GLCM SSMs and Babur cruise
missiles
Wah Ordnance . . Poss1blg warhead
Facility*® Punjab Various production, disassembly
and dismantlement facility
Subtotal 8
Barnaul Missile Altai Krai $5-251CBM | Warheads on 36 ICBMs
Division
For Tu-22M3 Backfire
Belaya Air Base Irkutsk AS-4 ASM, bombs bomt.)ers. Weap?ns
possibly stored in remote
WSA
Borisoglebsk . National level weapons
(Voronezh-45) Voronezh Various storage site
Chazma (Abrek) Possible storage of
Bay SLBM Storage Primorsky SLBM/SLCM/ASW | warheads for SLBMs and
Facility other naval weapons
Chebsara . National level weapons
(Vologda-20) Vologda Various storage site
Dodonovo Krasnovarsk Various National level weapons
(Krasnoyarsk-26) Y storage site
Dombarovskiy-
Yasnyy Missile Orenburg SS-18 ICBM Warheads for 34 ICBMs
Division
For Tu-160 Blackjack and
. Tu-95 Bear bombers.
Russia‘® Engels Air Base Saratov AS-15 ASM, bombs e e B
in adjacent WSA
Golovchino Belaorod Various National level weapons
(Belgorod-22) 9 storage site
Irkutsk Missile Irkutsk $S-25ICBM | Warheads for 27 ICBMs
Division
Possible national level
Karabask . - s
(Chelyabinsk-115) Chelyabinsk Various storage facility for
Chelyabinsk-70
Korfovskiy . National level weapons
(Khabarovsk-47) Khabarovsk Various storage site
Korolev area Moscow Gazelle ABM Warheads for12
interceptors
Kozelsk Missile Kaluga SS-19ICBM | Warheads for 31 ICBMs
Division
Krasnoarmeyskoye . National level weapons
(Saratov-63) Saratov Various storage site*”
. For Tu-22M3 Backfire
Lakhta-Kholm Air Arkhangelsk AS-4 ASM, bombs | bombers. Possible WSA

Base

near by
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Country

Russia

Location/Name

Lesnoy
(Sverdlovsk-16/45)

Lytkarino area

Mongokhto
(Alekseyevka)
Air Base

Mozhaysk-10

Nerpichya Weapons
Storage Facility

Nizhniy Tagil Missile
Division

Novosibirsk Missile
Division

Okolnaya SLBM
Storage Facility

Olenegorsk Storage
Facility

Rybachiy Naval Base

Rzhanitsa

(Bryansk-18)

Sarov
(Arzamas-16)“%®

Sebezh-5

Selikhino
(Komsomolsk-31)

Shaykovka Air Base

Skhodnya area

Snezhinsk“’
(Chelyabinsk-70)

Sofrino area

Soltsy Air Base

Tatishchevo Missile
Division

Region/Province

Sverdlovsk

Moscow

Khabarovsk

Moscow

Kola

Sverdlovsk

Novosibirsk

Kola

Kola

Kamchatka

Bryansk

Nizhni Novgorod

Pskov

Khabarovsk

Kaluga

Moscow

Chelyabinsk

Moscow

Novgorod

Saratov

Weapon System

Various

Gazelle ABM

AS-4, bombs

Various

Various

SS-25ICBM

$S-25ICBM

SLBM

Various

SS-N-18 SLBM

Various

Various

Various

Various

AS-4 ASM, bombs

Gazelle ABM

Various

Gazelle ABM

AS-4 ASM, bombs

S5-19, SS-27 ICBM

Remarks

Warhead assembly
plant and national level
weapons storage site‘%

Warheads for 16
interceptors

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

National level weapons
storage site

Potential storage facility
for naval weapons,
including for nearby
Bolshaya Lopatka Naval
Base

Warheads for 27 ICBMs

Warheads for 36 ICBMs

Possibly storage of
warheads for SLBMs and
other naval weapons

National level nuclear
weapons storage site
(possibly two: Olenegorsk-
2 near Ramozero and
Olenegorsk-8 near Vysokiy)

Warheads on SS-N-18s

onboard Delta ITI-class
SSBNs

National level weapons
storage site

Possibly limited storage

National level weapons
storage site

National level weapons
storage site

For Tu-22M3 Backfire
bombers. Weapons
probably in remote WSA*®

Warheads for 16
interceptors

Nuclear warhead design
laboratory and national
level weapons storage site

Warheads for 12
interceptors

For Tu-22M3 Backfire
bombers. Possible WSA
near base

Warheads for 41 SS-29 and
50 SS-27 ICBMs




Country Location/Name Region/Province Weapon System Remarks
Teykovo Missile Warheads for 9 SS-25 and
Division lvanovo 5525, 55°2TICBM | 13 5527 1cBMs
Trekhgorny“® ] : o
(Zlatoust-36) Chelyabinsk Various Warhead assembly
. . For Tu-95 Bear bombers.
Ukrainka Air Base Amur AS-15 ASM, bombs Possible WSA near base
Uzhur Missile Krasnoyarsk SS-18 ICBM Warheads for 34 ICBMs
Division
Vidyaevo Naval Base Kola Various Warheads for naval forces
in central storage
. . Warheads for SS-N-18
VIIVUCthk.S.LBM Kamchatka SLBM SLBMs, possibly also other
Storage Facility
naval weapons
. Warheads for 12
Russia Vnukovo area Moscow Gazelle ABM interceptors
. . For Tu-22M3 Backfire
\B{csziwzhenka el Primorsky AS-4 ASM, bombs | bombers. Possible WSA
near base
Vlypolzovo Missile
. Novogorod/Tver $S5-25I1CBM Warheads for 18 ICBMs
Division
Warheads on SLBMs on
vagelnava Naval Delta IV-class SSBNs.
Baie 4 Kola SS-N-23SLBM | Possible WSA near base.
Might also store other
naval weapons
Yoshkar-Ola Missile Mari El $S-25ICBM | Warheads for 27 ICBMs
Division
Zalari (Irkutsk-45) Transbaikal Various e !EVEI e e
storage site
Subtotal 48410
L ns R US bombs for delivery by
Turkey Incirlik Air Base Adana B61-3/4 F-165 from other US bases
Subtotal 1
Aldermaston . .
Atomic Weapons England UK Trident System Warhead design. Possibly
. a few warheads present
Establishment
Burgfield Warhead assembly,
Atomic Weapons England UK Trident System | disassembly and
United Kingdom | Establishment dismantlement
Coulpor? .Royal Navy Scotland UK Trident System National !evel warhead
Ammunition Depot storage site
Faslane Royal Navy Scotland Warheads and On deployed Vanguard-
Base Trident II D5 SLBM | class SSBNs
Subtotal 4
z::gl";lf'::::r‘;ie Washincton W76, W76-1, W88, | On deployed Ohio-class
g Trident II D5 SLBM | SSBNs
Base
United States Barksdale . . B61-7, B83-1,
Air Force Base Louisiana W80-J/ALCM For B-52Hs of the 2nd BW
Kings Bay Naval Georgia W76, W76-1, W88, | On deployed Ohio-class

Submarine Base

Trident II D5 SLBM

SSBNs
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Country

United States

Location/Name

Kirtland
Air Force Base

Lawrence Livermore
National Laboratory

Los Alamos
National Laboratory

Malmstrom
Air Force Base and
Missile Field

Minot
Air Force Base and
Missile Field

Nellis
Air Force Base

Pantex Plant

Seymour-Johnson
Air Force Base

Strategic Weapons
Facility Atlantic
(Kings Bay)

Strategic Weapons
Facility Pacific
(Bangor)

Warren Air Force

Base and Missile
Field

Whiteman Air Force
Base

Region/Province

New Mexico

California

New Mexico

Montana

North Dakota

Nevada

Texas

North Carolina

Georgia

Washington

Colorado, Nebraska,
Wyoming

Missouri

Weapon System

B61, W62, W80, B83,
W78, wa7

W62, W83, W87

B61, W76, W78, W80,
w88

W62,2 W78, W87

B61-7, W62, W78,
B83-1, W87

B61, W62, W80, B83,
W78, W87+

Various

B61-3/4

W80-0/TLAM-N,
W76, W76-1, W88,
Trident II D5 SLBM

W80-0/TLAM-N,
W76, W76-1, W88,
Trident IT D5 SLBM

W62, W78, W87

B61-7/11, B83-1

Remarks

National level Air Force
warhead storage site

Warhead design. Fissile
material to be cleaned out

Warhead design,
surveillance and
maintenance

Warheads for 150
Minuteman III ICBMs

Warheads for 150
Minuteman III ICBMs and
bombs for B-52Hs of the
5th BW

National level Air Force
warhead storage site

Warhead assembly,
disassembly and
dismantlement

For F-15Es of the 4th FW

National level Navy
warhead storage site

National level Navy
warhead storage site

Warheads for 150
Minuteman III ICBMs

For B-2s of the 509th BW

Subtotal
Total

15
1

Abbreviations: ABM = Anti-Ballistic Missile; ALCM = Air-Launched Cruise Missile; ASM = Air-to-Surface Mis-
sile; ASMP = Air-Sol Moyenne Portée; ASW = Anti-Submarine Warfare; BW = Bomb Wing; FW = Fighter Wing;
GLCM = Ground-Launched Cruise Missile; HQ = Headquarters; ICBM = Intercontinental Ballistic Missile; SLBM
= Submarine-Launched Ballistic Missile; SLCM = Sea-Launched Cruise Missile; SSBN = Nuclear Powered Bal-
listic Missile Submarine; SSM = Surface-to-Surface Missile; TLAM/N = Tomahawk Land-Attack Missile/Nuclear;
WSA = Weapons Storage Area.
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Nunn, “A world free of nuclear weapons,” Wall Street Journal, January 4, 2007.

Report of the Secretary of Defense Task Force on DoD Nuclear Weapons Management, Phase II:
Review of the DoD Nuclear Mission, December 2008, Executive Summary, www.defenselink.mil/pubs/
pdfs/PhasellReportFinal.pdf. This has been identified as part of a larger problem crisis of confidence
across the U.S. nuclear weapons complex about the importance and future of nuclear weapons,
Nuclear Deterrence Skills, Report of the Defense Science Board Task Force, Washington, DC, Septem-
ber 2008, www.acq.osd.mil/dsb/reports/2008-09-NDS.pdf.
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Michael Hoffman, “B-52 mistakenly flies with nukes aboard,” MilitaryTimes.com, 10 September
2007, www.militarytimes.com/news/2007/09/marine_nuclear_B52_070904w. For an analysis of
this incident and its implications see Hans M. Kristensen, “Nuclear Safety and the Saga About the
Missing Bent Spear,” Federation of American Scientists Strategic Security Blog, 22 February 2008,
www.fas.org/blog/ssp/2008/02/nuclear_safety and_the_saga_ab.php

Global Zero, “Publics around the World Favor International Agreement to Eliminate All Nuclear
Weapons,” www.globalzerocampaign.org.

The Global Zero campaign has proposed that states agree a nuclear weapons ban with a schedule for
the verified, elimination of nuclear arsenals to be achieved by 2030.

“13 practical steps for the systematic and progressive efforts to implement Article VI of the Treaty
on the Non-Proliferation of Nuclear Weapons and paragraphs 3 and 4 (c) of the 1995 Decision
on ‘Principles and Objectives for Nuclear Non-Proliferation and Disarmament,” Sixth NPT Review
Conference, Briefing No 18, May 20, 2000, including the Conference Agreement on a Programme
of Action (Next Steps) on Nuclear Disarmament, www.acronym.org.uk/npt/npt18.htm.

Jonathan Schell, The Abolition, Alfred A. Knopf, New York, 2000, p.153. Michael Mazarr proposed
a more formal arrangement of “virtual nuclear arsenals” in which the nuclear armed-states main-
tain infrastructures able to produce “a few dozen nuclear weapons within a period of a few days or
weeks,” Michael Mazarr, Nuclear Weapons in a Transformed World, St. Martin’s Press, New York, 1997,

p- 4.

Jonathan Schell, “The Abolition of Nuclear Arms: An Idea Whose Time Has Come,” Lecture at In-
ternational Security Studies Program, Yale University, 25 March 20009.

Donald MacKenzie, Inventing Accuracy: A Historical Sociology of Nuclear Missile Guidance, MIT Press,
Cambridge, MA, 1990, p. 426. This argument is developed at greater length in Donald MacKen-
zie and Graham Spinardi, “Tacit Knowledge, Weapons Design, and the Uninvention of Nuclear
Weapons,” American Journal of Sociology, Volume 101, Number 1, July 1995, pp. 44-99. George
Perkovich and James Acton make a somewhat different argument: “It is sometimes said that nuclear
weapons ‘cannot be disinvented’. We recognise this, but believe that the point is made to deflect
careful thinking rather than encourage it. No human creation can be disinvented. Civilization has
nevertheless prohibited and dismantled artefacts deemed too dangerous, damaging or morally ob-
jectionable to continue living with. Mass-scale gas chambers such as those used by Nazi Germany
have not been disinvented, but they are not tolerated. [...] The issue is rather whether means could
exist to verify that a rejected technology—nuclear weapons in this theoretical case—had been dis-
mantled everywhere, and to minimise the risk of cheating.” Perkovich and Acton, Abolishing Nuclear
Weapons, 2009, op. cit., p. 17.

Report of the Committee on Political and Social Problems (The Franck Report), op. cit.; and A Report on the
International Control of Atomic Energy, op. cit.

On 29 May 2009, the CD agreed on a plan of work for this year that included establishing a working
group to negotiate a fissile material cut-off treaty, on the basis of the Shannon mandate for such talks
agreed on 24 March 1995, www.reachingcriticalwill.org/political/cd/papers09/2session/CD1863.
pdf. Implementation of the plan of work has been stalled by Pakistan, however, and the plan of
work will need to be renewed in 2010.

Both France and the United Kingdom have recently decided for cost reasons to use conventional
power plants for their future aircraft carriers, www.naval-technology.com/projects/gaulle. France
(for export), Germany and Sweden have all developed conventional submarines which, in addition
to being able to operate under water on battery power, carry oxygen and fuel for “air-independent”
steam-turbine, fuel cell and Stirling engines respectively, which allow them to operate for weeks at
moderate speeds (circa 10 kilometers per hour) without snorkeling, en.wikipedia.org/wiki/Air-inde-
pendent_propulsion. This is adequate for near-home missions. However, all French, UK and U.S.,
most Russian and some Chinese submarines are nuclear powered, as are all U.S. aircraft carriers. The
United States is considering shifting medium surface combatant vessels such as cruisers to nuclear
power, U.S. Department of Energy, FY 2009 Congressional Budget Request, Volume 1, National Nuclear
Security Administration, pp. 547-548.
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These numbers and some related official statements are discussed in Chapter 1 (for France, the
United States and the United Kingdom). China’s Foreign Ministry declared in April 2004 that China
“possesses the smallest nuclear arsenal” among the nuclear-weapon states of the NPT, which—at
the time—was equivalent to less than 200 deployed Chinese nuclear weapons. Ministry of Foreign
Affairs of the People’s Republic of China, “Nuclear Disarmament and Reduction of” [sic], Fact Sheet
China, 27 April 2004, www.fmprc.gov.cn, mirrored at www.ipfmlibrary. org/prc04.pdf.

“Declassification of Today’s Highly Enriched Uranium Inventories at Department of Energy Labora-
tories,” U.S. Department of Energy, 27 June 1994, www.ipfmlibrary.org/doe0O6a.pdf.

Historical Accounting for UK Defence Highly Enriched Uranium, UK Ministry of Defence, March 2006,
www.ipfmlibrary.org/mod06.pdf.

Harald Miiller, The Nuclear Weapons Register: A Good Idea Whose Time Has Come, PRIF Report No. 51,
Peace Research Institute Frankfurt, June 1998; or Nicholas Zarimpas, ed., Transparency in Nuclear
Warheads and Materials. The Political and Technical Dimensions, SIPRI, Oxford University Press, 2003.

Plutonium: The First 50 Years: United States Plutonium Production, Acquisition and Utilization from 1944
Through 1994, U.S. Department of Energy, DOE/DP-0137, 1996, www.ipfmlibrary.org/doe96.pdf;
and Highly Enriched Uranium: Striking a Balance. A Historical Report on the United States Highly Enriched
Uranium Production, Acquisition, and Utilization Activities from 1945 through September 30, 1996, Draft,
Rev. 1., U.S. Department of Energy, January 2001 (publicly released in 2006), www.ipfmlibrary.org/
doe01.pdf.

Historical Accounting, UK Ministry of Defence, op. cit.
Plutonium: The First 50 Years, op. cit., p. 52, and Striking a Balance, op. cit., p. 104.

In the planned Soviet economy, the need to meet quotas provided incentives for misrepresentation
even within the government. These impediments make compiling a declaration difficult and make
an unambiguous determination of the completeness of that declaration by an outside party nearly
impossible.

“We can also be more open about fissile materials. Our current defence stocks are 7.6 tonnes of
plutonium, 21.9 tonnes of highly enriched uranium and 15,000 tonnes of other forms of uranium.”
The Strategic Defence Review, UK Ministry of Defence, Cm 3999, July 1998, §72, www.ipfmlibrary.org/
mod98.pdf. The United Kingdom released more detailed declarations on historical plutonium and
HEU accounting in 2000 and 2006 respectively, Plutonium and Aldermaston—an historical account;
and Historical Accounting for UK Defence Highly Enriched Uranium.

Of the remaining 72 tons, 52 will be blended down to LEU and 20 were reserved to fuel research and
space reactors.

- Striking a Balance, op. cit., p. 38 (Table 3-1). The Y-12 plant stores HEU from dismantled thermo-

nuclear warhead second stages, as well as a large amount of in-process HEU in the forms of liquids,
oxides residues, etc. In 1996, DOE reported that Y-12 held more than 189 tons and Pantex 16.7 tons
of HEU. Savannah River has a stock of irradiated HEU fuel from plutonium-production reactors. A
large part of the 23 metric tons of HEU listed at Portsmouth, in the form of uranium hexafluoride,
was subsequently transferred to the Y-12 facility, U.S. Department of Energy, Highly Enriched Ura-
nium Working Group Report, DOE/EH-0525, December 1996; and private communication with
Robert Alvarez, 2 February 2006.

The U.S. declarations Plutonium: The First 50 Years and Highly Enriched Uranium: Striking a Balance
contain facility-specific data for R&D sites, but did not break down by material in weapons and
weapon components.

Frank von Hippel, David H. Albright and Barbara G. Levi, “Stopping the Production of Fissile Materi-
als for Weapons,” Scientific American, September 1985.

- Treaty Between The United States Of America And The Union Of Soviet Socialist Republics On The

Limitation Of Strategic Offensive Arms, Together With Agreed Statements And Common Under-
standings Regarding The Treaty, June 1979, www.state.gov/www/global/arms/treaties/salt2-2.html.
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Memorandum of Understanding regarding the Establishment of the Data Base for the Treaty be-
tween the Union of Soviet Socialist Republics and the United States of America on the Elimination
of their Intermediate-Range and Shorter-Range Missiles, www.state.gov/www/global/arms/treaties/
infmou.html.

- Protocol Regarding Inspections Relating to the Treaty between the United States of America and the

Union of Soviet Socialist Republics on the Elimination of their Intermediate-Range And Shorter-
Range Missiles, www.state.gov/www/global/arms/treaties/inf5.html.

Treaty between the United States of America and the Union Of Soviet Socialist Republics on the
Reduction and Limitation of Strategic Offensive Arms, 31 July 1991, www.state.gov/www/global/

arms/starthtm/start/startl.html.

The Future of U.S. Nuclear Weapons Policy, National Academy of Sciences, Washington, DC, 1997, p.
61, www.nap.edu/openbook.php?record_id=5796.

Miiller, The Nuclear Weapons Register, 1998, op. cit.

Adapted from S. Fetter, “Stockpile Declarations,” pp. 129-150 in N. Zarimpas, Transparency in Nuclear
Warheads and Materials. The Political and Technical Dimensions, SIPRI, Oxford University Press, 2003.

Chemical Weapons Convention Verification Annex,
www.opcw.org/chemical-weapons-convention/verification-annex/part-iva.

Israel has maintained its policy of “nuclear opacity” for decades and has pledged not to be first state
to “introduce” nuclear weapons into the Middle East.

Miiller, Nuclear Weapons Register, 1998, op. cit., Sections 6.1 (The “De-Facto-Nuclear Weapon State
Problem”) and Section 6.2 (Staging the Register), pp. 17-21.

- Plutonium: The First 50 Years, 1996, op. cit., and Highly Enriched Uranium: Striking a Balance, op.cit.

Peter Crail, “NK Delivers Plutonium Documentation,” Arms Control Today, June 2008.

Glenn Kessler, “Message to U.S. Preceded Nuclear Declaration by North Korea,” Washington Post,
2 July 2008, p. A7.

“North Korea Declares 31 Kilograms of Plutonium,” Global Security Newswire, Nuclear Threat Initia-
tive, 24 October 2008. According to Selig S. Harrison who visited Pyongyang in early January 2009,
the DPRK said that it has weaponized almost 31 kilograms of plutonium. Choe Sang-Hun, “North
Korea Says It Has “Weaponized’ Plutonium,” New York Times, 18 January 2009, p. A8.

Had they been completed, the plant also would have produced fuel for the DPRK’s 50-MWe and
likely also the 200-MWe reactor.

- Solving the North Korean Nuclear Puzzle, David Albright and Kevin O’Neill (eds.), Institute for Science

and International Security, Washington, DC, 2000, p. 144.
Siegfried Hecker, “Denuclearizing North Korea,” Bulletin of the Atomic Scientists, May/June 2008.

“N Korea closes more nuclear sites,” BBC News, 18 July 2007.

- The disablement of the nuclear fuel fabrication facility began in early November 2007 and three

out of four steps had been completed as of January 2009: removal and storage: of three uranium ore
concentrate dissolver tanks; seven uranium-conversion furnaces, including storage of the refractory
bricks from which they were made; both metal casting furnaces and the associated vacuum system;
and eight machining lathes. One uncompleted step was destruction of the stockpile of fresh fuel
rods, Mary Beth Nikitin, North Korea’s Nuclear Weapons, Congressional Research Service, 12 February
2009. The DPRK has in storage about 2,400 fuel rods for the 5-MWe reactor and about 12,400 fuel
rods without cladding for the 50 MWe reactor. These fuel rods were fabricated during 1991-1994.
The total weight of the stored fuel rods is 101.9 tons of uranium, J. W. Shin, “Joon-Kuk Hwang con-
firmed about 14,800 fresh fuel rods,” Newsis, 20 January 2009 (South Korean news media).
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The design of the UK’s 50 MWe Calder Hall reactor apparently was the basis for that of the 5-MWe
reactor, Solving the North Korean Nuclear Puzzle, op. cit., p. 146.

Although the nominal power of the 5-MWe reactor is about 25 MWt, it rarely exceeded 20 MWt,
Solving the North Korean Nuclear Puzzle, op. cit., p. 124.

Solving the North Korean Nuclear Puzzle, 2000, op. cit., pp. 113 and 117.

David Albright and Paul Brannan, “The North Korean Plutonium Stock, February 2007,” Institute for
Science and International Security, 20 February 2007.

“IAEA Team Confirms Shutdown of DPRK Nuclear Facilities,” Press Release, International Atomic En-
ergy Agency, 18 July 2007. The disablement process of the 5-MWe reactor began in early November
2007 and one out of three steps had been completed as of January 2009: removal of reactor cooling
loop and wooden cooling tower interior structure. The DPRK destroyed the cooling tower on 27 June
2008. Two uncompleted steps were discharge of 8,000 spent fuel rods to the spent fuel pool and re-
moval of control rod drive mechanisms. About 6,100 spent fuel rods had been discharged from the
reactor to the cooling pool as of February 2009, Mary Beth Nikitin, 2009, op. cit.

PUREX stands for Plutonium and Uranium Recovery by EXtraction. The PUREX process is a liquid-
liquid extraction method used to dissolve spent nuclear fuel and separate pure uranium and pluto-
nium from fission products. The recovery rate of plutonium from the spent fuel varies from from 95
to 99 percent, Thomas W. Wood, et al., “Establishing Confident Accounting for Russian Weapons
Plutonium,” Nonproliferation Review, Summer 2002.

Solving the North Korean Nuclear Puzzle, 2000, op. cit., pp. 113, 149.

North Korea’s Weapons Programmes: A Net Assessment, International Institute for Strategic Studies, 2004,
p. 36.

Solving the North Korean Nuclear Puzzle, 2000, op. cit., p.122.
Mary Beth Nikitin, 2009, op. cit.

David Albright and Paul Brannan, “The North Korean Plutonium Stock, February 2007,” Institute
for Science and International Security, February 20, 2007, www.isis-online.org/publications/dprk/
DPRKplutoniumFEB.pdf

The disablement process of the reprocessing facility began in early November 2007 and four steps
had been completed as of January 2009: cut cable and remove drive mechanism associated with
the receiving hot-cell door; cut two of four steam lines into reprocessing facility; removal of drive
mechanisms for the fuel cladding shearing and slitting machines; and removal of crane and door ac-
tuators that permit spent fuel rods to enter the reprocessing facility, Mary Beth Nikitin, 2009, op. cit.

“N Korea says it has restarted nuclear facilities,” Associated Press, April 25, 2009.
“The North Korean Plutonium Stock, February 2007,” op. cit.

Siegfried Hecker, “Denuclearizing North Korea,” Bulletin of the Atomic Scientists, May/June 2008;
“I took the David Albright estimate of 8.6 kg produced before 1994 (both IRT and 5-MWe). Then
I made a rough estimate of 25 kg from the 2003 reprocessing campaign and 12 kg from the 2005
reprocessing campaign—for a total of 45.6 kg. Because of the uncertainties, I called it 40 to 50 kg
(again noting that this may be high). It does not include the roughly 8 kg of unseparated plutonium
in the current load of fuel rods.” Private communication with Siegfried Hecker, April 2009.

North Korea’s Nuclear Weapons, op. cit.

David Albright and Kevin O’Neill Editors, Solving the North Korean Nuclear Puzzle, The Institute for
Science and International Security, Washington, DC, p. 118, 2000.

Solving the North Korean Nuclear Puzzle, op. cit., p. 161; B.D. Murphy, ORIGEN-ARP Cross-Section Li-
braries for Magnox, Advanced Gas-Cooled, and VVER Reactor Designs, Oak Ridge National Laboratory,
ORNL/TM-2003/263, February 2004, p. 4; Personal communication with expert at Korean Atomic
Energy Research Institute (KAERI), ROK, November 2008.
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MCNPX (MCNP eXtended) is a Monte Carlo radiation transport computer code that transports near-
ly all particles at nearly all energies, performing the depletion calculation of nuclear fuels. John S.
Hendricks, et al., MCNPX 2.6.0 Extensions, LA-UR-08-2216, 11 April 2008.
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“The North Korean Plutonium Stock, February 2007,” op. cit.

173.

@

“U.S.-North Korea Understandings on Verification,” Fact Sheet, U.S. Department of State, 11 Octo-
ber 2008. The detailed verification proposal offered by the U.S. government to the DPRK in 2008 is
reproduced in the Appendix to Chapter 4 of this report.

174.

&

Glenn Kessler, “N. Korea Doesn’t Agree To Written Nuclear Pact,” Washington Post, 12 December
2008, p. A22.

Chapter &. Nuclear Archaeology

175§, Fetter, “Nuclear Archaeology: Verifying Declarations of Fissile-Material Production,” Science &
Global Security, 3 (1993), pp. 237-259, www.ipfmlibrary.org/fet93.pdf.

176.

=Y

Table adapted from A. Glaser, “Isotopic Signatures of Weapon-grade Plutonium from Dedicated
Natural-uranium-fueled Production Reactors and Their Relevance for Nuclear Forensic Analysis,”
Nuclear Science & Engineering, Vol. 163 (2009), pp. 26-33.

177.

N

For an excellent discussion and a review of several case studies, see: T. W. Wood, B. D. Reid, J. L.
Smoot, and J. L. Fuller, “Establishing Confident Accounting for Russian Weapons Plutonium,” Non-
proliferation Review, 9(2), Summer 2002, pp. 126-137, available at www.cns.miis.edu/npr.

178 In the case of reactors moderated by materials other than graphite, core support structures and other
reactor components could be sampled. The 2008 U.S. Verification Measures Discussion Paper, repro-
duced in Appendix 4A, whose focus is the verification of North Korea’s 2008 declaration, specifies
in this regard: “As relates to a research reactor, collect and remove from the Party samples of the
aluminum core support structure, and from the reactor reflector elements.” One complication for
the heavy-water production reactors at the U.S. Department of Energy’s Savannah River site is that
they were used for both plutonium and tritium production. This may also have been the case for
some of France’s graphite-moderated production reactors.

179.

°

The plot is adapted from data to be published in Jungmin Kang, “Using Graphite Isotope Ratio
Method to Verify DPRK’s Declaration of Plutonium Production,” submitted for publication.
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- Wood et al., 2002, op. cit.

181.

During 1965-69, some of this plutonium may have gone into the UK weapon stockpile, D. Albright,
F. Berkhout and W. Walker, Plutonium and Highly Enriched Uranium 1996, Oxford University Press,
1967, p. 63.

18.

©

- Actual and estimated production differed by only 0.3% (Wood et al., op. cit.), which is clearly better
than what one can reasonably expect.

183.

Percentage losses during production of weapons plutonium can be expected to be larger than losses
expected in commercial reprocessing plants due to the roughly ten times lower concentration of
plutonium in the irradiated fuel. Also, in the early weapons programs, a sense of “urgency,” less
sophisticated technologies, and little environmental oversight may all have contributed to higher
process losses.

18

=

Reactors are typically cylindrical or cubical. For symmetry reasons, it is therefore sufficient to con-
sider a small fraction of the core, for example, a 30-degree segment in the case of a cylinder, which
would reduce the number of fuel channels to be analyzed by a factor of 12. For each fuel channel in
this segment, a few axial samples are sufficient to characterize the average flux profile in the core. In
total, less than 100 samples, taken from known locations in the core, should adequately describe the
complete flux distribution in the reactor. In the case of the Trawsfynydd-II demonstration project
in the United Kingdom, 90 samples were acquired and used for a nuclear-archaeological analysis,
Wood et al., op. cit., p. 130.
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For example, graphite of the French plutonium production reactors G1, G2, G3 will not be removed
before 2030, in part to allow cobalt-60 levels to fall sufficiently, see Inventaire national des matieres
et déchets radioactifs 2009, Catalogue descriptif des familles, Agence Nationale Pour La Gestion Des
Déchets Radioactifs (ANDRA), Chatenay-Malabry, June 2009, www.andra.fr. Apparently, this delay
is meant to reduce exposure doses and to enable sending the metal waste to Soulaines for surface
storage.

In May 2009, however, it was reported that “the Department of Energy is considering tearing down
Hanford’s K Reactors that stand on the banks of the Columbia River rather than sealing them up for
75 years. If the plan goes forward, it could lead to tearing down eight of the nine plutonium produc-
tion reactors along the river instead of leaving them “cocooned.” Only B Reactor, which is expected
to be preserved as a museum, would remain standing, Annette Cary, “Demolition being considered
rather than sealing Hanford reactor sites,” TriCity Herald, 12 May 2009.

Uranium-234 is a decay product of uranium-238 and has a half-life much shorter than its parent. In
equilibrium, the concentration of uranium-234 in natural uranium is determined by the ratio of the
half-lives.

Uranium-234 decays to Thorium-230, which has a 75,000-year half-life.

S. Fetter, “Nuclear Archaeology”, op. cit., p. 237; M. Sharp, “Applications and Limitations of Nuclear
Archaeology,” submitted to Science & Global Security.

Matthew Sharp, Harvard University, in preparation.

- Uranium-238 decays to uranium-234 via thorium-234, whose half-life is 24 days. If water is flowing

through a non-uniform or thin uranium deposit, the difference between the solubilities of uranium
and thorium can result in some of the thorium being moved from a more concentrated to a less
concentrated part of the uranium deposit or vice versa.

- Highly Enriched Uranium: Striking a Balance. A Historical Report on the United States Highly Enriched

Uranium Production, Acquisition, and Utilization Activities from 1945 through September 30, 1996, Draft,
Rev. 1., U.S. Department of Energy, January 2001 (publicly released in 2006), www.ipfmlibrary.org/
doeO1.pdf, Figure 2-2 (p. 27).

When uranium-235 absorbs a neutron in a reactor, there is a chance that it will not fission but
instead become uraninum-236. The next neutron capture produces uranium-237, which quickly
decays into neptunium-237. Another neutron capture in neptunium-237 produces neptunium-238,
which decays into plutonium-238.

U-235 decays slowly into to thorium-231, which decays in turn to protactinium-231 (Pa-231). Neu-
tron capture on Pa-231 produces Pa-232, which decays with a 1.3-day half-life to U-232. U-232 has
a half-life of 70 years.

H. Wood and A. Glaser, “Computational Analysis of Signatures of Highly Enriched Uranium Pro-
duced by Centrifuge and Gaseous Diffusion,” INMM 49" Annual Meeting, Nashville, TN, 13-17 July
2008.

Examples are: R. F. Smith, Historical Impact of Reactor Tails on the Paducah Cascade, KY/L-1239,
Paducah Gaseous Diffusion Plant, U.S. Department of Energy, March 1984, www.ipfmlibrary.org/
smi84.pdf; and S. P. Gydesen, Selected Monthly Operating Data for B and T Plants, Redox and Purex
(1944-1972), HW-89085, Hanford Atomic Products Operation, Richland, Washington, April 1992,
www.ipfmlibrary.org/gyd92.pdf.

Figure adapted from A. Glaser, “Isotopic Signatures”, op. cit.

In the case of uranium enrichment, about 200 kg of tails are left behind for every kilogram of weap-
on-grade HEU produced (assuming 0.2-percent U-235 remaining in the tails). Similarly, in the case
of production of weapon-grade plutonium, about one thousand times as much reprocessed uranium
and a large volume of the high-level radioactive waste are produced.

K. ]J. Moody, I. D. Hutcheon, and P. M. Grant, Nuclear Forensic Analysis, Taylor & Francis, Boca Raton,
FL, 2005, Chapter 6 (Chronometry), pp. 207-240.



200.

203.

In the case of plutonium, for example, the americium-241 buildup from plutonium-241 decay
provides the most accurate chronometer. Even if the americium is removed from the plutonium,
however, the low plutonium-241/plutonium-239 ratio, compared to what would be consistent with
production-reactor operations that would produce the measured Pu-240/Pu-239 and Pu-242/Pu-239
ratios, could be used to estimate the age of the material.

- Report on the Completeness of the Inventory of South Africa’s Nuclear Installations and Material,

International Atomic Energy Agency, GC(XXXV)/RES/567 4 September 1992, www.ipfmlibrary.org/
iaea92.pdf.

-Report on the Completeness of the Inventory of South Africa’s Nuclear Installations and Material,

1992, op. cit., p. 10, §31.

K.]J. Moody, et al., Nuclear Forensic Analysis, op. cit., Chapter 21 (Counterforensic Investigation of U.S.
Enrichment Plants), pp. 421-445.

-Planning a swipe sampling campaign requires careful selection of the most appropriate sampling

locations to maximize detection of nuclear signatures. In the plants investigated here, heavy con-
tamination made sampling efforts more difficult because depleted, natural, or slightly enriched
uranium are much more abundant. The analysts noted that, “although some swipe specimens were
taken, the most useful sampling devices were spatulas and horseshoe magnets,” Moody et al., 2005,
op. cit., p. 422.

-Moody et al., op. cit., pp. 434-435. The United States produced about 64 percent of its weapon-grade

plutonium in graphite-moderated natural/slightly-enriched uranium fueled reactors at the Hanford
Site in Washington State. Almost all the remainder was produced in heavy-water-moderated reac-
tors at the Savannah River Site in South Carolina. Post-1968, plutonium production at the Savan-
nah River Site (accounting for about 20 percent of total U.S. weapon-grade plutonium) was done in
depleted uranium targets with neutrons provided by HEU “driver fuel,” U.S. Department of Energy,
Plutonium: The First 50 Years (1996) and T. B. Cochran, W. M. Arkin, R. S. Norris and M. M. Hoenig,
U.S. Nuclear Warhead Facility Profiles, Ballinger, 1987, p. 102.

Chapter 5. Verified Warhead Dismantlement

206.

209.

Transparency and Verification Options: An Initial Analysis of Approaches for Monitoring Warhead Dis-
mantlement, Office of Arms Control and Nonproliferation, U.S. Department of Energy, 1997, www.
ipfmlibrary.org/doe97c.pdf. Other studies include A. Bieniawski and P. Irwin, “Overview of the US-
Russian Laboratory-to-Laboratory Warhead Dismantlement Transparency Program: A US Perspec-
tive,” Proceedings of the 41 Annual Meeting of the Institute of Nuclear Materials Management, 2000; O.
Bukharin, “Russian and US technology development in support of nuclear warhead and material
transparency initiatives” in Nicholas Zarimpas, Transparency in Nuclear Warheads and Materials: The
Political and Technical Dimensions, Oxford University Press, 2003; and Monitoring Nuclear Weapons
and Nuclear-Explosive Materials: An Assessment of Methods and Capabilities, U.S. National Academy of
Sciences, National Academy Press, 2005.

- Adapted from Final Report of the Select Committee on U.S. National Security and Military/Commercial

Concerns with the Peoples Republic of China, 3 January 1999, also known as the “Cox Report,” www.
house.gov/coxreport/pdf/ch2.pdf, p.78. Original image credit: US News and World Report.

- Global Fissile Material Report 2008, Chapter 6.

About 2000 W-76 warheads will go through life-extension programs between 2008-2021. This in-
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going in. The report of the U.S. Department of Energy’s Fundamental Classification Policy Review
found that “estimates made of special nuclear material in specific weapons based on plant averages
and feed streams are of little consequence,” Report of the Fundamental Classification Policy Review
Group, Dr. Albert Narath, Chair, 15 January 1997, www.fas.org/sgp/library/repfcprg.html, Chapter 6.
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ment of Energy, 1 January 2002, 1.11.1.33.a, www.ipfmlibrary.org/rdd8.pdf. A separate note empha-
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Facility Transparency, 2007, www.nti.org/e_research/cnwm/monitoring/mayak.asp.

3 The Russian-U.S. agreement on verification the disposition of excess weapons plutonium specified

that its isotopic content would not be measured until it had been mixed with up to 12 percent
as much “blend-stock” plutonium whose isotopic makeup also would not be measured, Agreement
Between the Government of the United States Of America and the Government of the Russian Federation
Concerning the Management and Disposition of Plutonium Designated as No Longer Required for Defense
Purposes and Related Cooperation, 2000, Article 11.6, www.ipfmlibrary.org/gov00.pdf. Similarly, the
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IAEA to verify through an “information barrier” that the plutonium in a pit inside a container was
“weapon-grade,” the IAEA would have been allowed to verify only that the Pu-240/Pu-239 ratio was
less than 0.1, Global Fissile Material Report 2008, Chapter 6.

- The physics packages in the four B-61 warhead variants and the two cruise-missile warheads are
reportedly all the same, Thomas Cochran, William Arkin and Milton Hoenig, U.S. Nuclear Forces and
Capabilities, Ballinger, 1984, p. 80.

- “U.S. nuclear forces, 2009,” op. cit.

- Transparency and Verification Options, op. cit.,, Appendix E: “Interim Technical Report on Radiation
Signatures for Monitoring Nuclear Warhead Dismantlement.”

- Fissile isotopes undergo radioactive decay at different rates. Each isotope in the fissile material emits
gamma rays with characteristic energies when it decays. Additional gamma rays are generated from
the capture of neutrons emitted by the plutonium in warhead materials. The gamma energy spec-
trum coming from a warhead is further modified as the gamma rays pass through the surrounding
materials because the ability of gamma rays to penetrate these materials depends upon their energy.
Also, some gamma rays lose part of their energy as a result of scattering off electrons (Compton Scat-
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ments of Gamma Rays from a Soviet Cruise Missile,” Science, Vol. 248, 18 May 1990, p. 828.

- Some of the energy deposited in the crystal of a scintillation detector by a gamma ray is converted
into light whose energy is measured by photomultipliers.

Because of the relatively short (14-year) half-life of plutonium-241, account would have to be taken
of the fact that the gamma signals from its decays and those of its decay product, americium-241,
would respectively decline and grow with the age of the warhead.

Californium-252, a 2.6-year half-life isotope that decays 3 percent of the time by spontaneous fis-
sion, is used as the neutron source. In NWIS, the Cf-252 is in an ionization chamber. The two
medium-sized nuclei into which the Cf-252 splits (its “fission products”) separate with high energy
because of their mutual repulsion and cause ionization in the gas of the chamber. These ions are
attracted to wires by an electric field and thereby cause a signal. The neutron source is designed so
that it sends a signal whenever a neutron is emitted. The distribution of delay times of the neutrons
and gammas that are induced by fissions in the secondaries provides information about the material
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32 The Gamma Ray Signature method cannot be used for such a purpose because the low-energy gam-

ma rays generated by HEU deep in the component do not escape and the presence or absence of this
deep HEU is therefore not visible.

33 Although it is not possible for non-weapon experts to reconstruct a warhead design from spontane-

ous or induced radiation patterns, experienced nuclear-weapon designers could calculate these pat-
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weapon-grade plutonium contains different percentages of 14-year half-life plutonium-241 depend-
ing upon its age.
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o

to the square root of the number of counts in a particular energy-time bin. Russian and U.S. weapons
experts could agree on a weighted sum of the ratios of the counts in different energy and time bins
that provides good differentiation between different types of warheads.

See the discussion of the use of information barriers in the Trilateral Initiative, Global Fissile Mate-
rial Report 2008, Chapter 6. A good technical description and discussion may be found in the joint
IAEA-Russian-U.S. paper, Diana G. Langner et al., “Attribute Verification Systems with Information
Barriers for Classified Forms of Plutonium in the Trilateral Initiative, IAEA Safeguards,” Proceedings
of the Symposium on International Safeguards Verification and Nuclear Material Security, 29 October-2
November 2001, Vienna, IAEA-SM-367/17/02.
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were introduced into the process to allow an intact warhead to be removed after it had been declared
for a particular dismantlement campaign. This would require every warhead to be subject to con-
tained dismantlement.
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- Dismantlement cells, also known in the United States as “Gravel Gerties,” are designed to contain
the plutonium dust if sensitive chemical explosive were to accidentally detonate during its removal
from the plutonium “pit.” All other dismantlement operations—and even the removal of insensitive
explosive from around pits—can be carried out in the more numerous “bays,” which are ordinary
rooms.

240 Based on Transparency and Verification Options, p. 59.
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Supplement Analysis for the Final Environmental Impact Statement for the Continued Operation of the Pan-
tex Plant and Associated Storage of Nuclear Weapon Components, U.S. Department of Energy, DOE/EIS-
0225/SA-03, February 2003, Table 1-2.
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sis with weapon-facility personnel was provided by Howard Morland, who wrote in the article, “The
H-bomb secret” that “This description and the details that follow are the result of six months’ in-
vestigation of the nuclear weapon production complex in the United States. It is a mosaic of bits and
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ticles, personal interviews, and my own private speculation,” The Progressive, November 1979, p. 14.

Chapter 6. Disposition of Plutonium and Highly Enriched Uranium
246 www.usec.com/megatonstomegawatts.htm, accessed, 21 July 2009.

247 The original framework “Agreement Between the Government of the United States of America and
the Government of the Russian Federation Concerning the Disposition of Highly Enriched Uranium
Extracted from Nuclear Weapons” was signed in Washington, DC, on 18 February 1993, www.ipfm-
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arrangements for verification that the agreed amount of HEU was indeed being blended down and
the price to be paid, see www.usec.com/megatonstomegawatts_history.htm. At the then prevailing
prices for enrichment work, USEC found that it could make more profit by reselling the Russian LEU
than by selling LEU produced in the U.S. energy-intensive legacy gaseous diffusion plants.
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“UxC Historical Ux Price Charts,” www.uxc.com. There were other equally important reasons for the
recent dramatic spike in natural-uranium prices, including the closure of mines, the anticipation of
a nuclear-energy “renaissance,” and the speculative activities of hedge funds.

24 Fiscal Year 2010 Congressional Budget Request, U.S. Department of Energy, pp. 391, 397.
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Robert M. George, “U.S. HEU Disposition Program,” Annual Meeting of the Institute of Nuclear Materi-
als Management, Tucson, Arizona, 12-16 July 2009.
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Global Fissile Material Report 2007, Table 2.1. As of mid-2009, the United States had blended down 124
tons of HEU with an average enrichment of 55.9 percent equivalent in U-235 content to 77 tons of
90% enriched HEU, “U.S. HEU Disposition Program,” op. cit.

- FY 2010 Congressional Budget Request: National Nuclear Security Administration, U.S. Department of

Energy, Vol. 1, May 20009, p. 417.

- The United States would need to dismantle about 200 HEU weapon components per year for forty

years to make available enough HEU both for the 128 tons reserved for naval fuel and the 92 tons to
be blended down.

- The £300 tons uncertainty reflects the uncertainty in published estimates of Russia’s HEU stocks.

S Russia refuels its icebreakers and submarines approximately every 10 years and fuels them with HEU

enriched to about 40 percent. It might be possible to replace this fuel with higher-uranium-density
LEU fuel enriched to just less than 20 percent without requiring a new core design, Anatoli Diakov,
et al., “Feasibility of Converting Russian Icebreaker Reactors from HEU to LEU Fuel,” Science & Global
Security, Vol. 14, 2006, p. 33. Russia has reportedly adapted an icebreaker reactor-core design to LEU
fuel for a floating nuclear power plant that it hopes to produce for an export market, Nikolai Sokov,
“Construction of Russia’s First Floating Nuclear Power Plant Raises Potential Nonproliferation Is-
sues, Opportunities,” WMD Insights, September 2006; and “Russian floating nuclear plant builder
Sevmash diverting cash to other projects,” Bellona, July 8, 2008, www.bellona.org/articles/articles_
2008/fnpp_sinking.

New U.S. submarines and aircraft carriers have lifetime cores. There is therefore a declining require-
ment of HEU for refueling. Twenty years would be a reasonable length of time for the development
of LEU-fueled reactors for new submarines and aircraft carriers. Lifetime reactor cores fueled with
LEU might be up to three times larger or, if the same size as the weapon-grade uranium core, might
require refueling once or twice during the submarine or aircraft carrier lifetimes, Report on Use of Low
Enriched Uranium in Naval Nuclear Propulsion, Director, Naval Nuclear Propulsion, U.S. Department
of Energy, June, 1995, www.ipfmlibrary.org/onnp95.pdf. For another perspective, see Ma Chunyan
and Frank von Hippel, “Ending the Production of Highly Enriched Uranium for Naval Reactors”
Nonproliferation Review, Spring 2001, p. 86.

- Laura S. H. Holgate, “Expanding Russian HEU Blend Down;” Robert E. Schultz, “Cost and Schedule

for Russian HEU Blend Down: Expansion Approaches;” and Kevin Alldred, “Russian HEU blend
down technology and options for expansion,” Annual Meeting of the Institute for Nuclear Materials
Management, 13-17 July 2008.

- We assume blend down with natural uranium, which would result in 82 percent as much LEU as the

current practice of blending down Russian HEU with 1.5-percent enriched LEU obtained by enrich-
ing depleted uranium. This current practice, which results in the use of about as much enrichment
work as making the LEU from natural uranium, was a strategy to meet the 1996 ASTM limit on U-
234 in LEU. In 2004, the ASTM raised this limit by 10 percent, however, and it should be achievable
by blending with natural uranium, ASTM Standard C996, 2004, “Uranium Hexafluoride Enriched to
Less than 5% 2%°U.” For a discussion of the amounts of minor isotopes in highly enriched uranium,
see Houston G. Wood and Alexander Glaser, “Computational Analysis of Signatures of Highly En-
riched Uranium Produced by Centrifuge and Gaseous Diffusion,” Proceedings of the Annual Meeting of
the Institute for Nuclear Materials Management,” Nashville, Tennessee, 13-17 July 2008.

Based on Ole Reistad and Styrkaar Hustveit, “HEU Fuel Cycle Inventories and Progress on Global
Minimization,” Nonproliferation Review, Vol. 15, No. 2, 2008, p. 265, Figure 5.

H. R. 2638, Consolidated Security, Disaster Assistance, and Continuing Appropriations Act, 2009, Sec.
8118. “Incentives for Additional Down-blending of Highly Enriched Uranium by the Russian Federa-
tion,” would increase the amount of low-enriched uranium of Russian origin that may be imported
into the United States during the period 2014-20 if Russia blends down additional highly enriched
uranium.

- DOE Needs to Take Action to Reduce Risks Before Processing Additional Nuclear Material at the Savannah

River Site’s H-Canyon, U.S. Government Accountability Office, GAO-08-840, 2008.

Clean up some impure plutonium for disposal has been proposed as a second reason for operating
the H plant.
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See e.g. Report on the Savannah River Site Aluminum-based Spent Nuclear Fuel Alternatives Cost Study, U.S.
Department of Energy, Savannah River Operations Office, 1998; and H. B. Peacock et al, “Melt-Di-
lute Treatment of Spent Nuclear Fuel Assemblies from Research and Test Reactors,” Proceedings of the
International Meeting on Reduced Enrichment for Research and Test Reactors (RERTR), Budapest, Hungary,
3-8 October 1999.

- Agreement Between the Government of the United States of America and the Government of the Russian

Federation Concerning the Management and Disposition of Plutonium Designated as No Longer Required for
Defense Purposes and Related Cooperation, 2000, Article I, www.ipfmlibrary.org/gov00.pdf.

- These four tons of plutonium are in unirradiated fuel from the Idaho National Laboratory’s Zero

Power Plutonium Reactor (a critical facility). At the time this report went to press, the future of
this plutonium was under review. The two options under consideration were disposal as MOX and
shipment to the high-security Device Assembly Facility on the Nevada Test Site, to which the HEU
and plutonium-containing critical facilities of Los Alamos National Laboratory have already been
shipped, personal communication, Greg Bass, Department of Energy Idaho Office, 2 September
2009.

- UK Ministry of Defense, Strategic Defence Review, 1998, Chapter 4, para. 72; A Summary Report by the

Ministry of Defence on the Role of Historical Accounting for Fissile Material in the Nuclear Disarmament
Process, and on Plutonium for the United Kingdom’s Defence Nuclear Programme, 2000, §10.

- See e.g. Frans Berkhout et al., “Disposition of separated plutonium,” Science & Global Security, Vol. 3,

1993, p. 161.

Management and Disposition of Excess Weapons Plutonium, National Academy of Sciences, National
Academy Press, 1994, p. 2.

Ibid., p. 12.

- Agreement Concerning the Management and Disposition of Plutonium, op. cit., “Annex on Quantities,

Forms, Locations, And Methods Of Disposition.” The Russian concern was that, unlike irradiation
in reactor fuel, disposition with high-level waste would not alter the isotopic mix of plutonium, i.e.,
it would still be weapon grade. Therefore, if the U.S. recovered the plutonium at some future point,
it could be used in existing weapon designs.

Status of the Mixed Oxide Fuel Fabrication Facility, U.S. Department of Energy, Office of Inspector Gen-
eral, Office of Audit Services, Audit Report DOE/IG-0713, 2005, p. 1.

- Fiscal Year 2010 Congressional Budget Request, U.S. Department of Energy, Vol. 1, May 2009, pp. 413-

442.

3 www.moxproject.com/construction/aerials.shtml, accessed 26 July 2009.

- Energy and Water Development Appropriations Bill, 2010, U.S. House of Representatives Appropriations

Committee, Report 111-203, 13 July 2009, p. 145.

- According to §3.28 of the IAEA Safeguards Glossary, for facilities that are to be subject to IAEA safe-

guards, “... the State is to provide preliminary information on any new nuclear facility as soon as the
decision is taken to construct, or to authorize the construction of, the facility, and to provide further
information on the safeguards relevant features of facility design early in the stages of project defini-
tion, preliminary design, construction and commissioning ...”

The economic value of the MOX fuel should be a relatively minor consideration for a $10-billion-
dollar program. Assuming that the MOX contains 4.7 percent plutonium the 723 tons of MOX fuel
that could be produced from 34 tons of plutonium would replace low-enriched uranium fuel worth
about $2 billion today. To produce a kilogram of 4.4 percent enriched uranium with 0.25 percent
U-235 left in the depleted uranium requires about 9 kilograms of natural uranium and 6.7 separa-
tive-work units (SWUs). For 15 years prior to 2004, the spot market price of uranium was less than
$25/kg. Then it climbed to a peak of $350/kg in 2007. By 2009, it had fallen again to about $130/kg.
The price of enrichment work climbed from a plateau of about $100/SWU prior to 2006 to $160/
SWU in 2009. At 2009 prices, therefore, the cost of producing a kilogram of 4.4-percent enriched
uranium would be $2200. Conversion and fabrication costs would bring the cost up to about $2600/
kg. Uranium, SWU, and conversion prices from www.uxc.com.
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- Plutonium Disposition Alternatives Study, Savannah River Site, Y-AES-G-00001, Revision 0, May 2006.
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Long-lived Legacy: Managing High-level and Transuranic Waste at the DOE Nuclear Weapons Complex,
U.S. Congress, Office of Technology Assessment, 1991, p. 27.

280 Tank Waste Retrieval, Processing, and On-site Disposal at Three Department of Energy Sites: Final Report,
National Academy of Sciences, National Academy Press, 2006, p. 53.

281 FY 2010 Congressional Budget Request, U.S. Department of Energy, Volume 5, p. 224.

282.J. M. Kang et al., “Storage MOX: A Third Way for Plutonium Disposal?” Science & Global Security, Vol.
10, 2002, p. 85.

283 Analysis of Russian-Proposed Unified Scenario for Disposition of 34 Metric Tons of Weapon-grade Pluto-
nium, Joint U.S.-Russian Working Group on Cost Analysis and Economics of Plutonium Disposition,
U.S. Department of Energy, 2006.

284 Energy and Water Development Appropriations Bill, 2008, U.S. House Appropriations Committee
Report 110-185, 11 June 2007, p. 114; and “Energy and Water Development Appropriations Bill, 2010,
U.S. Senate Appropriations Committee, 9 July 2009, p. 115.

28

&

- The budget proposal simply states that, “agreement with Russia on the Protocol [to the September
2000 U.S.-Russia Plutonium Management and Disposition Agreement] involves three key issues:
$400 million U.S. contribution, use of Russian fast[-neutron breeder] reactors for plutonium disposi-
tion and monitoring and inspection programs,” U.S. Department of Energy, FY 2010 Congressional
Budget Request: National Nuclear Security Administration, Vol. 1, May 2009, pp. 414, 415.

286-J.S. National Nuclear Security Administration, “Pantex Plant: Assembly/Disassembly And High Ex-
plosives (HE) Production & Machining, Complex Transformation. Preferred Alternative,” October
2008.

287 Global Fissile Material Report 2007, p. 52.

288 Pavel Podvig, Consolidating Fissile Material in Russia’s Nuclear Complex, Research Report #7, Interna-
tional Panel on Fissile Materials, May 2009, www.ipfmlibrary.org/rr07.pdf, p. 12.

289 The United Kingdom has only one light-water power reactor. Its remaining power reactors use graph-
ite for neutron moderation and carbon dioxide for cooling. This does not mean that the plutonium
could not have been recycled in some of these reactors, however, especially the Advanced Gas Reac-
tors, which, like LWRs, are fueled with low-enriched oxide fuel.

290- Pre-consultation discussion paper on the key factors that could be used to compare one option for long term
plutonium management with another, UK Nuclear Decommissioning Authority, 30 January 2009; and
Plutonium, Topic Strategy: Credible Options Technical Analysis, UK Department of Energy and Climate
Change, July 20009.

291 Christopher Watson, UK Plutonium Disposition Options, 2009, www.ipfmlibrary.org/wat09.pdf.
292- Communication Received from the United Kingdom ... Concerning Its Policies Regarding the Management

of Plutonium ... and of High Enriched Uranium, International Atomic Energy Agency, INFCIRC/549/
Add.8/12, 15 September 2009.

293.

b

As of the April 2005 shutdown of the UK’s Thermal Oxide Reprocessing Plant (THORP) by a large
pipe break, 750 tons of overseas light-water reactor (LWR) spent fuel and 3100 tons of contracted
UK Advanced Gas Cooled Reactor (AGR) fuel remained to be reprocessed there, Martin Forwood,
The Legacy of Reprocessing in the United Kingdom, Research Report #6, International Panel on Fis-
sile Materials, July 2008, www.ipfmlibrary.org/rr06.pdf, p. 11. The 3100 tons of AGR fuel included
2512 tons of post-base-load contracts, however, and the UK Nuclear Decommissioning Authority’s
commitment to reprocessing all of this AGR fuel is uncertain. After the accident, THORP operated
only intermittently and, as of March 2009, only an additional 18 tons of LWR fuel and 33 tons of
AGR fuel had been reprocessed. In addition, 29 tons of LWR fuel and 63 tons of AGR fuel had been
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dissolved, leaving 753 tons of LWR fuel and 492-3004 tons of AGR fuel to be reprocessed, depend-
ing upon how much of the post-base-load fuel is reprocessed, Pearl Marshall, “Thorp expected to
soon restart normal reprocessing operations,” Nuclear Fuel, 9 March 2009. Assuming that AGR spent
fuel with a burnup of 30 megawatt-days per kilogram contains on average 0.9% and that LWR fuel
contains 1 percent plutonium, that would amount to 4-27 tons of domestic and 7.5 tons of foreign
plutonium that remain to be separated from oxide fuel. Another 14 tons of plutonium remains to be
separated from Magnox uranium-metal fuel (see below).

- The last two UK Magnox reactors (Wylfa site, 0.475 GWe each) will shut down in 2010, Strategy, UK

Nuclear Decommissioning Authority, 2006, p. 45. As of the end of 2007, there were an estimated
6000 tons of Magnox fuel still to be reprocessed, including the spent fuel expected to be discharged
from the remaining operating Magnox power plants, The Legacy of Reprocessing in the United Kingdom,
op. cit., p. 7; and The Magnox Operating Programme, British Nuclear Energy, July 2006. Assuming 2.4
kg of plutonium per ton of spent fuel, the 6000 tons of spent Magnox fuel would contain about
14.4 tons of plutonium, David Albright, Frans Berkhout, and William Walker, Plutonium and Highly
Enriched Uranium 1996, Oxford University Press, 1997, p. 480.

> Magnox fuel has a burnup of about 4 MWt-days/kgU compared to about 50 MWt-days for LWR low-

enriched uranium fuel. The magnesium alloy cladding (“Magnox”) is easily corroded. When water
penetrates to the cladding, it oxidizes the uranium metal releasing hydrogen which is absorbed into
the metal. If the fuel subsequently contacts air, the hydrogen can spontaneously ignite.

- See e.g. Economic Assessment of Used Nuclear Fuel Management in The United States, Boston Consulting

Group, 2006. Figure 7 shows interim storage costs as $150 per kilogram of original uranium in LWR
spent fuel. Figure 9 shows the combined operating costs of France’s La Hague reprocessing plants
and the Melox MOX-fuel fabrication plant as $888 million/year. For the past decade, the throughput
of the reprocessing plants at La Hague has been about 1000 tons/year.

- Martin Forwood, The Legacy of Reprocessing, op. cit., p. 11.

- “Draft letter from Dr. Gibbons [President Clinton’s Science Advisor] to William Waldegrave [UK

Science Advisor] re Possible Alternative to Putting the Thermal Oxide Reprocessing Plant (THORP)
into operation,” 8 November 1993, www.ipfmlibrary.org/ostp93.pdf. The cover letter requests con-
currence from the Departments of State, Defense and Energy, and National Security Council for
sending the letter. The State Department did not concur. Gibbons therefore conveyed the sugges-
tion in a phone conversation with Waldegrave. At the time, the UK foreign reprocessing contracts
totaled 4547 tons for the partially pre-paid “base-load” contracts that paid for the construction of
the plant and 787 tons of post-base-load contracts from Germany, which were later reduced to about
100 tons, The Legacy of Reprocessing in the United Kingdom, op. cit., p. 9. Reprocessing this amount of
foreign spent fuel would result in about 47 tons of separated plutonium. Had the virtual reprocess-
ing proposal been adopted, the approximately 66 tons of Magnox plutonium in the current UK
stockpile plus 14 tons to come would have been more than enough to exchange for the plutonium
in the foreign spent fuel and the UK’s separated-plutonium problem would be much smaller.

- Since the Sellafield MOX Plant (SMP) has operated at only one to two percent of its nominal capac-

ity, the Nuclear Decommissioning Authority (NDA) has had to subcontract its MOX fuel fabrication
contracts to France as they come due. SMP’s design annual fabrication capacity is 120 tons of MOX
fuel containing about ten tons of plutonium. The plant began operating in 2004 and, as of the end
of 2008, had produced only about 6 tons of MOX fuel, Sellafield MOX Plant (SMP). Stuck on the road to
nowhere, CORE Briefing, 18 February 2009. As of the end of 2008, the SMP had processed less than
one half of a ton of plutonium into MOX fuel. As of May 2008, the NDA had subcontracted MOX
fuel fabrication orders to France totaling an estimated 1.3 tons of contained plutonium, 4-Month
Suspension of UK Spent Fuel Transports on Quality Assurance Issues, and the UK’s First Plutonium Shipment
to Europe, CORE Briefing, 28 May 2008.

The UK Government statement in response to the suggestion was that “It is intended that all the
overseas spent fuel covered by existing overseas contracts will be reprocessed,” Advance Allocation:
Proposal on how to manage overseas spent nuclear fuel awaiting processing at Sellafield, Government Re-
sponse to Consultation, Department for Business Enterprise & Regulatory Reform, November 2007,

p. 4.
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“Decision for the establishment of a Programme of Work for the 2009 session,” CD/1864, 29 May
2009 decides inter alia to “establish a Working Group under agenda Item 1 entitled ‘Cessation of the
nuclear arms race and nuclear disarmament’ which shall negotiate a treaty banning the production
of fissile material for nuclear weapons or other nuclear explosive devices, on the basis of the docu-
ment CD/1299 of 24 March 1995 and the mandate contained therein.” The quote characterizing the
treaty is from CD/1299.

Most non-weapon states and some weapon states would like to see the treaty capture under IAEA
safeguards some pre-existing fissile materials as well. This could include plutonium and HEU used
in the fuel of nuclear-power and civilian research reactors and fissile materials formerly in weapons
that have been declared excess for weapons use. Advocates of such a broadened FMCT often charac-
terize it as a Fissile Material Treaty. The IPFM has tried to capture both positions by calling it a Fissile
Material (Cutoff) Treaty

3- See e.g. the Chinese perspective in Banning the Production of Fissile Materials for Nuclear Weapons:

Country Perspectives on the Challenges to a Fissile Material (Cutoff) Treaty, Companion Volume to the
Global Fissile Material Report 2008, International Panel on Fissile Materials, October 2008, www.
ipfmlibrary.org/gfmr0O8cv.pdf.

Tritium is made by neutron capture in lithium-6 in reactors. But, the natural-uranium fuel of Israel’s
Dimona reactor contains 140 uranium-238 atoms for every chain-reacting uranium-235 atom. Many
neutrons therefore would be captured in uranium-238 nuclei, converting them to uranium-239 nu-
clei that then decay into plutonium-239. Also, the fuel of the Dimona reactor, which was originally
designed for plutonium production, is probably uranium metal clad with aluminum or magne-
sium alloy for ease of reprocessing. Such fuel, unlike the zirconium-clad uranium-oxide fuel used in
power reactors cannot be easily stored for a long time in water and is therefore usually reprocessed.
It is therefore likely that, even if Israel thinks that it has produced enough separated plutonium, it is
probably still producing more as a byproduct of tritium production.

“DPR Korea cuts off UN atomic watchdog agency’s access to nuclear facilities,” UN News Center, 24
September 2009; Blaine Harden, “North Korea Says It Will Start Enriching Uranium: Weapons Move
Is ‘Retaliation’ for Sanctions,” Washington Post, 14 June 2009.

- “Burnup” is a measure of the percentage of the fuel that has been fissioned. Most weapon-grade

plutonium has been produced in graphite or heavy-water-moderated reactors by irradiating natural
uranium to a level where roughly one gram of uranium-235 in a kilogram of natural uranium has
been fissioned. This produces plutonium that is more than 90 percent plutonium-239. With further
irradiation, neutron captures in the plutonium cause losses through fission and fissionless neutron
capture increases the percentage of Pu-240, Pu-241, and Pu-242 in the plutonium. In light-water
reactor fuel, today about 50 grams of uranium and plutonium are fissioned per kilogram of low-en-
riched uranium fuel.

- The ADE-2 reactor in the Siberian plutonium city of Zheleznogorsk near Krasnoyarsk is the last

dual-purpose reactor. It is scheduled to be shutdown by the Summer of 2009 or 2010 when a replace-
ment coal-fired plant is completed under a program financed by the U.S. As part of the financing
agreement, Russia’s Government agreed that the weapon-grade plutonium produced after 1994 by
this reactor and two other dual-purpose production reactors that operated at a second plutonium
city, Seversk, would not be used for nuclear weapons and would be subject to U.S. monitoring, www.
ransac.org/new-web-site/related/agree/bilat/core-conv.html.

- One of these, the Novouralsk enrichment plant, is still licensed to produce uranium enriched up to

30 percent in U-235.

Although there is no report that any fissile material other than plutonium or HEU is currently in use
in nuclear weapons, in principle, uranium-233, neptunium-237, americium-241 and -243 and other
fissile isotopes all could be so used. See Appendix, “Fissile Materials and Nuclear Weapons.”

Belgium and Germany both had their own pilot reprocessing plants but they were shut down in
1979 and 1991 respectively. Most of the plutonium that has been recycled in Belgium and Ger-
many—and all of the plutonium recycled in Swiss reactors—was separated in French and UK com-
mercial reprocessing plants.
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See e.g. Mycle Schneider and Yves Marignac, Spent Nuclear Fuel Reprocessing in France and Martin
Forwood, The Legacy of Reprocessing in the United Kingdom, IPFM Research Reports Nos. 4 and 5 respec-
tively, 2008.

Frank von Hippel, “Why reprocessing persists in some countries and not in others: The Costs and
Benefits of Reprocessing,” in Henry Sokolski, ed., Expanding Nuclear Power: Weighing the Costs and
Risks, Non-proliferation Education Center, 2009, forthcoming.

The modern reprocessing plants in France, Japan and the United Kingdom are licensed to annually
reprocess 1700, 800 and 700 tons of spent fuel respectively. In actuality, today, after the loss of virtu-
ally all its foreign customers, France’s plant is reprocessing 1000 tons annually, Japan’s plant has not
begun commercial operation because of a serious design problem, and the UK reprocessing plant has
endured a series of prolonged shutdowns since 2005 because of equipment failures. Typically, spent
light-water reactor fuel is about one percent plutonium, so roughly 17,000, 8000 and 7000 kg of
plutonium would be recovered if the plants operated at full capacity. The Nagasaki bomb contained
6 kilograms of weapon-grade plutonium. Eight kilograms of power-reactor plutonium would have
the same critical mass.

In addition to the commercial Rokkasho reprocessing plant, Japan also operates the pilot-scale Tokai
Reprocessing Plant, www.jaea.go.jp/english/04/tokai-cycle/02.htm.

See Shirley Johnson, Safeguards at Reprocessing Plants Under a Fissile Material Cutoff Treaty, Interna-
tional Panel on Fissile Materials Research Report No. 6, 2009; and Global Fissile Material Report 2008,
Chapter 5.

“India’s Gas Centrifuge Enrichment Program: Growing Capacity for Military Purposes,” by David
Albright and Susan Basu, Institute for Science and International Security (ISIS), 18 January 2007, p.
9, www.isis-online.org/publications/southasia/indiagrowingcapacity.pdf

Nonproliferation and Arms Control Assessment of Weapons-Usable Fissile Material Storage and Excess Plu-
tonium Disposition Alternatives, U.S. Department of Energy, DOE/NN-0007, Washington, DC, Janu-
ary 1997, p. 51, www.ipfmlibrary.org/doe01b.pdf.

Richard Stone, “Iran’s Nuclear Program: State-of-the-Art Nuclear Sleuths,” Science, 13 June 2003,
p. 1643.

Uranium-234 is a decay product of U-238.

Spent fuel is monitored under the NPT to protect against the possibility of clandestine reprocessing.
Under the FM(C)T, it would probably be sufficient—initially at least—to verify declarations of spent
fuel with a small number of random spot checks.

A gas of tritium (T), mixed with deuterium (D), is injected into the hollow plutonium “pit” of a mod-
ern nuclear weapon when the weapon is triggered. The energy released by the fission chain reactions
in the plutonium heat the gas up to temperatures where the thermonuclear reaction, D + T - helium
+ neutron, takes place. The resulting burst of neutrons causes an additional burst of fissions that
“boosts” the power of the explosion more than tenfold. The U.S. formerly produced tritium for its
nuclear weapons using the HEU-fueled production reactors at the Department of Energy’s Savannah
River Site but has shifted to inserting lithium-6 “targets” in LEU-fueled power reactors.

Model Protocol Additional to the Agreement(s) Between State(s) and the International Atomic Energy Agency
for the Application Of Safeguards, International Atomic Energy Agecny, INFCIRC/540 (Corrected),
September 1997.

Some declassified documents relating to the U.S. program have been compiled by William Burr,
Documents on the U.S. Atomic Energy Detection System [AEDS], National Security Archive Electronic
Briefing Book No. 7, www.gwu.edu/~nsarchiv/NSAEBB/NSAEBB7/nsaebb7.htm.

Adapted from R. Scott Kemp and C. Schlosser, “A performance estimate for the detection of un-
declared nuclear-fuel reprocessing by atmospheric 85Kr,” Journal of Environmental Radioactivity 99
(2008) p. 1341-1348. Because of cost and reliability issues, Krypton-85 is not currently captured at
reprocessing plants, but could be.



325 R. Scott Kemp, “Initial Analysis of the Detectability of UO2F2 Aerosols Produced by UF6 Released
from Uranium Conversion Plants,” Science and Global Security, 16 (2008), p. 115.

326 A kiloton is a measure of explosive power: the rough equivalent of one thousand tons of chemical
high explosives.

327 New tritium source on line at DOE’s Savannah River Site, U.S. Department of Energy, Office of Public
Affairs, Washington, DC, 2007.

328. p. Podvig, Consolidating Fissile Materials in Russia’s Nuclear Complex, Research Report #7, International
Panel on Fissile Materials, May 2009, www.ipfmlibrary.org/rr07.pdf.

329- L. C. Colschen and M.B. Kalinowski, “Can International Safeguards be Expanded to Cover Triti-
um?“ IAEA Symposium, International Nuclear Safeguards 1994: Vision for the Future, IAEA-SM-333/27,
Vienna, 14-18 March 1994, Proceedings Serial No. 945, Vol. 1, pp. 493-503.

330 M. B. Kalinowski, Update of International Control of Tritium for Nuclear Nonproliferation and Disar-
mament, CRC Press, London, 2004, Table 2.6. Estimates of production capacities by irradiation of
lithium-6 targets in natural-uranium-fueled heavy-water reactors are based on calculations of the
production of U-233 in such reactors, J. Kang and F. von Hippel, “U-232 and the Proliferation-Resis-
tance of U-233 in Spent Fuel,” Science & Global Security, Vol. 9, 2001, pp. 1-32.

331.

Report of Main Committee 1I of the 4th NPT Review Conference, Document NPT/CONF.IV/MC.II/1,
10 September 1990.

332.
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“Exchange of Letters Between the Government of Canada and the European Atomic Energy Com-
munity (EURATOM) amending the Agreement for Co-operation in the Peaceful Uses of Atomic
Energy of October 6, 1959,” CST1991/23, Government of Canada (Brussels, Belgium), 15 July 1991,
EL/CEEA/CDN/GE, reproduced in Official Journal of the European Communities, No. C 215/5, 17 Au-
gust 1991.

333 International Control of Tritium for Nuclear Nonproliferation and Disarmament, op. cit.

334 J. Reckers, Tritiumbilanzierung im Fusionsreaktor ITER. Anwendung statistischer Testtheorie auf Inspe-
ktionsstrategien bei Messunsicherheit [Tritium accounting at the ITER fusion reactor: Application of statis-
tical tests on inspection strategies with measurements uncertainties], Diploma thesis submitted to the

University of Hamburg, September 2007, www.znf.uni-hamburg.de/diplomReckers.pdf.

335 M. B. Kalinowski and L. C. Colschen, “International Control of Tritium to Prevent Horizontal Prolif-
eration and to Foster Nuclear Disarmament,” Science & Global Security, Vol. 5, 1995, p. 131.

336. TAEA Statute, Article II1.A.S5.

337 International Control of Tritium for Nuclear Nonproliferation and Disarmament, op. cit.

338 M. B. Kalinowski and L. C. Colschen, “International Control of Tritium,” 1995, op. cit.

339 International Control of Tritium for Nuclear Nonproliferation and Disarmament, op. cit.

340- A Fissile Material (Cut-off) Treaty: A Treaty Banning the Production of Fissile Materials for Nuclear Weap-

ons or Other Nuclear Explosive Devices, Article-by article explanation, International Panel on Fissile Ma-
terials, September 2009, www.ipfmlibrary.org/fmct-ipfm-sep2009.pdf.

Chapter 8. Nuclear Power and Nuclear Disarmament

341 James Franck (Chairman), Donald J. Hughes, J. J. Nickson, Eugene Rabinowitch, Glenn T. Seaborg, J.
C. Stearns and Leo Szilard, Report of the Committee on Political and Social Problems Manhattan Project,
“Metallurgical Laboratory” University of Chicago, June 11, 1945 (The Franck Report), www.ipfmli-
brary.org/fra45.pdf.

342 C. 1. Barnard, J. R. Oppenheimer, C. A. Thomas, H. A. Winne, and D. E. Lilienthal, A Report on the
International Control of Atomic Energy, Washington, DC, 1946, www.ipfmlibrary.org/ach46.pdf.
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H. A. Feiveson, Latent Proliferation: The International Security Implications of Civilian Nuclear Power,
PhD Thesis, Princeton University, 1972.

T. B. Taylor, “Nuclear Power and Nuclear Weapons,” July 1996, originally published by the Nuclear
Age Peace Foundation, and reprinted in Science & Global Security, Vol. 13, 2005.

J. Schell, The Abolition, Alfred A. Knopf, New York, 1984.

J. Carson Mark, Theodore Taylor, Eugene Eyster, William Maraman, and Jacob Wechsler, “Can Ter-
rorists Build Nuclear Weapons?” in Paul Leventhal and Yonah Alexander, eds., Preventing Nuclear
Terrorism: Report and Papers of the International Task Force on Preventing Nuclear Terrorism, Rowan &
Littlefield, Lanham, MD, 1987.
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ment of Energy, Plutonium: The First 50 Years: United States Plutonium Production, Acquisition, and
Utilization from 1944 through 1994 (1996) Table 2. The initial design thermal power of the Hanford
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three reactors about a week to produce enough plutonium for a Nagasaki-type bomb. By late 1956,
the B-reactor power level reached 800 MWt and, by January 1961, it was over 2000 MWt. B Reac-
tor Museum Association, History of 100-B/C Reactor Operations, Hanford Site, www.b-reactor.org/hist1-
4.htm.

The K-25 gaseous diffusion plant produced 1529 kg of 26% enriched uranium in 1945 and 2889 kg
of 29% enriched uranium in 1946 for enrichment to weapon-grade by the electromagnetic isotope
separation plant. In 1947, however, it produced 1264 kg of 93% enriched uranium, US Department
of Energy, Highly Enriched Uranium: Striking a Balance, A Historical Report on the United States Highly
Enriched Uranium Production, Acquisition, and Utilization Activities from 1945 through September 1996,
U.S. Department of Energy, 2001, Table 5.3.

An enrichment plant with 5000 first generation centrifuges, of the kind built by Pakistan in the late
1970s and early 1980s and that Iran is currently installing and operating, could make enough HEU
for one bomb a year. It would require a floor area approximately 50 meters on a side, easily able to
fit in a small building or underground, and would consume only about 100 kilowatts of electrical
power, which could be provided by a diesel generator.

Global Fissile Material Report 2007, Chapter 9. R. S. Kemp and A. Glaser, “The Gas Centrifuge and the
Nonproliferation of Nuclear Weapons,” pp. 88-95 in Shi Zeng (ed.), Proceedings of the Ninth Interna-
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International Atomic Energy Agency, International Atomic Energy Agency, Vienna, 2005, p. 109.
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Waste Disposal: Emerging Issues,” JAEA Bulletin, 21, 1994, pp. 22-26.

Edwin S. Lyman and Harold A. Feiveson, “The Proliferation Risks of Plutonium Mines,” Science &
Global Security, Vol. 7, 1998, pp. 119-128.

- The Nagasaki bomb contained 6.1 kilograms of weapon-grade plutonium, Major General Leslie R.

Groves, “Memorandum for the Secretary of War, “ 18 July 1945, reprinted in Martin J. Sherwin, A
World Destroyed, Alfred A. Knopf, (New York, 1975, Appendix P. The corresponding critical mass of
the “reactor-grade plutonium” in spent light-water-reactor fuel would be about 8 kg.

- The possibility of the quick construction of a reprocessing plant was raised during the Carter Ad-

ministration’s debate over changing U.S. policy on reprocessing in a 1977 study by a group of techni-
cal experts at the Oak Ridge National Laboratory who presented the design of such a plant together
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with a flow sheet and an equipment list. The study sought to make the case that a country with
a minimal industrial base could quickly and secretly build such a plant and that therefore a U.S.
policy to oppose civilian reprocessing would not have a significant anti-proliferation effect. See:
D. E. Ferguson to F. L. Culler, Simple, Quick Processing Plant, Intra-Laboratory Correspondence, Oak
Ridge National Laboratory, August 30, 1977; and: Quick and Secret Construction of Plutonium Repro-
cessing Plants: A Way to Nuclear Weapons Proliferation?, Report to the Comptroller General of the
United States, EMD-78-104, October 6, 1978. Similar conclusions have been reached in subsequent
U.S. assessments; see J. P. Hinton et al., Proliferation Resistance of Fissile Material Disposition Program
Plutonium Disposition Alternatives: Report of the Proliferation Vulnerability Red Team, Sandia National
Laboratory, SAND97-8201, October 1996. See also, Victor Gilinsky, Marvin Miller, and Harmon W.
Hubbard, A Fresh Examination of the Proliferation Dangers of Light Water Reactors, The Nonproliferation
Policy Education Center, Washington, DC, September 2004, Appendix 2.

IAEA, Power Reactor Information System, 7 September 2009, www.iaea.org/programmes/a2/

Israel and North Korea have nuclear weapons but no civil nuclear-energy programs, although North
Korea’s Yongbyon plutonium-production reactor generated 5 Megawatts of electrical power.

- The World Nuclear Association, a nuclear industry group, claims over thirty states are “actively

considering” starting nuclear energy programs. It lists them by region. In Europe: Italy, Albania,
Portugal, Norway, Poland, Belarus, Estonia, Latvia, Ireland, Turkey; in the Middle East and North
Africa: Iran, Gulf states, Yemen, Israel, Syria, Jordan, Egypt, Tunisia, Libya, Algeria, Morocco; in
Central and Southern Africa: Nigeria, Ghana, Namibia, Uganda; in South America: Chile, Ecuador,
Venezuela; in Central and Southern Asia: Azerbaijan, Georgia, Kazakhstan, Mongolia, Bangladesh;
and in Southeast Asia: Indonesia, Philippines, Vietnam, Thailand, Malaysia, Australia, New Zealand.
World Nuclear Association, “Emerging Nuclear Energy Countries,” 26 August 2009, www.world-
nuclear.org/info/inf102.html.

Livermore National Laboratory weapons designer, Robert Seldon, briefed the leaders of the French
and Japanese reprocessing establishments on this fact during 1976. Robert Seldon, “All Plutonium
can be used Directly in Nuclear Explosives,” briefing slides, 1976. They continued to argue for many
years, however, that plutonium generated in commercial reactors could not be used for weapons
since this grade plutonium has a relatively high fraction of the isotope Pu-240. The U.S. Department
of Energy statement says: “At the lowest level of sophistication, a potential proliferating state or
sub-national group using designs and technologies no more sophisticated than those used in first-
generation nuclear weapons could build a nuclear weapon from reactor-grade plutonium that would
have an assured, reliable yield of one or a few kilotons (and a probable yield significantly higher than
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ing, Vol. 163, No. 1, September 2009, pp. 26-33.
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ber 7, 2005. See also Jungmin Kang and Frank von Hippel, “Limited Proliferation-Resistance Benefits
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A. Glaser, Internationalization of the Nuclear Fuel Cycle, op. cit.
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For more details, see the excellent biography by William Lanouette, Genius in the Shadows, Charles
Scribner’s Sons, New York, 1992.

The memo is reproduced in Spencer Weart and Gertrud Weiss Szilard (eds.), Leo Szilard: His Version
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Appendix B. Worldwide Locations of Nuclear Weapons, 2009

390- Most nuclear states do not release information about locations of nuclear weapons or components.

391 Locations listed here for Chinese land-based missiles forces are mainly based on Thomas C. Reed
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and Danny B. Stillman, The Nuclear Express: A Political History of the Bomb and Its Proliferation, Zenith
Press, Minneapolis, NM, 2009, pp. 84-113, 220-234, 354-363; Bates Gill, et al., The Chinese Second
Artillery Corps: Transition to Credible Deterrence, in James C. Mulvenon and Andrew N. D. Yang, eds.,
The People’s Liberation Army as Organization: Reference Volume v. 1.0, RAND, CF-182, 2002; Mark A.
Stokes, China’s Military Modernization: Implications for the United States, Strategic Studies Institute,
U.S. Army War College, September 1999; William M. Arkin, et al., Taking Stock: Worldwide Nuclear
Deployments 1998, Natural Resources Defense Council, 1998, pp. 45-48, 89; Robert S. Norris, et al.,
Nuclear Weapons Databook Volume V: British, French, and Chinese Nuclear Weapons, Westview Press,
Boulder, CO, 1994.

China also deploys about 120 H-6 bombers at Anging Air Base, Leiyang Air Base, Nanjing Air Base, as
well as Qili Air Base and Xian Air Base. Any of these bases could potentially have a secondary nuclear
mission, but Danyang is the only air base with an external igloo-type storage facility near by. Ang-
ing and Leiyang both have underground facilities that potentially could store nuclear bombs, and
several of the bases are undergoing modernizations that might be associated with adding cruise
missile capability to some of the H-6 bombers.

- This might be the nuclear weapon production and storage facility reported by Thomas C. Reed and

Danny B. Stillman as located a two-and-a-half-hour driver north of Mianyang near the city of Ping-
tung. See: Thomas C. Reed and Danny B. Stillman, The Nuclear Express: A Political History of the Bomb
and Its Proliferation, Zenith Press, Minneapolis, NM, 2009, p. 358.

An alternative location might be Istres Air Base.

- Locations of nuclear Prithvi/Agni garrisons are not known. Potential Prithvi candidates include

Bhatinda and Jullundapur in Punjab. A potential new (but unconfirmed) Prithvi and/or Agni un-
derground storage facility might be located near Daijar north of Jodhpur in Rajasthan. The facility
includes a dozen tunnels with what appear to be roll-out-and-launch pads and missile handling
buildings.

The Indian Navy is also developing a submarine-launched ballistic missile and possibly a cruise mis-
sile, and design of warheads for these systems is probably underway.

- Claims of a nuclear capability for Harpoon or Popeye cruise missiles on Dolphin-class submarines

remain ambiguous.
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A recent U.S. Air Force survey does not credit any of North Korea’s ballistic missiles with nuclear ca-
pability. U.S. Air Force, National Air and Space Intelligence Center, Ballistic and Cruise Missile Threat,
NASIC 1031-0985-09, June 2009, available online at www.fas.org/blog/ssp/2009/06/nasic09.php.

In response to reports about terrorist attacks on suspected nuclear facilities, including Sargodha
Depot, Pakistani military spokesman Maj. Gen. Athar Abbas stated: “These are nowhere close to any
nuclear facility.” Ishtiaq Mahsud, Pakistani officials: Militant clashes kill about 70,” Associated Press,
12 August 2009.

Ibid.

- Locations listed here are based on Charles L. Thornton, U.S. Efforts to Secure Russia’s Nuclear War-

heads: Background and Issues, Center for International & Security Studies, School of Public Affairs,
University of Maryland, Presentation to: Russian American Nuclear Security Advisory Council, 2
December 2003 (listed with permission from the author); Oleg Bukharin, et al., New Perspectives in
Russia’s Ten Secret Cites, Natural Resources Defense Council, October 1999; Joshua Handler, Russian
Nuclear Warhead Dismantlement Rates and Storage Site Capacity: Implications for the Implementation of
START II and De-alerting Initiatives, Woodrow Wilson School, Princeton University, February 1999;
William M. Arkin, et al., Taking Stock: Worldwide Nuclear Deployments 1998, Natural Resources De-
fense Council, 1998, pp. 26-38, 81-87; Thomas B. Cochran, et al., Nuclear Weapons Databook Volume
1V: Soviet Nuclear Weapons, Harper & Row, New York, 1989. Other valuable resources include U.S. De-
partment of Defense, Cooperative Threat Reduction Program Annual Report to Congress Fiscal Year 2009
(and previous years); Matthew Bunn, Securing the Bomb 2008, Project on Managing the Atom, Belfer
Center for Science and International Affairs, Harvard University, November 2008, pp. 47-49, 93-95;
Gunnar Arbman and Charles Thornton, Russia’s Tactical Nuclear Weapons Part II: Technical Issues and
Policy Recommendations, Swedish Defence Research Agency (FOA), FOI-R-1588-SE, February 2005.
We are grateful for edits provided by Pavel Podvig at CISAC, Stanford University; Pavel Podvig, ed.,
Russian Nuclear Forces, MIT Press, Cambridge, MA, 2001.

General Eugene Habiger, the former commander of U.S. Strategic Command, visited the national
storage site in 1998, and later described being shown strategic and tactical nuclear weapons: “We
went to Saratov, a national nuclear weapons storage site, where I saw not only strategic weapons, but
tactical weapons ... there were five nuclear weapon storage bays,” General Eugene Habiger, Com-
mander of U.S. Strategic Command, U.S. Department of Defense News Briefing, The Pentagon, Tues-
day, 16 June 1998.

Lesnoy is located near Nizhnyaya Tura.

- Sverdlovsk-45 is one of two Russian warhead assembly plant (the other being Zlatoust-36). Sverd-

lovsk-16 is a national level storage facility about eight kilometers west of the plant.
Warhead assembly and dismantlement at Sarov reportedly ended in 2003.

The safety perimeter of the high-security WSA appears to have been upgraded sometime prior to
May 2007.

- Located near Voskresenskoye.

Located near Yuryuzan.
Zlatoust-36 is one of Russia’s two warhead production plants (the other being Sverdlovsk-45).

In addition to these permanent storage locations, there are a significant number of temporary
storage sites including railhead and transfer stations. Nuclear-capable bases where weapons have
been moved to central storage include Air Force bases with Su-24 Fencer bombers (Chernyakhovsk,
Dzhida, Eysk, Khurba, Lebyazhye, Morozovsk, Pereyaslavka, Siverskiy, Smuravyevo, Voronezh, and
Voszhaevka), naval bases with Tu-22M Backfire bombers and 11-28 ASW aircraft, and air defense
bases with nuclear-capable SA-10 Grumble surface-to-air missiles. U.S. government lists tend to have
a higher number for Russian nuclear weapons storage locations, apparently because they include
many temporary sites, particularly Navy sites, and sometimes also count individual fenced sites
within larger facilities. In a recent example of this, one NNSA publication listed 73 Russian nuclear
warhead “sites” as including 25 SRF “sites,” while another NNSA publication identified that the 25
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SRF “sites” were at 11 bases. In other words, individual named storage locations can contain mul-
tiple sites. See: U.S. Department of Energy, National Security Administration, “NNSA: Working To
Prevent Nuclear Terrorism,” Fact Sheet, September 2009, p. 1; U.S. Department of Energy, National
Nuclear Security Administration, FY 2010 Congressional Budget Request, May 2009, pp. 390, 391.

- The underground weapons storages facility at Kirtland AFB might also store some naval warheads.

The W62 is scheduled to be retired in 2009.
Ibid.

Nellis Air Force Base might also store some naval warheads.

- The W62 is scheduled to be retired in 2009.
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IPFM Members, Other Contributors to this Report and Princeton’s
Program on Science and Global Security

IPFM Members

James Acton (United Kingdom) is an associate in the Nonproliferation Program at
the Carnegie Endowment for International Peace. He co-authored the Adelphi Paper,
Abolishing Nuclear Weapons, and co-edited the follow-up book, Abolishing Nuclear Weap-
ons: A Debate (both with George Perkovich). Prior to joining the Carnegie Endowment
in October 2008, Acton was a lecturer at the Centre for Science and Security Studies
in the Department of War Studies at King’s College London and was the science and
technology researcher at the Verification Research, Training and Information Centre
(VERTIC), where he was a participant in the UK-Norway dialogue on verifying the dis-
mantlement of warheads. He has published widely on topics related to nonproliferation
and disarmament including in Bulletin of the Atomic Scientists, Nonproliferation Review,
and Survival. He holds a PhD in theoretical physics from the University of Cambridge.
Acton was a contributor to Chapter 2 of the Global Fissile Material Report 2009.

Anatoli Diakov (Moscow, Russia) is Professor of Physics at the Moscow Institute of
Physics and Technology (PhD in 1975) and since 1991 the Director of its Center for
Arms Control, Energy and Environmental Studies. Diakov has written papers on nucle-
ar arms reductions, the history of Russia’s plutonium production, disposition options
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 dis-
armament.

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 in the South African Ministry of Foreign Affairs for 17 years,
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.

José Goldemberg (Sdao Paolo, Brazil) has a PhD in nuclear physics (1954). He was
Rector of the University of Sdo Paolo (1986-90), Federal Minister of Science and Tech-
nology (1990-91), Federal Minister of Education (1991-92) and Minister of Environ-
ment of Sdo Paolo (2002-2006). 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, under monitoring by a joint Argen-



tine-Brazil inspectorate. Goldemberg is best known for his work on global energy and
environment issues. He was a co-recipient of Sweden‘s Volvo Environmental Prize in
2000 and the recipient of the Blue Planet Prize of Japan in 2008.

Pervez Hoodbhoy (Islamabad, Pakistan, shared membership with Nayyar) is a Pro-
fessor as well as the Chair of the Physics Department at Quaid-e-Azam University, Is-
lamabad. He holds a PhD 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 contributions to education in Pakistan, and the UNESCO Kalinga Prize for the
popularization 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 Professor for Science and Peace Research and Director of the Carl-Friedrich von
Weizsdcker Center for Science and Peace Research at the University of Hamburg, Ger-
many. He holds a PhD in nuclear physics (1997) dealing with international tritium con-
trol and was a member of the Interdisciplinary Research Group on Science, Technol-
ogy, and Security (IANUS) at Darmstadt University of Technology, Germany. He then
joined the Provisional Technical Secretariat of the Preparatory Commission 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. Kalinowski was a
lead author for Appendix 7A of the Global Fissile Material Report 2009.

Jungmin Kang (Seoul, South Korea) has a PhD in Nuclear Engineering from Tokyo
University (1999) and is 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 has served as an advisor to South Korea‘’s National Security Council on
North Korean nuclear issues during 2003 and on South Korea’s Presidential Commis-
sion on Sustainable Development where he advised on nuclear energy policy. Kang has
co-authored articles on radioactive-waste management, spent-fuel storage, the prolif-
eration-resistance of closed fuel cycles, plutonium disposition and the history of South
Korea’s explorations of a nuclear-weapon option. Kang was a lead author for Appendix
3B of the Global Fissile Material Report 2009.

Patricia Lewis (Ireland and United Kingdom) has a PhD 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 Director of the Verification Technology and Information Centre (VERTIC)
in London. Dr. Lewis is an Advisor to the International Commission on Nuclear Non-
proliferation and Disarmament (ICNND) established by the governments of Australia
and Japan. She was a Commissioner on the 2004-2006 Weapons of Mass Destruction
Commission, chaired by Dr. Hans Blix, and in 1998-99, she served as a Member of the
Tokyo Forum for Nuclear Nonproliferation and Nuclear Disarmament. She previously
served as an external reviewer for the Canberra Commission on the Elimination of
Nuclear Weapons.
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Li Bin (Beijing, China, shared membership with Shen) is a Professor of International
Studies and Director of Arms Control Program at the Institute of International Stud-
ies at Tsinghua University. He received his PhD from China’s Academy of Engineering
Physics. He was a researcher at the Institute of Applied Physics and Computational
Mathematics (IAPCM), and in 1996 he was appointed Director of the Arms Control
Division and the Executive Deputy Director of the Program for Science and National
Security Studies at IAPCM. He supported the Chinese team negotiating the Compre-
hensive Test Ban Treaty and attended the last round of CTBT negotiations as a techni-
cal advisor to the Chinese delegation.

Yves Marignac (Paris, France, shared membership with Schneider) is Executive Di-
rector of the Energy Information Agency WISE-Paris, 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. He has authored or contributed many publications and studies on energy, nu-
clear and global environmental issues. In 1999-2000, he participated in the economic
evaluation of the nuclear option commissioned by France’s Prime Minister, which re-
sulted in what became known as the Charpin-Dessus-Pellat report. He also contributed
to the 2001 report to the European Parliament’s Scientific 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 Eu-
ropean Power Reactor.

Miguel Marin Bosch (Mexico City, Mexico) had a long career in Mexico’s Foreign
Service, including serving as Deputy Minister for Asia, Africa, Europe and Multilat-
eral Affairs. During the early 1990s, he was Mexico’s Ambassador to the Conference
on Disarmament 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
Governmental Experts for the 2002 United Nations Study on Disarmament and Non-
proliferation Education.

Arend J. Meerburg (Den Haag, the Netherlands) has an MSc in nuclear reactor phys-
ics (1964) and worked for some years in oceanography and meteorology (including in
the Antarctic). He joined the Ministry of Foreign Affairs in 1970 and worked there until
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 on an International Pluto-
nium Storage regime, and the Nuclear Suppliers Group. Recently he was a member of
the TAEA expert-group on Multilateral Nuclear Approaches to sensitive parts of the
fuel cycle. He also served as Ambassador to Yemen (1996-2000). Meerburg was a lead
author for Chapter 3 of the Global Fissile Material Report 2008.

Abdul H. Nayyar (Islamabad, Pakistan, shared membership with Hoodbhoy) has a
PhD in physics (1973) from Imperial College, London and retired from the faculty
of Quaid-e-Azam University in 2005. 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 currently a research fellow at the Islamabad based
Sustainable Development Policy Institute. He is also President of Pakistan’s Peace Coali-
tion and the Co-Convener of Pugwash, Pakistan. He has worked on a range of issues,
including nuclear-reactor safety, fissile-material production in South Asia, the conse-
quences of nuclear war in South Asia, and the feasibility of remote monitoring of a
moratorium on plutonium separation in South Asia.



Pavel Podvig (Russia) is a researcher at the Center for International Security and Co-
operation at Stanford University. In 2008-09, Podvig is CISAC's acting associate direc-
tor for research. Before coming to Stanford in 2004, he worked at the Center for Arms
Control Studies at the Moscow Institute of Physics and Technology (MIPT), which was
the first independent research organization in Russia dedicated to analysis of technical
issues related to arms control and disarmament. In Moscow, Podvig was the leader of a
major research project and the editor of the book Russian Strategic Nuclear Forces (MIT
Press, 2001).

R. Rajaraman (Co-Chair, New Delhi, India) is Emeritus Professor of theoretical phys-
ics in the School of Physical Sciences, Jawaharlal Nehru University. He is a Fellow of
both the Indian Academy of Science and the Indian National Science Academy. He has
a PhD 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 against nuclear attacks in South Asia. In recent years his focus has been
on capping South Asia’s nuclear arsenals and the nonproliferation of fissile material for
weapons.

M. V. Ramana (India, shared membership with Rajaraman) is currently a Visiting
Scholar with the Program in Science, Technology and Environmental Policy and the
Program on Science and Global Security at the Woodrow Wilson School of Public and
International Affairs, Princeton University. He has a PhD in physics (1994) held re-
search positions at the University of Toronto, Massachusetts Institute of Technology,
and Princeton University. He has taught at Boston University, Princeton University, and
Yale University. His research focuses on India’s nuclear energy and weapon programs.
Currently, he is examining the economic viability and environmental impacts of the
Indian nuclear power pro- gram. He is actively involved in the peace and anti-nuclear
movements, and is associated with the Coalition for Nuclear Disarmament and Peace
as well as Abolition-2000, a global network to abolish nuclear weapons.

Ole Reistad (Oslo, Norway) is a Research Scientist with a joint appointment at the
Institute of Physics in the Norwegian University of Science and Technology (NTNU),
Trondheim, and at the Norwegian Radiation Protection Authority. He completed his
PhD in physics at NTNU in 2008. His work has focused primarily on highly enriched
uranium issues, the security and safety of Russian naval spent nuclear fuel and retired
submarines on Russia‘s Kola Peninsula, and other questions of nuclear safety in Russia.

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
danger of nuclear use, and establishing a framework for irreversible disarmament. Sa-
lander was Sweden’s Ambassador to the Geneva Conference on Disarmament (1999-
2003) where he authored the 2002 “Five Ambassadors” Compromise Proposal to start
negotiations on an FMCT and other treaties. He also chaired the 2002 session of the
Preparatory Committee for the 2005 NPT Review Conference.
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Annette Schaper (Frankfurt, Germany, shared membership with Kalinowski) is a
Senior Research Associate at the Peace Research Institute Frankfurt (PRIF). Her PhD
(1987) is in experimental physics from Diisseldorf University. She is a co-founder of the
Interdisciplinary Research Group in Science, Technology, and Security at the Institute
of Nuclear Physics at Technical University, Darmstadt. 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 Confer-
ence. Her research covers nuclear arms control and its technical aspects, including the
test ban, a fissile material cut-off, verification of nuclear disarmament, fissile materials
disposition, and nonproliferation problems arising from dual-use technology.

Mycle Schneider (Paris, France, shared membership with Marignac) is an inde-
pendent 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 the Belgian Energy Minister, the French and German Envi-
ronment Ministries, the International Atomic Energy Agency, Greenpeace, the Interna-
tional Physicians for the Prevention of Nuclear War, the Worldwide Fund for Nature,
the European Commission, the European Parliament’s Scientific and Technological
Option Assessment Panel and its General Directorate for Research, the Oxford Research
Group, the French National Scientific Research Council, and the French Institute for
Radiation Protection and Nuclear Safety. Since 2004 he has been in charge of the En-
vironment 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.”

Shen Dingli (Shanghai, China, shared membership with Li) is Professor of Interna-
tional Relations at Fudan University. He is the Executive Dean of Fudan University‘s
Institute of International Studies and Director of the Center for American Studies. He
co-founded China’s first non-government-based Program on Arms Control and Re-
gional Security, at Fudan University. He received his PhD in physics (1989) from Fudan
University and 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. He is a member of the International
Institute for Security Studies, and a number of other international organizations and
academic-journal editorial boards. In January 2002, he was invited by U.N. Secretary
General, Kofi Annan, to advise him on strategy for his second term.

Tatsujiro Suzuki (Tokyo, Japan) is an Associate Vice President of the Central Re-
search Institute of Electric Power Industry, as well as a Senior Research Fellow at the
Institute of Energy Economics of Japan. He is also a Visiting Professor at the Graduate
School of Public Policy, University of Tokyo. He has a PhD in nuclear engineering from
Tokyo University (1988). He was Associate Director of MIT’s International Program on
Enhanced Nuclear Power Safety from 1988-1993 and a Research Associate at MIT’s
Center for International Studies (1993-95) where he co-authored a report on Japan's
plutonium program. For the past 20 years, he has been deeply involved in providing
technical and policy assessments of the international implications of Japan’s pluto-
nium fuel-cycle policies and in examining the feasibility of interim spent-fuel storage
as an alternative. He is a member of the Advisory Group on International Affairs of
the Japan Atomic Energy Commission and now is also a member of the Ministry of
Economy, Trade and Industry’s Advisory Committee on Energy.



Frank von Hippel (Co-Chair, Princeton) is Professor of Public and International
Affairs at Princeton University’s Woodrow Wilson of Public and International Affairs.
He has a PhD in nuclear physics (1962) from Oxford University. He is a co-founder
of Princeton’s Program on Science and Global Security. In the 1980s, as chairman of
the Federation of American Scientists, he partnered with Evgenyi Velikhov in advising
Mikhail Gorbachev on the technical basis for steps to end the nuclear arms race. In
1994-95, he served as Assistant Director for National Security in the White House Of-
fice of Science and Technology Policy. He has worked on fissile material policy issues for
the past 30 years, including contributing to: ending the U.S. program to foster the com-
mercialization of plutonium breeder reactors; convincing the U.S. and Soviet Union to
embrace the idea of a Fissile Material Production Cutoff Treaty; launching the U.S.-Rus-
sian cooperative nuclear materials protection, control and accounting program; and
broadening efforts to eliminate the use of HEU in civilian reactors worldwide. Von
Hippel was a lead author for Chapters 5, 6, and 7 and contributed to Chapter 8 of the
Global Fissile Material Report 2009.

William Walker (St Andrews, Scotland) is Professor of International Relations at the
University of St. Andrews. After graduating with an electrical engineering degree from
the University of Edinburgh, he worked at the Royal Institute of International Affairs,
London, and the Science Policy Research Unit, University of Sussex before moving to
St Andrews. Among many publications on nuclear affairs, he is co-author of Plutonium
and Highly Enriched Uranium 1996: World Inventories, Capabilities and Policies (SIPRI/Ox-
ford University Press, 1997) and author of 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). Walker was a contributor to
Chapter 2 of the Global Fissile Material Report 2009.
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Other Contributors to Global Fissile
Material Report 2009

Jochen Ahlswede studies physics at the University of Hamburg. He works with Mar-
tin B. Kalinowski at the University’s Carl Friedrich von Weizsdcker Center for Science
and Peace Research on research projects to establish the global emission inventory
for krypton-85 and meteorological modeling of its atmospheric transport in order to
detect clandestine plutonium separation. He contributed to Appendix 7A of the Global
Fissile Material Report 2009.

Peter Dessaules is currently with the U.S. Department of Energy in Washington, DC
He was the lead researcher and writer for the plutonium and highly enriched uranium
declarations, which chronicled U.S. nuclear weapons programs. He has more than 30
years of experience with nuclear materials management and safeguards, including po-
sitions with nuclear weapons complex facilities, the naval reactors program, as well
as in the commercial nuclear industry. He currently manages the U.S. Department of
Energy’s Nuclear Materials Management and Safeguards System. Peter Dessaules was
the lead author for Appendix 3A of the Global Fissile Material Report 2009 and the pri-
mary author of the U.S. declarations presented in that appendix. The views expressed
are the personal views of the author and are not intended to reflect the views of the
U.S. Department of Energy.

Hans M. Kristensen is Director of the Nuclear Information Project with the Federa-
tion of American Scientists in Washington, DC. He is co-author of the Nuclear Note-
book column in the Bulletin of the Atomic Scientists and the World Nuclear Forces
overview in the SIPRI Yearbook. He is a frequent consultant to the news media on
issues relating to the status of nuclear forces and operations. Together with Robert S.
Norris, Hans Kristensen compiled the tables in Appendix B of the Global Fissile Material
Report 2009.

Marvin Miller is currently a Research Associate in the Science, Technology, and So-
ciety Program at MIT where he continues to pursue the work on nuclear power and
proliferation that he began when he joined the MIT Department of Nuclear Science
and Engineering in 1976. Previously, he was an Associate Professor of Electrical En-
gineering at Purdue University working on laser theory and applications. During his
affiliation with MIT, Dr. Miller has been a consultant to the Oak Ridge, Los Alamos
and Argonne National Laboratories, the U.S. Departments of State and Energy, and the
International Atomic Energy Agency. Marvin Miller was the lead author for Chapter 9
of the Global Fissile Material Report 2009.



Robert S. Norris is a senior research associate with the Natural Resources De-
fense Council nuclear program and director of the Nuclear Weapons Databook project.
He is co-editor of the Nuclear Weapons Databook series, and co-author of the Nuclear
Notebook in the Bulletin of the Atomic Scientists. Norris is also the author of Racing
for the Bomb (2002), a biography of General Leslie R. Groves. Together with Hans Kris-
tensen, Robert S. Norris compiled the tables in Appendix B of the Global Fissile Material
Report 2009.

Jonathan Schell is the author of The Village of Ben Suc, The Fate of the Earth, The Un-
conquerable World: Power Nonviolence and the Will of the People, and, most recently, The
Seventh Decade: The New Shape of Nuclear Danger, among other books. From 1967 to
1987, he was a staff writer for The New Yorker. He has been a fellow at The Institute of
Politics, and at Shorenstein Center on the Press, Politics, and Public Policy, both at the
Kennedy School. Currently, he is The Harold Willens Peace Fellow at the Nation Institute,
and a Visiting Lecturer at Yale College. Schell authored the Foreword for the Global Fis-
sile Material Report 2009 and contributed to Chapter 2 of the report.

Matthew Sharp is currently a postdoctoral fellow at the Project on Managing the
Atom at Harvard’s Kennedy School of Government. He received his Ph.D. in physics
from the University of Chicago in 2008. He was a National Science Foundation Gradu-
ate Research Fellow, studying the growth of structure in the early universe. Previously,
he worked on high-energy physics experiments at Fermilab and CERN. He is interested
in the role that technology can play in nonproliferation and disarmament verification.
Matthew Sharp contributed to Chapter 4 of the Global Fissile Material Report 2009.
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SGS Research and Administrative Staff
working with the IPFM

Nancy Burnett is the Manager of the Program on Science and Global Security. She is
a veteran employee of Princeton University, having served over 20 years. She manages
all financial and administrative functions of the Program.

Harold Feiveson is a Senior Research Scientist and Lecturer in Princeton University’s
Woodrow Wilson School. He has a PhD in public affairs from Princeton University
(1972). Feiveson is the editor of the journal, Science & Global Security. Along with Profes-
sor von Hippel, he was the co-founder and co-director of the Program on Science and
Global Security until July 2006. Feiveson was a lead author for Chapters 2 and 8 of the
Global Fissile Material Report 2009.

Alexander Glaser is Assistant Professor at the Woodrow Wilson School of Public and
International Affairs and in the Department of Mechanical and Aerospace Engineering
at Princeton University. He received his PhD in physics (2005) from Darmstadt Univer-
sity of Technology. He is on the Science & Security Board of the Bulletin of the Atomic
Scientists and an Associate Editor of Science & Global Security. Glaser was a lead author
for Chapters 1, 3, 4, and 8 of the Global Fissile Material Report 2009.

Zia Mian is a Research Scientist in Princeton University’s Program on Science and
Global Security and directs its Project on Peace and Security in South Asia. He has a
PhD in physics (1991) from the University of Newcastle upon Tyne. His research inter-
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