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PREFACE 

This study is addressed both to scientists and to policy-makers 

and others without extensive technical training. For this reason, 

I have attempted to set forth the relevant technical background with 

considerable detail and care. I have tried both to present a coherent 

and quantitative picture of the nuclear industry for the scientists 

and to explicate technical matters in a way that will be helpful to 

the :hen-technical reader. In this attention to technical detail and 

in the later systematic analysis of the political implications of 

civilian nuclear power, I believe this study provides a quite dii'ferent 

focus than other works in the field. 

I have sought also, through this attempt to combine technical 

detail and systematic poll tical analysis, to achieve a middle-ground 

of analysis between the typical policy papers generated within govern

mental bureaucracies on the one hand and academic research on the other. 

The chief shortcoming of the government policy paper is usually its 

extremely narrow focus in which the most significant issues are 

frequently left out of account especially if they are not relevant to 

short-term calculations. This is due to the little time available to 

both the writers and readers of policy memoranda, to the persistent sense 

of political constraints which often seem to impose a wide gap between 

the desirable and the feasible, and, above all, to varirus bureaucratic 

and institutional factors which restrict the range of arguments that 

appear appropriate for discussions within a given national administration. 
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For similar reasons, policy analysis within the government does not 

always marshal and sift evidence in as thorough a fashion as possible. 

While considerable segments of academic research relevant to con

temporary policy issues suffer similar handicaps, the major short

comings of such research, I believe, are of a somewhat different kind. 

Academic analysis is first of all not infrequently out of date, 

employing data and concerned with policy disputes no longer pertinent. 

This is due in part to the slowness with which much relevant data, 

often classified, becomes available to researchers outside the 

government, and in part to the speed with which policy issues are 

often raised, argued, and decided (temporarily at least) within the 

government. Whereas government policy analysis generally suffers from 

a too rigid regard for political constraints, academic policy analysis 

frequently pays too little to the limitations that circumscribe the 

scope of governmental action. I have not I know avoided all these 

drawbacks but I hope the attempt at least has been of some value. 

The idea for the scope and title of the study derives from two 

of my colleagues at the Ar.ms Control and Disarmament Agency during 

1964-1965, Leonard Rodberg and Mason Will:i'ich. At that time, we used 

the term "incipient proliferation" to describe the concept discussed 

here. The title "latent proliferation" seemed to me slightly more 

descriptive of the concept, however. 

I am deeply gratefUl to a large number of persons. I wish first 

to thank those who made possible the support given me during the study 

by Princeton's Woodrow Wilson School, Center of International Studies, 
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Center for Environmental Studies. I wish also to express gratitude 

to my former associates at the United States Arms Contz·ol and Dis

armament Agency, from whom I learned much that is in this study, 

and to the several friends and officials in the United States Atomic 

Energy Commission who helped me see it through. 

Among the several scientists who helped me, I am especially 

gratef'ul to Marvin Goldberger, Michael May, Henry Smyth, and 

above all to Freeman Dyson, for his constant encouragement as much 

as for his painstaking review of the first two chapters. Among 

other colleagues and associates at Princeton, I wish especially to 

extend appreciation to Robert Gilpin and Richard Ullman, and to the 

students who participated in my seminar on nuclear energy policy. 

I am indebted also in many different ways to Marver and Sheva 

Bernstein, John and Ellen Schrecker, and Robert and Liz Socolow. 

I owe a debt of gratitude as well to Jean Wiggs, who typed this 

manuscript with remarkable care and good cheer. 

Finally I wish to express a deepfelt thanks and gratitude to 

Richard Falk. 
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mTRODUCTICN 

The production of an atomic bomb requires but 10 kilograas of 

plutonium or 25 Idlograms of uranium-235, Compared to this, by 

1980, over 30,000 kilograms of plutonium will be discharged annually 

from civUian nuclear power reactors throughout the world. Twenty 

to twenty-five countriea beyond the five present nuclear weapon states 

will then be producing at least 100 kilograms of plutoniu per year in 

their cidllan pmg:r:ams1 several will be generating a still larger 

amount. A substantial fraction of this plutonium will be recycled 

into power ru.ctors1 plutonium reprocessing, fabrication, and trade 

will become a widespread commercial enterprise. Similarly, by 1980 

or soon thereafter, several countries are likely to have a substantial. 

capacity to produce highly enriched uranium, which also will be a 

ubiquitous element in commerce and international trade, Byl985, 

annual worldwide plutonium production in civilian pxogra.ms will 

have reached 75,000 kilograms. In addition, the introduction of· 

breeder reactors will require initial plutonium and uranium-23 5 

inventories at each reactor of over 3000 kilograms. A single sub

stantial diversion of any of ibis mass of fissionable material to 

weapons purposes would have a shattering impact on intemational 

relations and on domestic tranquility. Approprlation of the material 

by a non-nuclear state would severely jolt the fragile system of 

intemational sa.feguarda now being established• and once significantly 

breached, it is questic)Dable that this system could prevent a rapid 
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and widespread diffusion of nuclear weapons. Even more clearly, 

a single theft of fissionable material (and consequent construction 

of an atomic device) by sub-national gmups, criminals or terroriats, 

would g1 ve rise to blaoklna.il and other perils of an unparalleled 

character. Despite these dangers, the cost and effort nations 

appear willing to expend on safeguards are not high. The nuclear 

industry resists safeguard intrusions, and national atomic energy 

commissions have been reluctant to impose stringent safeguard 

conditions on them. Several nations have not signed the Non-Pmllfemtion 

Treaty and show no willingness to accept the safeguard obligatiolli!J there 

set forth. Yet one significant illicit diversion of nuclear material, 

and nations will be willing to undertake whatever draconian aeaaures 

necessary to comba.t the cl.angar and to prevent its recurrence. There 

is in this discrepancy between danger and response a severe distortion 

of priorities. ~ is the theJle of this study. The object of the study 

1s to make vivid and detailed the technical and political realities 

which constitute the dangers inherent in the spread and intensification 

of civilian nuclear power. 

Chapters 1 and 2 describe the manner in which civilian nuclear 

power progr&lllS provide a foundation for the development and production 

of nuclear weapons. Considerable effort has been made in these 

chapters to present· the relevant infoxmation in as concrete a JIUUUlar 

as possible. Thus, in Chapter 1 the worldwide nuclear industry is 

surveyed virtually plant by plant and in quantitative terms. Wharever 

possible, general categories of activity are described in sufficient 
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detail to permit the reader to form something mm:.'& than simply an 

abstract picture of what is happening. Thus, for example, the 

discussion of plutonium transport in Chapter 1 includes some data 

on the actual manner of such transport, the types of containers used 

and the magnitude of the shipments involved. In general, the Pllrpo&e 

of these chapters is to provide a realistic picture of the ways in 

which civilian nuclear power programs can be diverted to weapons 

development. The basic argument of the first two chapters ia that 

the technology, scientists, and technicians required to produce 

nuclear warheads are widely diffusedr and for the most part nations 

or sub-national groups wishing to acquire nuclear weapons already 

possess or could obtain the necessary delivery systems appropriate 

to their purposes. Acquisition ot fissionable material thus provides 

the salient obstacle to the production of nuclear weapons. But 

fissionable material is also precisely what is used and acCUJilulated 

in quantity in any civilian nuclear power prograar and the 

intensification and spread of these progr&llS thereby creates management 

and control problems of colossal proportions. 

Conf'l:onted with this coavereion potential, the international 

community has instituted systems ot national, regional, and inter

national safeguards, the fomal and legal procedures that attempt to 

ensure that nuclear material is not diverted trom civil use to weapons 

or other illicit purposes. In an effort to assess the ef'teotiveness 

of these safeguard ayat8118, Chapter 3 undertakes detaUed exuination 

of both their legal and technical character. Such examination leads 
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inescapa::,ly to the conclusion that inspection and control pmcedures 

will not be sufticient in the long term to prevent the diversion of 

nuclear material to weapons purposes. So long as nations have 

sovereign control, both legally and practically, over their nuclear 

programs, safeguards, albeit indispensable, wUl face an impossible 

task, A system of inspection superimposed on an otherwise un

controlled exploitation of atomic energy by national govemmentl!l 

will not prove an adequate safeguard. 1 

The situation today is therefore characterised by a continuing 

intensification of civilian nuclear power programs whereby nations 

inereasingly gain independent and. autarkic control over the nuclear 

fuel cycle and mo:~re ever closer to a nuclear weapons capability, 

Chapter 4 attempts to s11IIUI&rir;e and classify these trends and to 

explore soae of their probable political consequences. Although 

such analysis must by necessity be highly speculative, it would 

appear, in general, that intensification of civil nuclear ca:pabilities 

unimpeded by new control measures will ra.iae grave thre&ta to inter

national and doaestic security, many of thea altogether unexaapleda 

lrbis is a slight paraphrase of the~ central conclusion of the 
"Report on the International Control of Atomic Energy" prepared for 
the Secretary' of State's ColllJiittee on Atomic &lergy, MaJ:ch 16, l9lf6. 
Department of State Publication 2498. The conclusion of the Report 
is quoted at length at the end of Chapter :;. 
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The final section of Chapter 4 seta forth a very brief policy 

sketch of what a strategy ot control beyond the present saf'eguard 

effort might look like. Whatever the specifics ot such a strategy, 

there is not a great deal of time for the international aolllllU.I1ity 

to respond to the challenge confronting it. Nuclear power is 

now burgeoning thl:oughout the world, and the foundations for 

tens ot nuclear weapon pxograms are already being set. 
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CHAPTER 1. Civilian Nuclear Power 

Worldwide nuclear activities are still remarkably limited. It is 

indeed practical to survey every significant nuclear facility in the non-

. Communist countries. In undertaking such a survey in this chapter, we try 

also to highlight concepts and quantitative relationships not adequately 

presented in the literature typically available to the non-expert. The 

chapter is divided into five sections, describing in brief (i) some 

relevant nuclear physics, (ii) the civilian nuclear power cycle, (iii) the 

economics of nuclear power, (iv) future sources of nuclear energya breeder 

and thermonuclear reactors, and ( v) the scope and expected growth of 

civilian nuclear power. 

1. Nuclear Energy1 

Introduction to Atomic Physics 

For purposes of the ensuing discussion, atoms may most simply be 

viewed as composed of a nucleus and a surrounding shell of (negatively 

charged) electrons. The nucleus consists of (positively charged) protons 

and of neutrons, which carry no electrical charge. The number of protons, 

the "atomic number," determines the chemical properties of the atom, and 

characterizes its name. Thus, for example, all "uranium" atoms have atomic 

number 92, all "plutonium" atoms atomic number 94, etc. The sum of the 

1The purpose of the subsequent sketch of nuclear physics is principally 
to introduce in an orderly manner several terms used throughout this study. 
The sketch, very simplified, is by no means complete or altogether self
contained, and for a deeper understanding of nuclear science the non-expert 
reader is referred to the following sourcesa Hans Thirring, Energy for Man, 
Cbs. 14, 15, 16; Samuel Glasstone, Sourcebook on Atomic Energy; John Harte 
and Robert Socolow, Patient Earth, Ch. 18; and Alvin Glassner, Introduction 
to Nuclear Science. 
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neutrons and protons is termed the "atomic weight" or "mass number". 

Isotopes are atoms with identical atomic number but different atomic 

weight J they differ only in the number of neutrons. An isotope of an 

atom may thus be characterized by the name of the atom and its atomic 

weight a for example, "uranium-238" (U-238) or "plutonium-239" (Pu-239). 

Several isotopes are unstable; their nuclei will spontaneously emit 

"radiation". Such radiation arising from the spontaneous decay of radio

active nuclei may be of several types, including alpha rays (helium nuclei 

consisting of two neutrons and two protons), beta rays (electrons or 
. 2 

positrons), gamma rays (electromagnetic radiation or photons), and neutrons. 

The rate of radioactive decay or disintegration of any radioactive 

isotope is measured by a characteristic time, called the "half-life", which 

is defined as the length of time in which one-half of a large collection of 

the nuclei of the isotope will decay. Half-lives of isotopes range from 

fractions of a second to millions of years, For example, thorium-223 has 

a half-life of 0.1 second, thorium-232 a half-life of 1.39 x 1010 yearsr 

uranium-238 has a half-life of 4. 5 x 109 years and plutonium-239, 24,100 years. 

All nuclear reactions conserve mass number and atomic numberr thus, 

in exhibiting reactions it is usefUl to indicate explicitly both these 

numbers, If the reaction involves the decay of a radioactive isotope, it 

is also usual to indicate the mode of decay and the relevant half-life. 

2The attentive reader may wonder how it is possible for electrons (and 
their antiparticles, positrons) to be emitted from the atomic nucleus which 
presumably consists of protons and neutrons. The answer of course is that 
the nucleus is more complex than so far indicated. But the simple picture 
need not be completely abandonedJ if an electron is emitted from the nucleus 
(beta radiation), it is permissible to think of it as arising from a neutron 
changing to a proton in the nucleus a n .... ~ + e. An excellent discussion of 
radiation' may be found in Harte and Socolow, Patient Earth, Ch. 18, 
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pemits a very rapid increase in the neutron density within the material 

and hence in the number of fissions. Of the fissile nuclei, only U-235 is 

found in nature r it comprises o. 71% of natural uranium, which consists 

actually of three isotopes• 99.28%0-2)8, 0,006% U-2)4, ·and 0.71% U-235, 

U-233 is produced through neutron capture by Th-2)2, Pu-239 is produced 

through neutron capture by U-2)8, In practice, neutron fluxes sufficient 

to produce substantial quantities of U-233 and Pu-239 can be generated 

only in nuclear reactors (or in. nuclear bombs).5 

Each fission produces roughly 200 million electron volts of energy 

(200 MeV), The complete fission of one gram of fissionable material wo~ld 

therefore generate approximately 1 megawatt-day of energy (1 MW-day), The 

fission of 1 kilogram would be sufficient to provide one day's electric power i: 

to a city of ;oo,ooo. The explosive release of the energy produced by 

the fission of 1 kilogram would be equivalent to the explosive energy of 

18,000 tons of TNT~ or 18 kilotons (18 KT), roughly the yield of the 

~atural thorium (atomic number, 90) consists of only one isotope, 
Th-232. U-233 is produced by the reaction• 

232 1 233 ~ 233 ~ 233 
Th + n ... Th ) Pa. ) u 

90 0 90 2)m, 91 27.4d 92 
Pu-239 is produced by the reaction• 

238 1 239 ~ 239 ~ 
239 

U+ n .... u ) Np ) Pu. 
92 0 92 23m 93 2.)d 94 
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For example, the capture of a neutron by a nucleus of U-238 may be 

written as followsa 

N 2)9 
93 p 

Q Pu2J9 
-=-'""t"'~~ 94 • 2.)- d 

That is, a neutron with zero charge and one atomic mass unit captured 

by a U-2)8 nuclei produces the unstable nuclei U-239 which decays by a 

beta ray (electron emission) into neptunium-2)9. Np-239 in turn decays 

by another beta ray with half-life 2.) days to Pu-2)9. 

Nuclear Fission 

Energy in a nuclear reactor (or fission bomb) is produced by the 

fission of isotopes of uranium and plutoniuma notably U-23), U-235, and 

Pu-239, the so-called "fissionable material") Under appropriate circum-

stances, these nuclei, when struck by a neutron, will split into two or 

more smaller nuclei (that is, will fission) thereby releasing a considerable 

amount of energy and a sufficient number of neutrons to cause a chain 

reaction of fissions in adjacent nuclei. 4 In a power reactor, this chain 

reaction is controlled, with the number of neutrons in the material mass 

kept relatively constant after a certain point. A bomb on the other hand 

)Technically, these isotopes, which are those that can be fissioned by 
neutrons of any energy, are te:rmed "fissile nuclides", Other isotopes, such 
as U-2)8, which will fission only at incident neutron energies of over approx
imately 1 MeV are said to be "fissionable nuclides". But by common usage, 
U-233, U-235, and Pu-239 are called fissionable material. It may also be 
added for completeness that Pu-241 which is produced in reactors in small 
quantities may also be fissioned by neutrons of low energy. 

4The energy release is equivalent to the difference in mass between the 
original heavy nuclei and the combined fission products multiplied by the 
square of the velocity of light, according to the equation E a mc2, 
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6 nuclear bomb dropped on Hiroshima. 

Fission of a U-235 or U-233 nucleus by a slow neutron will release 

on the average 2.5 neutrons per fission event (some fissions release 2 and 

some 3 or more neutronsr this is why the average is not an integral number)r 

fission of Pu-239 releases 2.9 neutrons on the average, The great majority 

6These two equivalences (one gram fission produces 1 MW-dayr one 
kilogram fission produces an explosive yield of 18 KT) are worth remembering, 
and may be easily calculated. For examplea 

One gram of U-235 contains 6 x 1023/235 atoms (where 6 x 1023 is 
Avogadro's number). Complete fission of these would produce . 

6 X 1023 23 20 
235 

X 200 MeV= 5 x 10 MeV. Since 1 MeV= 4.5 x 10- kw-hrs, the 

fission energy of one gram is 5 x 1023 x 4. 5 x l0-20 , __ da 1 MW da 
24 AW- yB = - Y• 

Similarly, given that the explosive yield of 1 ton of TNT is 109 
calories and that 1 calorie= 2.6 x 1013 MeV, the complete fission of 1 
kilogram of fissionable material would produce 

5 X 1023 X 103 - = 20 KT TNT equivalent. Since, about one-tenth of the 
2.6 x 1013x 109 

fission energy escapes via gamma ray photons, betas, and neutrinos, and is 
consequently not available to the explosion, the explosive energy equivalence 
is actually 1 kilogram = 18 KT TNT equivalent. 
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of fission neutrons have energies in the region 1 to 2 Mev. 7 Each fission 

neutron will have one of three fatesi it may fission another fissionable 

isotope and thus carry the chain reactionJ it may be captured by a nucleus 

of the material in which the fissionable isotopes are imbedded without 

producing fissionr or it may escape from the material altogether. The 

utilization of fission energy for power or explosives requires that a 

chain reaction be sustained 1 on the average, one or more of the neutrons 

released by each fission must cause another fission before it is captured 

or escapes from the rna terial. This is the "critical condition 11 r a reactor 

or bomb must become critical before it can release usable amounts of 

energy. The relative probabilities of fission, capture, and escape and 

thus the critical condition depend on the configuration and composition 

of the material and on the average energy of the incident neutron. 

Clearly the higher the concentration of fissionable nuclei in the 

material, the higher the probability of fission. Also, the higher the 

ratio of volume to area of the material, the less the likelihood that 

neutrons will escape before fission or capture, For a given material 

composition, criticality will be approached as the mass of the material 

increases, If a sustained chain reaction in the particulr material is 

at all possible, there will thus exist some minimum "critical mass", at 

which the critical condition will have been achieved. 

7The number of neutrons released per fission event depends on the 
incident neutron energy. In the range up to 1 MeV, the change is very 
slight. But at higher energies, the average number of fission neutrons 
increases at a rate of about one additional neutron per 7 MeV increase in 
energy, Fission of U-235 by 14 MeV neutrons will produce an average of 4.5 
neutrons per fission event. Similar fission of Pu-239 will produce 4.75 
neutrons on the average, 

It may also be noted taat while most of the fission neutrons are released 
~romptly (within about lo-1 seconds), a small fraction, less than one percent 
(0,65% for U-235, ,36% for Pu-239), are delayed from a fraction of a second to 
a few minutes. This delay provides an important factor in the control of 
nuclear fission reactors. 
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Although fission of the fissile nuclei will take place regardless 

of the energy of the incident neutron, the probability of the fission is 

highest when the neutron energy is relatively low. By contrast, other 

nuclei which can fission, such as U-238, will do so only at very high 

8 energies, greater than 1 MeV. Non-fission capture of neutrons also 

depends on the energy of the incident neutronr in U-238, the probability 

of such capture diminishes as neutron energy decreases. As a consequence, 

a chain reaction in natural uranium or in uranium only slightly enriched 

in U-235 may most easily be sustained at low neutron energies, when the 

fission "cross-section" (probability) of U-235 is highest and the capture 

cross-section of U-238 low. Since the neutrons·released by fission have 

average energy in the range 1 to 2 MeV, rea.~tors using natural or slightly 

enriched uranium must employ a "moderator" (material such as carbon or 

water) to slow down the neutrons before they are captured by the U-238.9 

Reactors which thus require that the neutrons be slowed to thermal 

energies (and these include essentially all commercial power reactors 

built and under construction) are called "thermal" or "slow" reactors. 

8Low energy neutrons here mean neutrons which have roughly "thermal 
velocities", corresponding to the average agitation velocity of atoms in 
a body at a given temperature, The kinetic energy of these a toms is 
proportional to the (absolute) temperatura of the body. Thermal energies 
at temperatures found in nuclear reactors are near .1 ev, corresponding 
to neutron velocities of about 5 kilometers per second, A 1 MeV neutron 
has velocity about one thousand times greater, It is customary to talk 
of high energy neutrons as "fast" and low energy neutrons as "slow" or 
"thermal". 

9The situation is actually slightly more complicated still. Even with
out a moderator, a high energy neutron released into a block of uranium will 
eventually slow down to thermal energies through collisions with the uranium 
nuclei. (By the same mechanism, it will ~ quickly slow down to energies 
below 1 MeV, thus foreclosing the possibility for U-238 fission.) However, 
on the way down from the high energy the neutron is exposed to a particularly 
great risk of being captured by a U-238 nuclei, especially in the energy range 
near 7 eV, The moderator acts to slow down the neutrons below this energy 
before they are exposed to the U-238 nuclei. This explains incidentally why 
a mass of natural uranium left alone in the ground or elsewhere will not 
explode, See especially, Thirring, Energy for Man, 326-329. 
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Reactors which do not deliberately slow the neutrons are termed "fast" 

reactors. Such reactors must employ a high fraction of fissionable 

material, over 20 to 30% in the core; if uranium is the fuel, it must be 

enriched to at least 20 to 30% in U-235 (or mixed with equivalent amounts 

of Pu-239). 1° Fast reactors are usually identified with breeder reactors 

(although, in fact, breeders need not be fast, nor fast reactors, breeders), 

which are discussed later in Section 4. 

Since as earlier indicated, only U-235 of the fissile isotopes is found 

in nature, all reactors must start with uranium (U-238 and U-235) as the 

fuel, Eventually, it might be possible to produce sufficient U-233 (if the 

reactor is surrounded with Th-232) or Pu-239 to fuel the reactor, which is 

in fact the object of the breeder program discussed later. At the moment, 

however, all power reactors utilize the fission of U-235~and, to a lesser 

extent, Pu-239 produced in the fuel by U-238 neutron capture. Not every 

Pu-239 nuclei exposed to a neutron will fission; occasionally the Pu-239 

will capture the neutron to produce Pu-240. If the exposure of the 

plutonium to a neutron flux is sufficiently long, still higher isotopes 

of plutonium will be formed in the same manner. Pu-241 is fissionable 

and thus usable in reactors and weapons, but Pu-240 is not. Moreover 

Pu-240 is significantly radioactive which, as will be noted in Chapter 2, 

can complicate weapons development, if the Pu-240 is mixed with the Pu-239 

in sufficient concentration. 

10Glasstone, Sourcebook, 15. 52. 
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2. Civilian Nuclear Power Cycle 

Overview 

Figure 1 presents a simplified sketch of the civilian nuclear power 

cycle, the key components of which are the uranium mine and mill, the 

fluoride conversion plant, the isotope separation plant, the fuel 

fabrication facility, the nuclear reactor, and the reprocessing plant. 

The central facility is the reactor where the energy is actually produced 

by a controlled chain reaction of fissions. The uranium mine, fluoride 

conversion plant, isotope separation plant, fuel fabrication facility, 

and reprocessing plant merely produce and process the fuel used,in the 

reactor. 

Figure 1. Sketch of Nuclear Fuel Cycle 
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The energy, initially in the form of heat, is usually converted to 

electrical power. Thus a commercial nuclear reactor in essence is simply 

a replacement for a conventionally fUeled power plant, producing electrical 

power by use of fissionable material rather than by coal, oil, or falling 

water. However, instead of ash as the inevitable byproduct, the nuclear 

reactor typically produces plutonium and highly radioactive waste products. 

For the purpose of this study, perhaps the most noteworthy general 

characteristic of the nuclear fuel cycle is its relative decentralization. 

For the most part, the industry trend appears to be toward large regional 

facilities (fabrication plants, reprocessing plants, etc,) which will 

serve reactors at considerable distances. This tendency may be compared 

to another possibility• that an integrated fUel cycle be located at a 

single site, with conversion, fabrication, and reprocessing done contin-

uously at a site co-located with the nuclear reactor, The relative 

security advantages and disadvantages of these two possibilities are 

examined in a later chapter. 

Uranium (and Thorium) Resources 

As shown in Table 1, uranium ore is widely distributed throughout 

the world, although 85% of the reasonably assured reserves11 recoverable 

at less than $10 per pound u3o8 (uranium oxide) in the non-Communist 

countries are located in Clanada, South Africa, and the United States, 

These assured reserves presently total somewhat more than 900,000 ions of 

u
3
o8 with an additional one million tons potentially recoverable at less 

11 . Reasonably assured reserves refer to material which occur in known 
ore deposits and which can be removed from the earth and processed at the 
given pri~e range with present technology, 
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than $10 per pound, surmised to exist. Reasonably assured reserves 

recoverable at between $10-$15 per pound u
3
o8 are estaimted to exceed 

750,000 tons, with another 700,000 tons assumed to exist. Uranium in 

these cost ranges are generally found in ore deposits of • 0 5 to 0. 5%, 

often at shallow depths, mineable by open pit methods. The reserves 

are typically spread over a very large number of separate deposits, over 

1200 deposits in the United States alone. 12 

Still more extensive reserves are now available at the higher cost 

ranges. For example, in 1968, the AEC estimated. as reasonably assured 

domestic reserves, 5 million tons u
3
o8 in the $30-$50 cost ranger 6 

million tons u
3
o8 in the $50-$100 range. 13 It is believed that further 

prospecting will reveal considerably more extensive resources throughout 

the world at all cost ranges above $10 per pound u
3
o8•14 It has also 

been shown that uranium can be extracted from sea water, where it is 

estimated the uranium content exceeds 4 billion tons. The eventual 

cost of extraction remains uncertain, with estimates ranging from less 

than $30 per lb. to over $100 per lb. 15 

12oECD, World Uranium and Thorium Resources. 

l3u.s. Atomic Energy Commission, Cost-Benefit Analysis of the u.s. 
Breeder Reactor Program, 71. 

14wo~ld Uranium and Thorium Resources, 6-17. 
1.5world Uranium and Thorium Resources, 8. 
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Table 1. World Uranium Resources 16 

(USSR, China., and Ea.stem Europe Not Included) 

Thousands of Tons of u
3
o8 

Price Range per 
lb. u

2
o8 < $10 $10 to $15 

Type of Reasonably Estimated Reasonably Estimated 
Resource Assured Additional Assured Additional 

Country 

Canada. 230 230 130 170 

United States 340 600 160 350 

South Africa. 200 15 65 35 

France 45 25 10 15 

Sweden 350 50 

Australia. 20 10 10 10 

Niger 25 40 15 15 

Others (including 65 60 50 70 
Argentina., Central 
African Republic, 
Gabon, India, Italy, 
Japan, Portugal, 
Angola., Spain, 
Brazil, Mexico, 
Turkey, and 
Yugoslavia.) 

TOTAL WORLD ·930 975 785 710 

16Ada.pted from World Uranium and Thorium Resources, 18; and u.s. 
Atomic Energy Commission, The Nuclear Industry, 1970, 35-42. Estimated 
additional resources refer to ma.teria.l surmised to occur in unexplored 
extensions of known deposits, or in undiscovered deposits, in known or 
postulated uranium regions. 

One ton u
3
o8 is equivalent to 770 kgm U metal. 
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These estimates may be compared to the dema..'ld for uraniuma A 1000 

MWe enriched uranium plant requires 600-750 tons u
3
o8 for the initial 

corer 200 tons per year thereafter, A natural uranium reactor of this 

size requires respectively 300 tons for the initial core and 150 tons 

per year thereafter. Based on these factors, projected worldwide 

requirements for uranium are as followsa annual requirements by 1980, 

72,000 tons, doubling every 3-5 years; cumulative requirements to 1980, 

420,000 tons; to 1985, one million tons. This demand is divided roughly 

equally between the domestic (u.s.) demand and that from the rest of the 

non-Communist world. 17 .. 
Among the most important non-nuclear countries, West Germany, Japan, 

India (probably), and the UAR do not have sufficient stocks of uranium 

to mount a significant nuclear weapon program or to support their planned 

peaceful programs without substantial imports. Brazil (possibly), 

Israel (possibly), East Germany, Sweden, and of course Canada and South 

Africa do have sufficient reserves, The United Kingdom will be dependent 

on uranium imports to support both its peaceful and military programs, 

France and China will have sufficient reserves to pursue both vigorous 

18 nuclear weapon and concurrent civilian programs. 

There has not been extensive worldwide prospecting for thorium and 

consequently no firm estimates of global thorium resources exist, As lower 

limits though the following picture obtainsa In the price range $5-$10 per 

pound of Th o2, India has 300,000 tons reasonably assured reserves and an 

17The Nuclear Industry, 1970, 35. 

1Bworld Uranium and Thorium Resources, Uranium requirements for 
weapons are discussed in Chapter 2. 
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estimated additional 250,000 tons; the u.s. has 100,000 tons reasonably 

assured and an additional 500,000 estimated; Canada has 80,000 reasonably 

assured; and there are other scattered resources in Africa, Australia, 

Southeast Asia, Scandanavia, and Brazil. l9 

Enriched Uranium Cycle 

Commercial reactors can utilize either natural uranium (0.7% U-2.35) 

or uranium slightly enriched in the isotope U-2.35. For the natural 

uranium cycle, the fluoride conversion and isotope separation plant steps, 

described next, are skipped; the milled uranium goes directly to the 

fUel fabrication facility. 

Fluoride Conversion 

The uranium is converted to uranium-fluoride (UF6), a gas, for feed 

into the isotope separation plants. The uranium feed is of three types& 

natural uranium from the mill, in the form usually of u3o8, slightly 

enriched uranium ( < 5% U-2.35) discharged from reactors and now needing 

re-enrichment for reactor recycling, and intermediate enriched uranium 

(> 5% U-2.35) needed for special purposes. The technology and capital 

20 investment required to achieve these conversion tasks are not appreciable. . 

At present, there are two commercial conversion plants in the United 

States (at Metropolis, Illinois and Sequoyah, Oklahoma) with a combined 

annual capability of converting 15,000 tons u3o8 to UF6• The AEC-operated 

Paducah plant is also still operable. In addition, three foreign countries 

(excluding the USSR and China} have UF6 conversion capability available 

for commercial service a Canada in Port Hope, Ontario (2500 tons per year), 

19 Ibid., 20. One ton Th 02 contains 795 kgm Th metal. 

20 . See section 4, this chapter. 
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the United Kingdom in Springfields (3200 tons per year), and ~~ce at 

Pierrelatte (3800 tons per year). 21 No domestic or foreign commercial 

capability for conversion of enriched uranium now exists; the AEC has 

undertaken such conversion in the United States. However, in the United 

States, three commercial plants for conversion of slightly enriched 

uranium and one for conversion of intermediate or highly enriched 

uranium are planned to be in operation by 1975. 22 

Estimated world-wide annual requirements for conversion are as 

followsa 23 

Conversion of 

ore concentrates 

slightly enriched uranium 

highly enriched uranium 

Isotope Separation Plant 

1975 

22,000 tons 

600 

5 

1980 

130,000 tons 

1,400 

5 

Natural uranium is composed mainly of two isotopes a 0. 7% U-235 

and 99.3% U-238. The isotope separation plant produces uranium enriched 

in U-235, that is, uranium with a U-235 content greater than 0.7%. 

Because isotopes are atoms which exhibit identical chemical behavior and 

thus cannot be separated by chemical means, the enrichment process must 

take advantage of the slight mass differences which do affect the physical 

behavior of the atoms. Several such processes are in principle possible, 

although only two now appear commercially significant. These are gaseous 

2~he Nuclear Industry, 1970, 50-52. 

22 . 
Ibid., 57. 

23 . 
Ibid., 53, 57. 
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diffusion and centrifugation. 24 The first method uses the fact that 

lighter molecules in an equilibrium mixture of gas have slightly higher 

velocities on the average than the h~vier molecules and consequently 

diffuse through the walls of a perforated confining barrier more easily 

than will the heavier molecules. The gas centrifuge process is based 

on the fact that the lighter molecules in a rapidly rotating gas 

become slightly separated from the heavier molecules. 

Whatever the process, the separation plant will consist essentially 

of an array of separative elements (barriers, centrifuges, etc.) 

connected in series, each element effecting some small degree of 

separation. The entire array is termed a "cascade". Elements operating 

in parallel on material of the same U-235 concentration form a "stage". 

24conceivable commercial processes include the separation nozzle process, 
sweep diffusion, thermal diffusion, and electromagnetic separation as well as 
gaseous diffusion and centrifugation. These processes are admirably explained 
in Dennis Holliday and Milton Plesset, "Elementary Introduction to Isotope 
Separation", RM-4938-PR, June 1966. Aside from the two main candidates, the 
separation nozzle process has recently received considerable attention by 
Foratom (Forum Atomique European) as one possible basis for a future European 
enrichment plant. See Fora tom, "Report 'on European Uranium Enrichment", 
January, 1969. 
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Each element in the cascade will take a feed stream L of U-235 

concentration XF and split it into two streams, one slightly enriched 

in U-235 (concentration Xp) and one slightly depleted in U-235 (concentration 

Iw>· 25 

Feed Stream 
\ , 

\.. , 

Enriched Stream 
L/2, Xp 

Depleted Stream 
L/2, Xw 

The separation power of an element ~ay be defined as ct = ~ / 'Xw , the 
1-Xp /1-Xw 

relative assays of U-235 and U-238 in the enriched and depleted streams. 

A more often used quantity is * , the separation factor, defined as 

* = ct - 1. For any given process* will be independent of the assay of the 

feed into the element and of the flow rate, L, of material through the 

element. For all processes other than the electromagnetic method, * is 

very small; for example, .00429 for gaseous diffusion. 26 The separative 

work done by the element will depend on the flow, L, and this separation 

factor. It will not depend on the assay of the feed material, Separative 

25u.s. Atomic Energy Commission, AEC Gaseous Diffusion Plant Operations, 
OR0-658, Appendix 1, contains a clear description of the separation process. 
Also, see Holliday and Plesset, "Elementary Introduction to Isotope Separation" 
for discussion of cascades, The diagram here is somewhat simplified in show
ing the feed stream divided into two equal parts which need not be the case. 

~ . 
This is the ratio of the average velocities ofthe UF~ molecules minus 

one. The ratio of velocities is equal to the square root of the ratio of the 
masses, or~ ~52 

349 I 
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work is measured in kilogram separative work units (SWU) or metric ton 

separative work units, and reflects the actual physical effort expended. 27 

That is, the actual separative work accomplished by an element will depend 

on its size and character, and on the power level at which it is operated 

(to rotate a centrifuge, to pump gas through a barrier, etc.). 

Because the separation factor for an element is so low, a very large 

number of elements and stages and large quantities of power must be 

utilized in a cascade to achieve any substantial amount of separative 

work. The cascade is operated so that materials of' different assay are 

not mixed. This requires elaborate pumping between stages with two flows 

proceeding simultaneously, one toward stages of higher and higher enrichment 

and one toward stages of increasingly lower U-235 assay. The material handled by 

the higher enrichment stages continually diminishes. Since * is independent 

of assay and flow rates, the number of stages required in any cascade is 

completely determined by * and by the enrichments of the initial feed 

stream and the final product and waste streams, It is easily shown in 

fact that the number of enrichment stages (N) and d.epletion stages (D) in 

an ideal cascade are given by 

1 Rp 
N=;r ln-

' RF 

1 RF 
D =- ln * Rw 

27Roughly, one kilogram SWU applied to 2.35 kgm natural uranium will 
produce 1 kgm 1.4% U-235, and 1.35 kgm 0.2% U-235. 
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· xi 28 
where Ri = l-Xi , Thus, for any separation task, the number of 

required stages is inversely proportional to the sepa.l."ation factor, 1f , 

These are lower limits, valid for ideal cascades where materials of 

different assay are not mixed. P.ractial cascades would require a somewhat 

greater number of stages. In a gaseous diffusion cascade, 1f = , 0049, 

To go from natural uranium to 93% product would therefore require at 

least N = • 0~49 ln J7G§. 3 = 1600 enrichment stages, The number of 

stages in a centrifuge cascade (with say o/ = .10) required to achieve 

the same result would beN= .io 1n .97G§. 3 = 8o.
2

9 

Xp 
28Let Ri = l-ip , the relative isotopic assay fed into the ith stage 

i 

of the cascade. It then follows that Ria = Ri+l; and by extension, 
N Ria = Ri+N' To go from feed of relative isotopic assay ~ to enriched 

N product RP will therefore require N enrichment stages where R~ = RJ the 

cascade if run efficiently will also require D depletion stages where 

-D RF a = Rw• the relative assay of the tails. From these relations, it 

immediately follows that 
R R 

N = ln;:;=-Rp /ln a ~ 1: ln R p 
F 111 F 

29The separation factor, ~ , in the gaseous diffusion process is always 
the same (.00429). The separation factor for centrifugation will however 
depend on the velocity at which the centrifuge is rotated, Ultra-centrifuges 
already had achieved separation factors close to ~ = 0.10 a few years ago, 
They now can probably do much better. See Halliday and Plesset, 13-16, 

__ L 
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This suggests an important technical difference between gaseous 

diffusion and centrifugation. The pumping and stage arrangements for 

the former are inherently much more inflexible than those for centrifugation. 

A centrifuge plant designed to produce slightly enriched uranium can be 

much more easily modified to produce highly enriched, weapons grade, 

uranium than can a gaseous diffusion plant. This greater flexibility of 

centrifugation derives from three considerations• a centrifuges cascade 

requires many fewer stages than a gaseous diffUsion plant; it requires, 

however, many more elements per stage to obtain comparable throughput 

rates; and all centrifuge elements are roughly of the same size wherever 

they may be.:.in the cascade. Because of the first factor, less interstage 

pumping is needed in a centrifuge cascade, The second and third factors 

permit the cascade to be rearranged more easily. This may be looked at 

in a somewhat more casual way. The collection of highly enriched product 

whatever the initial deployment of stages requires eventually a tapered 

cascade, in which the material flow from stage to stage continually 

decreases. To construct such a cascade from a truncated cascade of many 

fewer stages in effect will require transferring elements from the lower 

stages to the top. In a centrifuge plant, this would be relatively easy 

because the individual elements are more or less interchangeable and 

there are many per stage. In a gaseous diffusion cascade by contrast, 

the elements in the lower stages are very large, much too large to be 

appropriate for use in the top regions of the cascade. 

If one looks at the cascade as a whole, there is a feed (F) into the 

cascade of material with XF U-235 concentration; an enriched product stream 

(P) with U-235 concentration Xp; and a waste or depleted stream (W) with 

U-235 concentration Xw· 
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The amount of feed to produce P kilograms of enriched product is simply 

given by 

This may be derived simply from the conservation of mass, F = P + W, 

and the conservation of U-235 isotopes, X~ = XwW + XpPa 

X~= Xw (F-P) 

F ... xp-Xw 
XF- lw p • 

Similarly, the separative work done is given ~O 

SW = P V (Xp) + WV (Xw), • 

It may be observed from these relationships that given a specific 

assay feed (say, natural uranium) and a specific desired product (say, 

100 kgm of 3% U-235), the required amounts of feed and separative work 

will depend on the assay of the waste stream. If this assay is set at a 

level near the feed assay, say at 0.6%, the separative work requirement 

will be relatively low, but the feed requirement in tons of natural 

uranium will be high. Conversely, at very low waste assays, for example 

3°v(x) is the so-called "value function", not derived here. It has 
the form C + c1 X + (2X-l) 1n __!__, and the property that the change in 

0 1-X 
"value" effected by a separation element is independent of the assay 
of the feed. 
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0,1%, the separative work requirements will be high and the feed require-

ments low, It then follows that given the costs of separative work and 

uranium feed, there will exist some waste assay that minimizes the total 

cost of the enrichment process, For operational gaseous diffusion plants 

this assay is approximately 0.2% U-235, and the waste assay is consequently 

set at this figure, 

Table 2 is a standard table of enriching services based on the preceding 

equations and a waste assay, Xw = 0.2%, The table is illuminating in that 

it provides an easy way to calculate the amounts of material and work 

required to go from any assay feed to any desired product. For example, 

let us compare the efforts involved in producing first 3% enriched uranium 

from natural uranium, and then using the 3% enriched uranium to produce 

weapons-grade uranium (93% U-235). 

From Table 2, we will need 181.6 kgm natural uranium fee and 235 • .5 

kgm SWU to produce 1 kgm 93% product, To go from 3% feed to 1 kgm of 93% 

product requires 
X - x__ 

F = p -~ = 93,0 - 0,2 m 33 k o 

XF - XW 3.0 - 0,2 gm 

The production of 33 kgm of 3% U from natural U requires (from Table 2) 

4.3 x 33 = 143 kgm SWU, Thus we may envision the production of 1 kgm of 

93% U-235 in two srbepsa First, 181.6 kgm of natural U and 143 kgm SWU 

produce 33 kgm of 3% U-235. Then, using these 33 kgm as feed, 92 kgm SWU 

additional produce 1 kgm 93% U-235.31 

3lAlthough not apparent from Table 2, as indicated above, changing the 
waste assay would change both the feed and separative work requirements, For 
example, reduction of the waste assay from 0,2% to O,l%would increase the 
separative work required to go from natural U to 3% U-235 by about 40%; this 
reduction would decrease the feed requirement by about 15%. An increase of 
the waste assay from 0,2% to 0,4% would decrease the required separative by 
20% and increase the feed requirement by almost .SO%. See, for example, U,S, 
Atomic Energy Commission, Selected Background Information on Uranium Enrich
ing, ORO 668, 43. 

__ __!__ 
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Table 2 Standard Table of Enriching Services32 

Feed Component 
(Normal) Assay 

(wt. % U-235) (kg U Feed/kg U Product 

0,20 
0,30 
0.38 
0.42 
0.46 
0.50 
0.54 
0.58 
o.65 
0,711 (Normal) 
0,80 
0.90 
1,00 
1.20 
1.40 
1.60 
1,80 
2,00 
2.40 
2.80 
3.QO 
3.60 
4.00 
5.00 
6,00 
8.oo 

10.00 
14.00 
18.00 
25.00 
35.00 
so.oo 
70.00 
85.00 
92.00 
9•3.00 
98.00 

0 
0.196 
0.352 
0.431 
0.509 
0.587 
0.665 
0.744 
0.881 
1,000 
1.174 
1.370 
1. 566 
1.957 
2.)48 
2.740 
3.1:31 
3.52:3 
4.:305 
5.088 
5·ltl9 
6.654 
7.436 
9·39:3 

11.:350 
1,5.264 
19.178 
27.006 
)4.8)4 
48.532 
68.102 
97.456 

136.595 
165.949 
179.648 
181.~05 
191.389 

Separative Work 
Component 

(kg SWU/kg}U Product) 

0 
- 0.158 
- 0.197 
- 0.197 
- 0.189 
- 0.17:3 
- 0.151 
- 0.123 
- 0.062 

o.ooo 
0.104 
0.236 
0.380 
0.698 
1.045 
1.413 
1.797 
2.194 
3.018 
3.871 
4. 3tt> 
5.638 
6 • .544 
8.851 

11.20:3 
15.99.5 
20.863 
30.737 
40.724 
58.:369 
83.816 

122.)44 
174.)02 
213.892 
232.796 
235·5.50 
269;.982 

The kilograms of feed and separative work components for assays not shown 
ma.y be determined by linear in~erpolation between the nearest assays listed. 

32copied from OR0-658, 37. 
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Similarly, a 1000 MW enriched uranium reactor may require typically e 

about 30 metric tons of 3.4% U-235 per year, which could be produced 

by 150 metric ton units of separative work from natural uranium. Modified 

to produce highly enriched uranium, a plant with such a capacity could 

produce 640 kgm of 93% U-235 from natural uranium. 

All currently operational substantial isotope separation facilities 

use the gaseous diffUsion process.33 There are three u. s. diffUsion 

plants, in Oak Ridge, Paducah, Ky., and Portsmouth, Ohio with a combined 

capacity of 17,000 metric ton units. This capacity could be expanded 

by about 50% without the construction of new plants. The only other 

gaseous diffUsion plants operating in non-Communist countries are the 

Capenhurst Plant in the United Kingdom (400 metric ton units/year) and the 

Pierrelatte Plant in France (300 metric ton units/year). In addition, 

there are gaseous diffUsion plants in the USSR and probably in China.34 

Although there are no firm plans anywhere for additional plants, the 

AEC has undertaken several studies aimed at the construction of new plants 

during the late 1970's and the 1980's. Also, several foreign countries 

have considered fUture isotope separation plant constructions. For 

example, the French are contemplating the construction of a plant of 

6,000 metric tons/year capacity,35 various possibilities including joint 

Euratom sponsorship of the French plant;36 and the United Kingdom, West 

33oR0-668, 13-16. The Nuclear Indust1741270, 60-71. China presumably. 

34The Nuclear Industry, 1970, 60-71. 

35Ibid., 68. 

36 6 Ibid., 8-?1. Foratom, "Report on European Uranium Enrichment." 
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Germany, and the Netherlands have undertaken to develop a commercial 

centrifUge plant.37 The security implications of these several enter

prises are examined in Chapter 4 of this study, 

Whatever the fate of these specific enterprises, it is clear that 

more world enrichment capacity will soon be needed, Annual separative 

work requirements for the United States are estimated at 10,000 metric 

ton units in 1975, 21,000 metric ton units in 1980, Foreign require

ments will be about half the U,S, total in 1975, almost equal to the 

u.s. total by 1980.38 After 1980,annual enrichment demand in the 

non-Communist countries is expected to grow at 5,000 metric ton units 

per year,39 Thus the following figurea 

37The Nuclear Industry, 1970, 70, Canada, Italy, Japan, and South 
Africa are also active in separation technology development. Indeed, 
South Africa has claimed that it has developed a "unique" process, and 
that a corporation to exploit this breakthrough has been established, 
It is also of interest that the Soviet Union now appears prepared to 
enter the commercial enrichment market, 

38 Ibid,, 63, 

39 6 Ibid,, 5. 
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Figure 2. Demand :for Uranium Enriching (Non-Communist Countries)40 
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Conversion and Fuel Fabrication Plant(s) 

The conversion and fuel fabrication plant(s) converts the enriched 

UF6 into uranium compounds suitable for processing (usually uo2),and 

processes the uranium (natural or enriched) into properly devised 

compounds, shapes and cladding for insertion into the reactor. This 

entails several different types of capabilitiest notably, conversion 

of enriched uranium fluoride to uranium oxide powder, production o~ 

uranium oxide pellets from the powder, fabrication of fuel elements 

containing the pellets, and fabrication of carbide fuels. Fabrication 

of plutonium fuels require similar processing. The specialized technology 

required for these steps is widely available, and several commercial 

enterprises in the United States and Europe have already established 

41 fabrication facilities of a variety of kinds._ 

As a rough approximation, a 1000 MW~ light water enriched uranium 

reactor would require the fabrication of 75 MTU for the initial core and 

additional annual fabrication of 24 MTU, This leads to estimated annual 

domestic fabrication requirements of 3,000 metric tons uranium (or uranium 

plus plutonium) in 1975, 5,000 metric tons in 1980. Foreign fabrication 

requirements, which will be met for the most part by the involved foreign 

countries, are about the same. 42 

At present, there are several major fuel fabrication facilities in 

the United StateSJ the average capacity of these plants is less than one 

41Ibid._, 74-9 5. 

42rbid. , as. 
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metric ton uranium per day. 43 There are many additional such plants in 

the rest of the world including twelve located in the non-nuclear 

countries, In addition, each nuclear-weapon state possesses at least 

one facility for the fabrication of highly enriched uranium; there is one 

such plant also in Italy. 

Fuel fabrication plants will become especially critical points in the 

nuclear fuel cycle when there is substantial plutonium recycle at which 

times the plants will be processing large quantities of fissionabl~ material, 

Nuclear Reactor 

The essential requisite of all nuclear reactors is the achievement 

of a controlled chain .reaction involving fissions of U-235 and Pu-239 (or 

U-233), As stated earlier, in all current commercial power reactors, the 

chain reaction must be carried by relatively slow or thermal neutrons, 

much slower than the velocities at which the neutrons are emitted during 

fission, As a consequence, all "thermal reactors 11 contain material, 

called a moderator, to slow-down neutrons. They must also contain a 

fluid to cool the reactor. Several materials have been used as moderators -

including, beryllium, graphite, organic liquids (benzene derivatives), 

light and heavy water. Coolants have included sodium, fUsed salts, 

several gases (carbon dioxide, helium, air, steam), and also organic 

liquids and light and heavy water. 44 Thermal reactors may be classified 

by the choice of moderator and coolant among these materials and fluids, 

'The most important commercial types are as followsa 

43Ibid, 74-79. U,S, Atomic Energy Commission, Competition in the 
Nuclear Power Supply Industry, 1968, 183-212, 

44Robert Loftness, Nuclear Power Plants, 74-76. 
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Reactor Type Moderator Coolant Fuel Comment 

Boiling Water Reactor (BWR) Light Water Light Water r-J 2.5% Almost all 
(H20) U-235 power reactors 

in u.s., 
Germany, and 
Japan 

Pressurized Water Reactor Light Water Light Water r-J 3% 
(PtlR) U-235 

Advanced Gas-Cooled Graphite Carbon r-J 2% United Kingdom 
Reactor (AGR) - at high Dioxide U-235 
temperatures ( > 1000°F) 

High Temperature Gas- Graphite Helium Highly Under con-
Cooled Reactor (HTGR) Enriched struction in 

u u.s. 

Gas Cooled Reactor Graphite Carbon Natural United Kingdom, 
Dioxide u France, Some 

types which 
use magnox 
cladding are 
termed "mag-
nox"reactors 

Heavy Water Reactor Heavy Water Heavy Natural France, Canada, 
(D20) Water u India 

Reactors may also be classified by the degree to which the burned 

fissionable material is replaced within the reactor by the production of 

Pu-239 or U-233 through neutron capture by U-238 and Th-232. Present 

commercial reactors, which replace about one-half the fissioned nuclei 

through this process, are termed "converters"~ The major reactor of this 

type now under development in the United States is the HTGR, the high 

temperature gas-cooled reactor, which will be able to utilize either a 

U-235/plutonium cycle or a U-233/thorium cycle. Part of the fuel for 

this reactor is highly enriched uranium (> 90% U-235). 45 The third type 

45rhe Nuclear Industry, 19?0, 181. Nuclear Engineering Intemational, 
December 1969, 1069. 
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o:f reactor, the so-called "breeder", produces more fissile nuclei than 

it uses up. The breeder will be discussed in section 4. 

For at least the next decade most reactors will continue to be 

converters. Of these, the BWR, PWR, and AGR employ slightly enriched 

uranium (approximately 1.6% U-235 for the AGR to 3.4% U-235 for the PWR), 

Because of the greater fraction of fissile isotopes in the lightly enriched 

reactors,- light (ordinary) water can be used as a moderator despite its 

propensity to absorb neutrons. In natural uranium reactors however, 

if water is used as the moderator, it must be heavy water, which does 

not have a high neutron absorption capacity, Thus outside of the 

United Kingdom where the AGR plays a prominent role, the terms "light 

water reactor" and "enriched uranium reactor" are often used inter-

changably. 

The performance of a reactor may be roughly described by three 

parameters a 

(a) Installed (Rating) capacity in electrical megawatts (MWe), This 

gives the total electric power output. Typically, the power converted to 

electricity is about one-third the total power (heat per unit time) 

produced by the reactor. Thus the electrical megawatts (MWe) is about 

one-third the thermal megawatts (MWt) produced in a reactor. This ratio, 

which itself may vary some from reactor to reactor is termed the reactor 

"efficiency", Most commercial reactors built during the next two 

decades will probably have capacity between 300 to 1200 MWe. 46 

46with emphasis on the high side, O:f 23 reactors for which construction 
contracts were awarded in the U,S, during 1968 and 1969, all but two exceeded 
800 MW , The Nuclear Industry, 1970, 1.54-155, 180, e 
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(b) Specific power. This gives the thexmal power per unit of fuel 

of the reactor. A typical value for light water reactors is 25 MWt/MTU-

(2·5 thexmal megawatts per metric ton uranium). 

(c) Bum-up. This measures the total (heat) energy produced in a 

unit of fuel before it is removed from the reactor. The higher the bum-

up, the more economical the reactor. Typical burn-up values& for 

enriched uranium reactors, 25,000 MWtd/MTU; for natural uranium reactors, 

4,000-10,000 MWt:djMTU. The bum-up essentially determines the uranium 

requirements to fuel a given reactor and the composition of the 

discharged plutonium. 

A specific power of 25 MWt/MTU and bum-up of 25,000 MWt-days/MTU 

implies an average dwell time in the reactor for a given fuel element of 

1000 days or about 3 years. Three to four years is in fact a reasonably 

typical figure for both enriched and natural uranium reactors. The size 

of reactor elements vary between roughly 10 kgm to 50 kgm. The core of 

a light water enriched uranium 1000 MWe reactor might typically contain 

1500 elements (50 kgm/elements), with a third of these discharged from 

the reactor each year. Not all the U-235 in the reactor fuel will be 

fissioned before discharge. For example, in a light water enriched 

uranium reactor, at charge an eleme~t might contain (say) 3% U-235, and 

at discharge 1% U-235. Approximately one-fourth of the energy produced 

in the reactor will be due to plutonium fission. 

Although reactor technology is unclassified, most non-nuclear states 

are now dependent on the United States, United Kingdom, West Germany, 

France, and Canada for reactor construction. They will probably remain 

so for the forseeable future. Indeed with respect to light water enriched 
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uranium reactors which have now gained a clear economic advantage 

over the natural uranium reactors, the United States (where the 

market is divided among 5 companies) is dominant. 47 

The distribution of power reactors throughout the world is described 

in section 5. 

Chemical Reprocessing Plant 

The reprocessing plant separates and recovers the plutonium, 

uranium, and fission products in the irradiated fuel. This is accomplished 

through a relatively straightforward chemical technology which is com-

pletely unclassified and within the technical and economic competence 

of all countries planning nuclear power programs. Most plants a.re 

designed to handle mainly one type of fuel, the variety including fuel 

from slightly enriched uranium reactors, from natural uranium reactors, 

and highly enriched uranium fuels. In all cases, the reprocessing and 

recovery generally occurs one yea.r after discharge of the irradiated 

fuel from the reactor; the high radioactivity of the fuel immediately 

upon discharge requires that it be "cooled" in a pool of water for 

several months prior to reprocessing. 

A 1000 MWe enriched uranium reactor requires a reprocessing 

capacity of approximately 30 MTU (slightly enriched) per yearr a natural 

uranium reactor, about triple this. Since the average dwell time of a 

fuel element in the reactor is 3 to 4 years and, as indicated, a year is 

required from reactor discharge to recovery, these reprocessing require-

menta lag the installed power by four to five years. Total annual 

47 
As reflected in current domestic and foreign contracts for new 

reactors. The Nuclear Industry, 1970. 154-155, 179. 
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reprocessing requirements for the United States by 1980 are expected to 

approximate 3000 MTU per year; total world requirements will be more than 

double this. 48 

A large number of reprocessing plants throughout the world are now in 

operation or under construction. In the United States, there are three 

such commercial plantsa 

Plant 

Nuclear Fuel Services 

General Electric 

Allied Chemical 

Planned Eventual 
Capacity 

900 MTU/year 

300 MTU/year 

1500 ~TU/year 

In addition, at least three other commercial plants are now planned, 

though construction has not yet begun. Also, the AEC operates three 

reprocessing plants to service its plutonium production reactors. 49 

There is also a burgeoning foreign reprocessing industry as indicated 

in the followinga 

48 Ibid., 251, 262-263. See also u.s. Atomic Energy Commission, 
Forecast of Growth of Nuclear Power, 1970, WASH-1084, para. 18. 

49The Nuclear Industry, 1970, 244-250. 
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Table ), Chemical Reprocessing Plants Abroad (Constructed and Planned)50 

Eurochemic, Mol Belgium 

(joint effort of 13 countries) 

United Kingdom 

W indscale 1. 

Windscale 2. 

Dounreay, Scotland 

France 

Cap de la Hague 

Marcoule 

Germany 

Karlsruhe 

Italy 

Trombay 

Tarawr 

Japan 

Tokai-Mura 

Norway 

Kjeller 

Spain 

Moncla 

Argentina 

Buenos Aires 

Capacity 
_(MTU hear) 

180 

2200 

300 

1 

450 

450 

40 

100 

150 

200 

40 

1/10 

1/5 

5°Adapted from The Nuclear Industry, 1970, 264. 

Capability 

Natural U and 
Enriched U 

Natural U 

Enriched u· 
Highly Enriched U 

and Pu 

Natural U 

Natural U 

Enriched U 

Natural U 

Natural U and 
Enriched U 

Natural U and 
Enriched U 

Enriched U 

Highly Enriched U 

Highly Enriched U 
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The entire world reprocessing requirements by 1980 (about 6000-8000 

metric tons per year) could be met by a handful of large plants of 1500 

MTU/year capacity plus a few smaller plants to handle specialized 

material. This possibility that world commercial reprocessing require-

menta could be handled b,y a relatively small number of facilities, 

widely distributed throughout the non-Communist world, suggests a 

powerful control measure, which will be examined at a later point. 

Irradiated (Discharged) Fuel1 The Production of Plutonium 

The fuel discharged from a reactor and processed contains mainly 

highly radioactive fission products, plutonium, and uranium. The plutonium 

is composed of the isotopes Pu-239 and Pu-241 which are fissionable by 

thermal neutrons, and Pu-240 and Pu-242 which are not. Both the total 

amount of contained plutonium and the plutonium isotopic composition 

will depend on the type of reactor and its mode of operation. 

For normal economic modes of operation, the plutonium content in the 

discharge fuel averages 275 grams to 360 grams per MWe per year for the 

enriched uranium reactors, with about 30% of this the non-fissile isotopes 

Pu-240 and Pu-242. Natural uranium reactors produce nearly twice as much 

plutonium, roughly 500-600 grams per MW per year, about 15-20% of which e 

are the non-fissile isotopes. Thus, a 1000 MW enriched uranium reactor e 

will produce about 300 kgm of plutonium per year (70% fissile isotopes); 

a 1000 MW natural uranium reactor will produce about 600 kgm plutonium e 

·per year (85% fissile isotopes).51 One hundred kilograms fissile plutonium 

51From a variety of data. See for example Russell Stanford and Charles 
Moore, "Commercial Plutonium" in CONF-660308, 78-85; The Nuclear Industry, 
~ 88, 262. As an example of plutonium production from a natural uranium 
reactor the U.K. magnox reactor at burn-ups of 3000 MWtd/MTU produce 0.67 
grams Pu/MWthd at 17% Pu-240 plus Pu-242; it produces about 500 kgm plutonium 
per year per 1, 000 MW • e 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

-41-

is sufficient for more than ten weapons. 

The plutonium isotopic composition is very strongly dependent on 

the average burn-up values of the discharged fuel, that is, the length 

of time the fuel remains in the reactor. This is partly because the 

rates at which the higher isotopes of plutoniUm build-up depend on the 

amount of Pu-239 present in the reactor; if the fuel discharge is 

frequent, the higher isotopes, which are produced by successive neutron 

captures of Pu-239, Pu-240, and Pu-241, will have little opportunity 

to form. Frequent discharge also ensures that the produced Pu-239 will 

fission much less frequently than the more plentiful U-235. By contrast, 

under ordinary exposure levels, as more and more Pu-239 relative to U-23 5 

is formed in the fuel, an increasing fraction of the energy is produced 

by Pu-239 fissions, occurrences which of course reduce the relative amount 

of Pu-239 in the discharged product. Figure 3 indicates this dependence of 

isotopic composition on burn-up levels for enriched uranium reactors. 

Natural uranium reactors exhibit similar dependence.52 It may be noted 

that the production of plutonium with greater than 90% Pu-239 by light 

water reactors would lead to reprocessing requirements and a rate of fuel 

removal from the reactor five times as great as for normal operation (with 

bum-up of 25,000 MW td/M~. These data are important because the weapons 
~" 

utility of plutonium depends on the isotopic composition, as is discussed 

in Chapter 2. 

The plutonium generated in the reactor may be recycleda that is, it 

may be fabricated into new fuel elements, possibly blended with natural 

52For example, the U.K. magnox reactors show the following dependence• 
1000 MWtd/MTU ... 13%; 3000 MWtd/MTU ... 17%. 
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or slightly enriched uranium, This has not yet been done on a commercial 

basis, however, and it is too soon to forecast confidently future recycle 

requirements for plutonium fabrication. At most, after perhaps 5 years, 

plutonium might be expected to replace about one-third of the U-235 

that would otherwise be required were there no recycling. In such a 

case, plutonium use would average roughly 200 kgm plutonium per 1000 MWe 

per year,53 Uranium requirements would be correspondingly reduced to 

two-thirds of the values adduced earlier. 

Apart from potential use in light water reactors plutonium will be 

required during the next several years in connection with various 

research and development enterprises, notably those aimed at the development 

of breeder reactors. Eventually, of course, plutonium will also be 

needed for the initial cores of the breeders themselves. Total R & D 

plutonium requirements in the United States will average 2000 kilograms 

per year in the middle 1970's; foreign requirements would be similar. 

Breeder cores will require about 3 kgm plutonium per installed MWe; a 

1000 MW e reactor will use 3000 kgm of plutonium in the irftial core. 54 

5JwASH-1084, par. 18. Without recycle, about 150 metric tons natural 
uranium is required replacement per 1000 MWe. This corresponds to (.007) x 
150 = 1 metric ton U-235. If slightly less than one-third of this, or say 
300 kgm, is replaced by plutonium, and we take the fuel value of plutonium 
as 5o% greater than U-235, this gives 200 kgm of plutonium as the required 
replacement. 

Safety considerations will limit the scope of plutonium recycling. 
The main guarantee of safety is a system in which any sudden rise in temperature 
causes an instantaneous drop in reactivity. Pu-239 and Pu-241, which have 
fission resonances just above the thermal range, contribute adversely to 
such a "negative prompt temperature coefficient of reactivity." Con-
sequently, it will be extremely difficult to use plutonium as a main 
fuel in thermal power reactors while maintaining present standards of safety. 

54The Nuclear Industry, 1970, 87-93· See also Section 3, this chapter. 
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Figure 3 Isotopic Composition of Commercial Pu55 

:-:.~~~~- Ill_ I_ ' 
. ~" !j_ 

1::17 =t= . :Et: OE.c:::G ±tt: jji • k 1.'1-:' !:Ci E: 

• 
,, .:c .. 

i~ l i-L •· j l i i : 

• ~:r t1\; d i : 
•J. 1:!:: !+;; 

• 
. i 

• :::~:: : 

_: 
': 

• :_i._i_ 
I: 

: 
I : .. ~ 

±IJ 1n 

liB . .. 
:.lJ.J.. 

• II a- _j_J. ·--' . J.l..i. 
• !J. i : 

. ; 

l-t·
1i i 

i: J.j_ .l . l! : 
. . 
i. 

• ij_ 

I !1 

'-" !J- t 
Q ~'- J..:.: . ~~ ~ -~ '~ i=!.J. Jj· . li l' . ·.::~::l ii: 
. I:':' 'i u 
. .. ~~Vli; :j 

:i. . 
.j:: ' !~[: . .:1:_: Li . 

11 If~ ti ! j _; 

, i~Fl :! :: 
L·i :. ' 

..u 
I I: 

.! I 

,, fi' 
GODO IDOOO /SOOO ;1.0000 :z.sooo 3oooo 3sooo 

FUE/.. £XPosvtU!.- MwO/M'1"1) 

55copied from Stanford and Moore, "Commercial Plutonium, in CONF-
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Compared to these various demands for plutonium, large quantities 

of plutonium will be recovered annually from commercial reactors 1 in 

the United States, 10,000 kgm/year in 1975; 20,000 kgm/year in 1980, 

with total world p:roduction more·'than double this • .56 In addition, 

very large quantities of plutonium produced by the AEC production 

reactors are apparently available for commercial use if necessary.57 

Transportation 

The scope of transport required by the nuclear industry is suggested 

by Tables 4 and 5r the data is only for the United States, but foreign 

programs will require shipments of the same order of magnitude.58 The 

import of these data will be made apparent in Chapter 3, where the 

effectiveness of safeguards is examined. For reasons there explained, 

the transport system appears highly vulnerable to theft of nuclear material • 

.56 Ibid., 88. See also 8ection 5. 

57 Ibid., 88. 

58 Ibid., 320-329. 

----~-----
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Table 4. Transportation in the Nuclear Fuel Cycle59 

Commodit;y: Point-to-Point Tonnage of ShiEments 

u
3
o8 

Normal UF6 

Enriched UF6 

uo
2 

Fabricated 
fuel assemblies 

Irradiation 
fuel 

Recovered 
Products 

Uranium mill to feed preparation 
plant 

Feed preparation plant to 
gaseous diffusion plant 

Gaseous diffusion plant to 
fuel fabrication plant/ 
materials processing 

Material processing plant 
to fuel fabrication plant 

Fuel fabrication plant to 
reactor 

Reactor to reprocessing plant 

Reprocessing plant to various 
destinations 

TOTAL 

TOTAL (including weight of 
containers) 

) 

12Z5 

17,000 

21,000 

4,200 

),200 

),700 

1,500 

51,000 

150,000 

59Adapted from The Nuclear Industry, 1970, )20. 

1980 

;4,000 

4),000 

9,000 

6,600 

7,600 

),800 

104,000 

300,000 
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Table 5. 

Normal UF6 

Enriched UF6 

New fuel elements 

Irradiated fuel 

Recovered products 

-46-

60 Type o£ Containers Used £or Transportation 

55 gallon steel drums carrying 6 50 
pounds u

3
o8 

pressurized cylinders, 14 ton UF6 capacity 

pressurized cylinders, 4,800 pounds UF6 

drums 

protective packages, up to 8,000 pounds 

shielded lead or uranium casks, 30-100 
tons, carrying 1-4 tons of spent 
fuel 

tanks, protective packages, shielded 
casks, 

60 
Ibid., 320, 322-326. 
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Summary• Nuclear Fuel Cycle for a 1000 MW plant 
e 

In summary, consider the variety of activities required to service a 

1000 MW reactor, say of the FWR, slightly enriched uranium, type. e 

Uranium Requirements. The initial core will require 625 tons u
3
o8• 

This corresponds to 480 metric ·tons natural uranium or 15 metric tons of 

uranium enriched to 3.4% in U-235. Average annual replacement require-

ments are 200 tons u
3
o8, or 150 metric tons natural uranium corresponding 

to 24 metric tons enriched uranium, Time from procurement of u
3
o8 

to production of enriched UF6 will be about 6 months. 61 

Isotope Separation Requirements, The initial core will require 

370 metric ton units of separative work. Annual replacement loadings 

will require 150 metric ton units. There will elapse approximately 6 

months from the procurement of enriched uranium in UF6 to insertion of 

elements into the reactor. 62 

Fuel Fabrication. The initial core will require the fabrication of 

75 MTU (slightly enriched); average annual fabrication requirements 

thereafter will be 24 MTU. The elements might each typically weigh-'.50 

6lwASH-1084, para. 14 and 18, The conversion of short tons of u
3
o8 to metric tons of enriched uranium is made as follows• 

a -a 
U(natural) = enr. tail U (enriched), 

afeed- atail 

U(enriched) = U(natural) 6.5 

where aenr' a feed, and a tail 
represent the U-235 percent 
content in the enriched product, 
the natural uranium feed, and 
the depleted tails. 

Given that 1 ton u
3
o8 contains .77 metric tons uranium, this givesa 

62 

ugo8 U(enriched) = .5 (,77). 

Ibid., pars, 14 and 18. 
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kilograms, which would mean a reactor inventory o:f 1500 elements and an 

average annual replacement o:f 500 elements. 

In the Reactor. Average bum-up o:f the :fuel is 32,000 MWtdays/MTU 

at a speci:fic power o:f 34 MWt/MTU. It :follows :from this that the average 

dwell time o:f an element is about 3 years. The composition of the fUel 

at charge and discharge looks as followsl 

Fresh fuel assay 

Spent fuel assay 

3.4% U-235 

0.9% U-235 

This means that about one-fourth of the energy produced in the fUel is 

due to plutonium fission. 63 

Reprocessing Plant. The reprocessing requirement is 24 MTU per year. 

A given fuel element will go through the reprocessing approximately 4 

years after its insertion into the reactor. The plutonium discharged 

will average about 10 kgm per MTU, or 240 kgm Pu per year. This 

corresponds to one-fourth kgm Pu per installed electrical megawatt. 

The fissile component of the plutonium will average about 75%.
64 

63see WASH-1084,- para. 15 for PtlR data.· One MTU at charge contains 
34 kgm U-235; at discharge, it contains 9 kgm. This means that 25 kgm 
U-235 were burned, which would account for 25000 ~t-days, given that 1 gram 
fission produces 1 MWt day energy. Since average bllm-up is 32,000 MWt 

·days, 7,000 MWt days or 22% of the total energy must be due to plutonium 
fission. 

64 Ibid., para. 18. 
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). Economics of Nuclear Power 

Introduction 

Although nuclear fuel costs very little to transport, radioactive 

shielding and criticality requirements assure that very small and dispersed 

nuclear reactors, as replacements for example of internal combustion engines, 

will not be practical for the foreseeable future. 65 Thus nuclear power 

will for the most part be used to generate electricity in central electric 

power stations, in which nuclear reactors simply replace the furnace 

of the conventional power plant, with the energy distribution system 

no different between the two cases. The relative costs of producing 

electricity in central power stations thus provides the major economic 

comparison between nuclear and conventional power. 

Cost of Nuclear Power 

The three major cost components for both nuclear and conventional 

power plants are 1 

• Fuel Cycle Cost 

• Fixed Charge Costs (essentially the interest charge 

on the fixed investment) 

• Maintenance and Operating Cost 

Tables 6 and 7 illustrate typical breakdowns of these costs for a 

1000 MW light water nuclear power plant, and a 1000 MW natural uranium e e 

reactor such as might be constructed in the 1970's. The estimates are 

8 based on the equivalence 1000 MW - year = 72 x 10 KW -hours, This e e 

·assumes the plant will operate over the year at an average capacity of 

about 80%, 

6~uclear power could however be used to "charge" batteries or other 
energy storage systems which could be used in small dispersed plants. 
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The item which perhaps most requires explanation in the Tables are 

the plutonium credit price. This simply reflects the commercial value 

of plutonium in a nuclear reactor. (It's value as weapons material 

would of course be far greater). Assuming the feasibility of recycling 

plutonium in converter reactors, this value must be roughly comparable 

to the value of U-235 in a commercial reactor, approximately $8 per gram. 66 

The Tables indicate the cost of electricity at the "bar", before 

distribution to the consumer. Such distribution over distances typical 

in the United States would approximately double the total cost of 

electricity. With this in mind, the Tables present an easy way to 

calculate the effect on electricity costs of changes in any cost component. 

In particular, it may be seen that even quadrupling the cost of natural 

66 Production of 1 kilogram of 3.4% U-235 requires 6.2 kgm U and 5.2 SWu, 
at a total cost of about $270. The cost per kilogram U-235 is thus $270/.034 
or $8/gram U-235. Plutonium, because it emits more neutrons per fission 
event than U-235, might be expected to have a slightly higher value. The 
incremental value of plutonium in a breeder reactor would be still higher, 
but as long as commercial breeders remain over a decade in the future, 
plutonium for fueling of breeder cores would have to be heavily discounted. 
At the moment, because of the long breeder lead time and the relative lack 
of experience with plutonium recycling in converter reactors, there is 
scarcely any real commercial market for plutonium. See, for example, 
Paul MacAvoy, Economic Strategy for Developing Nuclear Breeder Reactors,82. 
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Table 6, Illustrated Cost Figures for a 1000 MW Light Water Enriched e 

Uranium Reactor67 

Annual Cost/Energy 
Requirements Average Costs (Mills/KW -hr.) e 

Fuel C~cle Cost 1. 50 

Natural U Feed 160 MTU $22/Kgm U 0.,50 
($8/lb u

3
o8) 

Conversion to UF6 160 MTU $2.5/kgm u o.o6 

Enrichment (3.4% 
U-235) 

150 MTSWU $26/kgm SWu o.SL~-

Fabrication 24 MTU enr $90/kgm u 0.30 

Reprocessing 24 MTU enr $33/kgm u 0,11 

Transportation 24 MTU $5/kgm u 0,02 enr 

Fuel Inventory [ 80 MTU J enr $300/kgm u 0.28 * 

(Plutonium Credit) (200 kgm) ($10,000/kgm Pu) (-0.28) 

Capital Investment 1000 MWe $260/KW e 3.60 * 

Maintenance and Operation $3,000,000 0.40 

Total Cost .2.t..2Q 

* Interest charge taken at 10%/year. 

67nevised mainly from data in The Nuclear Industry, 1970, 49-94, 145-158, 
241-270; u.s. Atomic Energy Commission, Trends in the Cost of Light Water 

·Reactor Power Plants for Utilities, WASH-1150, esp, iii-vii, Potential 
Nuclear Power Growth Patterns, WASH-1098, Tables 2,10, 2.11, 5.2, 5.3, 5.4, 
E-1. 
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Table 7. Illustrative Cost Figures for a 1000 MWe 

Heavy Water Organic Cooled Natural Uranium Reactor68 

Annual 
Requirements Average Costs 

Fuel C;y:cle Cost 

Natural U Feed 150 MTU $22/kgm u 

Fabrication 150 MTU 50/kgm u 

Reprocessing 150 MTU 27/kgm u 

Charge on Fuel [ 300 MTU] 70/kgm u 
Inventory 

(Plutonium Credit) (350 kgm) (10,000/kgm) 

Capital Investment 1000 MWe $280/KWe 

Maintenance and Operation 3,000,000/year 

Total Cost 

Power Cost 
(Mills/KW -hr) e 

1.65 

0.45 

1.05 

0.55 

0.30 

(-o.so) 

l!..2.Q 

0.40 

~ 

68nevised mainly from data in WASH-1083, 18, 86; WASH-1098, Tables 
2.10, 2.11, 5.2, 5.3, 5.4, E-2. The capital investment is based on the 
data in WASH-1083, but with application of the same escalatory factor 
that occurred for light water reactors as reported in WASH-1150. 
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uranium would raise the total cost by only a few percent. 69 The cost 

of nuclear power will vary substantially with the charge rate on fixed 

investment, load capacity, and with the installed capacity of the plant, 

there being particularly evident economics of scale associated with 

larger plants. These dependences are illustrated in the two following 

Figures a 

69From Table 6, for example, the natural uranium feed contributes 0.50 
mills/KW-hr to a total power cost at the bar of 5.50 mills/KW-hr. Quadrupling 
the uranium cost would raise its contribution by 1.5 mills/KW-hr, and the 
total bar cost by the same margin (assuming conservatively that the rise in 
uranium prices did not raise the plutonium credit). Counting distribution 
costs, the total power cost would thus be raised about 1.5/11.2 = 13%. 
This conclusion is interesting. For if as seems possible (see section 2), 
uranium could be extracted from sea-water at costs of not much over 
$30/lb u1o8 (about quadruple present prices), there need not be a rapid 
introduc-tion of breeder reactors to conserve uranium resources if a more 
cautious breeder development program seems otherwise desirable. 
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Figure 4. Illustrative Dependence of Nuclear Power Cost on Average 

Capa.cit:y Factor and Annual Discount Rate (r) 1 1000 MWe 

Light Water Reactor.7° 
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7°Based on data given in Table 6. 
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Figure 5. Illustrative Dependence of Nuclear Power Cost 

on Size of Nuclear Plant& Light Water Reactor71 

1200 
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BOO 
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200 
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Size Plant (Installed MW ) 
e 

?lAd.apted from u.s. Atomic Energy Commission, "SmallNuclear Power 
Plants," C00-284, Cost figures given in the report have been arbitrarily 
doubled in the above figure to reflect the approximate lOQ% rise between 
1960 and 19?1 in the fixed cost of constructing a 1000 MW plant, Thus 
the ratios presented in the coo report have been preservea. 
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Competi~ive Position of Nuclear Power 

Table 8 presents cost figures for a 1000 MWe coal-fUeled power plant 

in New England; and Figure 6 illustrates the variance of wtal power cos~ 

for various sources. 

Table 8. Costs of Fossil-Fuel Power72 

Fuel Costs . 

Capital Investment 

Maintenance and Operation 

Total 

Uni~ Cost 

20-40¢/million BTu 

$195/KWe 

$3,000,000/year 

Total Cos~ 
(mills/KW-hr) 

2-4 

o.4 

5-7 

72wASH 1098, Tables 2.8, 2.9; WASH-1150, Table 31 30-42. 
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Figure 6. Variance of Power Cost 
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It is immediately noteworthy, that nuclear fuel costs typically 

comprise a smaller fraction of the total power cost than is the case for 

fossil fuel plants, whereas the capital costs for nuclear plants are 

correspondingly higher. Fuel costs for a nuclear plant for example may 

average about 2,5% of the total cost, whereas the fuel contribution for 

coal or oil plants will typically exceed 50%. This asymmetry has three 

evident consequences. First, nuclear power will look relatively more 

attractive than fossil fuel in capital-rich nations with reasonably 

low discount rates. Secondly, because of the high capital costs, it is 

relatively more important to operate nuclear power plants on high load 

factors than it is conventional. fossil fuel plants. Thirdly, rises in 

the price of uranium, or in general in the fUel cycle cost, will have 

only moderate effect on the total nuclear power cost. Since the cost 

of fossil fuel power varies substantially with the distance of the 

power station from the fossil-fuel sources, nuclear power would look 

unevenly attractive in comparison even if nuclear power costs were 

roughly the same throughout the world, as might be expected from the 

very low cost of transporting nuclear fuel and equipment. Such uneven

ness is indeed the case. There is, however, as illustrated in Figure 6 

consid7rable variance also in nuclear power costs, due principally 

to differences in rated capacity, in discount rates, and in expected 

base load. 

The cost of electric generation in the terms presented above is 

not the only consideration that will influence the choice between 

conventional and nuclear power. In the remainder of this section some 

other relevant factors are briefly disoussed. 
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Energy Security 

Nuclear power appeals to many countries as a means of establishing 

energy security -- an independence from imports of fossil-fuel, and in the 

long term security against depletion of fossil-fuel resources, The demand 

for energy throughout the world is certainly impressive. Electric power 

especially is essential to industrial growth; an increase of one percent in 

industrial production requires an increase 1n the production of electric 

energy of somewhat over one percent. At present, the annual growth rate 

of installed electric capcity in the industrialized countries is between 

5 to 8 percent, 1n the less developed countries nearly double this, with 

the world average a bit less than 8 percent per annum,73 It is reasonable 

to suppose that at least these · growth rates will be sought during·· the 

next two decades. Similarly, primary energy consumptio~, while not so 

closely tied to increases in industrial production or gross national 

product as is electric consumption, will have to grow rapidly to support 

significant increases in national product. The present annual rate of 

increase typically ranges between 2 and 8 percent, with the less developed 

countries generally showing the more rapid growth,74 The ratio of 

electrical to total primary energy consumption ranges currently between 

20 to 30 percent, the developed states possessing the higher ratio,75 

73u.s. Atomic Energy Commission, Forecast of Growth of Nuclear Power 1971, 
WASH-1139, Table 5, Fremont Felix, "Electrical Energy, Total Energy, and 
National Income," Table 1, 

74Felix, "Electrical Energy'' Table 1. 

7 5Ibid. , Table 1. 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

-60-

Since electric demand is increasing faster than the total energy demand, 

these ratios will gradually increase -- to perhaps 40 to 45 percent by 

the 1980's in the industrialized countries. 

Given these data, some fairly crude but illuminating implications 

may be quickly drawn. As a rough approximation, the electric energy 

demand two decades hence in both the less developed and industrialized 

countries will be roughly the same as the total energy demand in these 

countries today, Thus the annual fuel requirements to meet the electric 

power demand will be comparable to current fuel consumption levels. But 

most important to the issue of energy security, from one-half to two-thirds 

of the of the fuel requirements in twenty years will be in sectors in 

which nuclear power will not be directly applicable -- that is, for uses 

other than electric power generation, Thus the fossil-fuel requirements 

for most countries in two decades could be as much as twice current require-

ments even if the entire electric power production were then generated 

by nuclear power stations. It is thereby evident that the advent of nuclear 

power alone will not in the general case provide an energy security for 

countries unable to obtain such at present. 

Nevertheless, nuclear power will appear especially attractive to 

countries with few other sources of cheap fuel who now import a substantial 

fraction of the energy resources consumed. On a world basis, about one

third of the total energy consumed derives from imported fuel (mostly 

oil which accounts for 90% of world trade of energy fuels). In Western 

Europe, energy imports comprise approximately 60% of consumption; 80% in 

Japan. About 20% of world energy imports are to underdeveloped countries, 76 

76Joel Darmstadter, "International Flows of Energy Sources," Reprint No. 
86, July 1970, Resources fbr the Future, reprinted from IEEE Spectrum, 
May 1970, 67-72, 
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The major fuel importers of course do not include the significant 

oil producers; Algeria, Libya, Nigeria, Columbia, Venezuela, Iran, Kuwait, 

Yemen, and Indonesia. Nuclear power will also appear relatively less 

necessary in countries with large coal reserves, although several of 

these countries in fact have initiated vigorous nuclear programs. The 

status of coal and lignite reserves is indicated in Table 9. Finally, 

most of the underdeveloped reg:1.ons in Latin America, Africa, and Southeast 

Asia possess vast undeveloped water power potential, part of which 

probably could be exploited at costs well below nuclear power costs. 

Nuclear Power in the Less Developed Countries 

In most of the less developed countries, nuclear power not only is 

not likely to have dramatic impact, but may well not even effect the cost 

reductions evident in the developed nations. This pessimism results 

principally from the large rating capacities and capital intensity 

imposed by nuclear power technology, As reflected in Figure 5, small 

nuclear reactors are not for the most part competitive with fossil plants. 

Nuclear power looks most attractive at rating capacities well above 100 MWe' 

with most units now under order exceeding 300 MWe and the most impressive 

economies evident above 600 MWe. Unfortunately plants of these sizes 

appear much too large for almost all the less developed countries, 

partly because each unit would represent too large a fraction of the 

total installed electric capacity in such countries and partly because 

these countr~es typically do not possess extensive interconnected grid 

systems sufficient to distribute electricity from a large central power 

plant. For example, the total installed electric capacity in 1969 in 

Algeria was 639 MW ; Burma, 258 MW ; Ghana, 631 MW 1 Greece, 2390 MW ; e e e e 

Indonesia, 912 MW (1968 data); Israel, 1012 MW 1 Pakistan, 2062 MW ; e e e 
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Peru, 1672 MW ; Tunisia, 259 MW J UAR, 2725 MW -- Argentina, Brazil, e e e 

Mexico, and India are the only underdeveloped countries with total 

capacity exceeding 6000 MW • The capacities of these nations all fall e 

between 6000 MW and 16,000 MW but each has a relatively limited e e 

grid network.?? 

The high capital intensity required by nuclear reactors imposes 

several other difficulties on developing countries,. First, since 

rational capital discount rates in these countries will tend to be 

higher than in the developed countries, capital intensive investments 

will look correspondingly less attractive if less capital intensive 

alternatives are available. Secondly, power plants with a high fixed 

investment must have a high average load factor for efficient operation, 

a stipulation much easier achieved in developed countries with sophisticated 

grid systems, Thus, for example, the average load factor in the United 

States is about 60 percent compared to 26 percent in Algeria, 38 percent 

in Argentina, 50 percent in Brazil, 40 percent in Mexico, and 42 percent 

in India, 78' Large initial capital investment requirements which must for 

the foreseeable future be met by imports from the developed countries 

also impose in many instances severe foreign exchange problems on the 

developing countries, although these problems must be compared in the 

long run to the foreign exchange savings due to the relative cheapness 

of nuclear fuel compared to conventional fuel imports, 

77united Nations, Statistical Yearbook, 1970, Table 139. 

78united Nations, Statistical Yearbook 1970, Tables 139 and 14o. 
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Table 9. Coal and Li~ite Resources Compared to Current 
Energy Consumption Level - by Region and Major Countries* 

Coal-Lignite Current Reserve 
Reserves Consumption** Lifetime 
(Million (Million at Current 
Metric Metric Consumption 

Tons Coal Tons Coal Rate 
Region ~uivalent) ~uivalent) (years) 
North America 

United States 1,600,000 1,900 850 
Canada 95,000 160 600 
Total 1,695,000 2,060 800 

Latin America 
Mexico 5,300 45 120 
Colombia 14,500 10 1,500 
Venezuela 3,700 25 170 
Other 4,400 110 44 
Total 27,900 . 190 140 

Asia (incl. USSR) 
USSR 1,400,000 880 1,600 
China 1,250,000 370 3,400 
India 75,000 85 900 
Japan 12,000 190 60 
Other 8,800 75 120 
Total 2,745,800 1,600 1,700 

Europe 
Germany (FRG & GDR) 330,000 350 940 
UK 205,000 280 730 
Poland 96,000 115 840 
France 15,000 150 100 
Other 50,000 S'/0 88 
Total 696,000 1,465 480 

Africa (incl. UAR) 
South Africa 82,000 55 1,500 
Other 2,000 37 55 
Total 84,000 93 900 

Oceania 
Total 20,000 65 300 

Middle East (excl. UAR) 
Total 50 

World 5,400,000 5,500 1,000 

* Adapted from Bituminous Coal Facts 1968 (Reserve Data, Published 1960) 
and Statistical Yearbook 1967 (Consumption Data for 1966). 

** Current Consumption includes consumption of liquid fuel and use of 
water power and nuclear power. 
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Table 10. World Water Power Capacity79 

Region Potential (lo·3 MW ) 
e 

North America 310 

South America 580 

Western Europe 160 

Africa 780 

Middle East 20 

Southeast Asia 450 

Far East 40 

Austral.a.sia 50 

USSR, China, and East Europe 470 

TOTAL 2,860 

Percent Developed 

20 

< 1 

30 

< 0,3 

< 0,4 

45 

5 

3 

5 

79King Hubbert, "Energy Resources," in Resources and Man, Table 8.7. 
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Notwithstanding these compelling reasons to believe that nuclear 

power will be introduced into less developed areas much more slowly than 

into the industrialized countries, it is understandable that the developing 

countries remain deeply interested in nuclear power. Three factors especially 

shape the sensibilities of these countries& the hope for external economies, 

a concern with long-term marginal costs, and a particularly sensitive 

desire for energy security. 

Although it is conceivable that investments in nuclear power plants 

will create significantly greater "spin-off" advantages in technical 

personnel, supporting technologies, etc. than would be the case with 

investments in conventional generating plants, the revolutionary economic 

effects which have in the past been associated with shifts in energy 

technology cannot be expected. For one thing, as already indicated, as 

long as nuclear power remains limited to the production of electricity 

in large power plants, it will be able to touch at best only a portion 

of a nation's power requirements since as a world average electric energy 

80 comprises less than one-quarter of the total energy expended, Also, 

even in the crucial industrial areas where electricity is most used, 

reductions in the cost of power will have limited impact. This is due 

in the first instance to the high distribution costs of electricity, 

which would not be affected by reductions in the costs of production. 

A still more striking reason is the small fraction of the total costs 

associated with most industrial processes that may be attributed to 

electric power. This fraction is less than two percent for all major 

80This ratio varies only slightly from region to region, averaging 
in the industrialized countries nearly JO percent, in the developing areas, 
between 20 and 25 percent. 
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manufacturing and agricultural sectors in the United States (as listed 

by the u.s. Bureau of the Census) with three exceptions, chemical and 

allied products (2. 5%), petroleum and coal products (3. O%), and primary 

metals (J.S%). 81 

The unlikelihood of revolutionary economic impact (at least in the 

short term) due to nuclear power may be contrasted to past shifts in 

energy production• 

The history of energy consumption ••• [spans] numerous 
developments in the energy field that have had a profound 
economic and social impact • • • These include such changes as 
the transformation of the energy base from wood to coal in 
the nineteenth century; the development of improved methods 
of illumination and lubrication in the late nineteenth 
century; the tremendous growth of liquid fuels after the 
first World War; and the growth of electrification through
out the twentieth century. 

Thus, the change in the energy base from wood, a limited 
resource, to coal, which was available.in apparently endless 
amount, opened the way to the large-scale, unimpeded growth 
of iron and steel production. Adequate supplies of iron and 
steel, in tum, made it possible to revolutionize transporta
tion by building a railroad network which crisscrossed the 
country. The way was also opened to the ever-expanding 
production of machines constructed of metal which have 
provided the foundation for the modern industrial system. 
Not only did coal support the necessary growth in metals 
production, it also supplied the large amounts of fUel 
needed to power locomotives and the machines of industry. 
The growth of the system of machine production depended, 
too, on adequate lubrication and illumination, both made 
available in the latter part of the nineteenth century 
in sufficient amounts, at low costs, and in greatly improved 
quality when mineral sources, mainly oil, replaced animal 
and vegetable products. On another front, adequate illum
ination based on kerosene and also on gas manufactured from 
coal multiplied the effects of public education by making 
it easier to utilize the newly learned skills in reading 
and study at home in the evening hours. 

8lu.s. Department of Commerce, Census of Manufacture, 1963, Volume I. 
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In the twentieth century, the impact of liquid fuels 
and electricity has been critically important in facili
tating further changes. Liquid fuels have been fundamental 
to the growth of automotive transportation, whose influence 
on the American way of life is obvious beyond any need for 
description. As for electricity, its impact is without 
parallel among energy developments in the present century. 
By virtue of the unique form in which electric energy is 
made available, it has made possible numerous developments 
in the field of communications and automatic controls 
which otherwise would be inconceivable. Less apparent 
perhaps, is the impact electricity has had on industrial 
plants, where the substitution of electric motors mounted 
on machines for the older system in which mechanical energy 
was transmitted by belts powered by a single prime mover 
has made possible a complete reorganization of production 
practices. The [previous] analysis ••• provides a basis 
for believing that improvements in productimn practices, 
resulting from electritication, are an important element 
in explaining the remarkable acceleration in labor and 
capital productivity in the period following the first 
World War, which has been disclosed in historical studies 
of the efficiency of the American economy. 

What are the unique characteristics of these signifi
cant changes in energy use? In every instance they have 
made possible essentially new, or enormously improved, 
ways of performing important social or economic functions. 
They have not accomplished this alone, but always in 
combination with other changes -- railroads, automobiles, 
electric motors, etc, -- themselves often made feasible 
by changes in energy sources or their form. 

It is evident, however, despite the above that the less developed 

countries would look with unease at a situation in which the advanced 

industrial countries increasingly converted to nuclear power while they 

maintained their principal power investments in conventional plants, 

whatever the short-term economic realities, The Cuban delegate to the 

82 Samuel Schurr and Bruce Netschert, Energy in the American Economy 
1850-1975, 2?. 
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United Nations articulated this fear with great passion while speaking 

against the Non-proliferation Treatya 

It can be stated, in sum, that in the not too distant 
future nuclear energy will constitute the principal 
source of energy for the planet. But what then will 
be the situation of the under-developed countries 
that today suffer from an acute power shortage? What 
prospect will those countries have for reaching the 
standard of living of the industrialized countries if 
to that chronic shortage there are now added the 
effects of a monopoly of the new sources of energy? 
What sort of relationships will exist between the 
underdeveloped countries and the great industrialized 
Powers when the latter hold in their hands the control 
over the supply of nuclear energy? Who would be so 
naive, at this stage of the game, as to hope for an 
attitude, in the business of supplying nuclear energy, 
more favorable, a spirit of cooperation more disinter
ested, than at present rule in trade relations between 
rich and poor countries?BJ 

The foregoing comparative marginal cost data assume that the nuclear 

and fossil fuel plants are imbedded in an economy not significantly altered 

by the addition of new electric capacity. In the long run, though, a 

very large expansion of fossil fuel plant capacity will require the 

construction of new supporting facilities to transport the fuel -- new 

rail coal cars, new trackbeds, etc. (Nuclear power expansion might 

require new mining and reprocessing equipment, etc. but would not 

require additional transportation facilities.) In the industrialized 

countries, such construction is not likely to change the marginal costs 

very substantially or very quickly; to a degree, the long term marginal 

costs associated with such construction are reflected in the fossil plant 

fuel costs which typically attempt to estimate the fossil fuel costs 

83comments by Cuban delegate Roa, UN General Assembly, First Committee, 
May 13, 19681 A/C.l/p 1;66, 72. 
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for a twenty to~ year period. For the less developed countries, 

however, the long term marginal costs of a large expansion in their coal, 

gas, and oil plant capacity could be appreciable, and should consequently 

affect the choice between nuclear and conventional power. Such, however, 

is likely to be the case only for the very large developing countries, 

notably India and China, where transportation costs will tend to be 

comparatively high. 

The desire for energy security in the developing countries, not 

persuaded that they will be recipients of fair, non-interventive trade 

practices by the industrialized nations, is already apparent in the 

aforementioned comments by Roa of Cuba. Roa goes on to assert very 

clearly the fear of the less developed countries of undue reliance on 

the developed countries. 

The prospect could not be more bleak for the countries 
of the Third World. They will·be forced perpetually to 
depend on the Powers supplying nuclear energy or else 
be obliged to renounce the use of such resources for 
power. Or -- which is the same thing -- they will 
have to accept permanent subjection to the interests of 
the great powers or else renounce forever all possibil
ities for development.84 

This fear is not entirely illusory, but it is difficult to see how most 

developing countries can have any real choice but reliance on others. 

On the average, the less developed areas will have to increase their 

per capita energy consumption four-fold to achieve a level comparable 

to the present levels in Western Europe -- 2000 to 3000 kgm Coal Equivalent. 
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If we assume an average population rise of 2 percent per annum, then by 

the end of the century, such a per capita energy increase would require 

approximately an eight-fold expansion of total energy consumption, The 

countries of Latin America, Asia, and perhaps parts of Africa will have 

great difficulty in becoming energy independent at such levels through 

reliance on fossil fuels alone. However, much of the earlier analysis 

of the impact of energy security considerations on national energy plans 

applies most forcefully to the less developed countries. Despite a 

strong wish by such countries to maintain an energy independence from 

the developed countries, such does not appear feasible if they are not 

now independent, since their fossil fuel requirements will continue to 

grow markedly even should they increasingly turn to nuclear power to 

meet electricity demands, 
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4, Advanced Developments 

Introduction 

This study is concerned principally with the dispersion and control 

of current nuclear technology, Nevertheless, since advanced technology 

now under development will have impact on even short term policy consider-

ations, some discussion appears justified, The two technologies of 

specific interest are breeder reactors and controlled fusion devices, 

Breeders are now under very intense development in the United States, 

Europe, Japan, and the Soviet Union. The American effort is targetted 

for full-scale commercial introduction of 1000 MWe Dzee4eza by 1984-1986 

with deployment of smaller demonstration plants by the end of the 1970's, 85 

Fusion reactors are probably further off. However, if their scientific 

feasibility can soon be demonstrated (no certain thing), it is conceivable 

that they can be introduced on a time scale that does not lag b~eeders 

86 by more than 5-10 years or even less, 

Breeders 

Nuclear reactors which produce more fissile nuclei87 than are 

fissioned are termed breeders. Breeders may employ either a uranium-

85The Nuclear Industry, 1970; 182-188, Glenn Seaberg and Justin 
Bloom, "Fast Breeder Reactors," in Scientific American, November 1970, 13-21, 

86w illiam Gough and Bernard Ea.stlund, "The Prospects of Fusion Power, 11 

in Scientific American, February 1971, 64, "depending on one's underlying 
assumptions on the level of effort and the difficulties ahead, the time it 
would take to produce a large prototype reactor could range from as much as 
50 years to as little as 10 years," 

87The reader may wonder whether the creation of more fissile nuclei 
than are used up does not mean that man has somehow tapped an infinite energy 
source, a sort of perpetual motion machine, This alas is not the case; 
eventually all the fertile material, where the energy is locked until fission, 
will be used up, The breeder merely permits energy extraction from the 
non-fissile nuclei. 
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plutonium cycle or a thorium-U-233 cycle; and they may utilize either 

fast or slow neutrons. The uranium-plutonium cycle operates with a 

plutonium and/or highly enriched uranium core surrounded by a blanket 

of U-238 (in natural or depleted uranium) which is the fertile material. 

The U-238 in the blanket captures fission neutrons to produce plutonium. 

The thorium cycle replaces the U-238 blanket with thorium as the fertile 

material, and eventually uses U-233 as the core material. (Since U-233 

does not exist naturally, the initial cores will have to be either 

plutonium or U-235). The thorium captures fission neutrons to produce 

U-233. 

In order that breeding occur, the number of neutrons produced (by 

fission) per neutron absorbed in the fuel must exceed two, one neutron 

to carry the chain reaction and one to produce a new fissile nuclei, The 

88 actual numbers, 11 , are of the following ordera 

U-235 

Pu-239 

U-233 

Thermal neutrons 

2.04 

1.79 

2.29 

Fast neutron 

2.10 

2.70 

2.25 

For U-235 and Pu-239, 1l is uncomfortably close to two for thermal neutrons, 

but much higher for fast neutrons (which produce more neutrons per fission 

event). Consequently breeder reactors employing the uranium-plutonium 

cycle use fast neutrons; they are termed fast breeders. A thermal 

plutonium breeder is impossible; if one wants a thermal breeder only the 

8Bu. S. Atomic Energy Commission, The Use of Thorium in Nuclear Power 
Reactors, WASH 1097, 17, 104. 
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thorium cycle is available. 89 

At the moment, two fast breeder options are being pursued in the 

United States and elsewhere, These are the Liquid Metal Fast Breeder 

Reactor (LMFBR) which uses liquid sodium as the coolant, and the High 

Temperature Gas-Cooled Breeder Reactor (HTGBR) which uses pressurized 

helium as the coolant. Similarly, two thermal breeder concepts using a 

thorium cycle are being developed 1 the mol ten salt reactor and a 

reactor using light water as the coolant and moderator. However, despite 

these various options, in the United States and all other countries 

engaged in breeder development, the LMFBR is the primary and at the 

moment only serious development candidate. 90 Table 11 provides some 

typical design parameters for a 1000 MWe LMFBR, 

Table 11. Illustrative Design Parameters for LMF.BR9l 

Power 1000 MW e 

Efficiency 40% 

Core 

Fissile Inventory 

Bum-up 

Breeding Ratio 

Average Specific Power 

Specific Power 

Doubling Time 

Puo2-uo2 mixture, ~ 15% fissile material 

2. 5 kgm/MWe 

80,000 MWtd/MT 

1.3 
175 MWt/MT fuel 
1.0 MWt/kgm Fissile Material 

12 years 

89w. H, Zinn, "Review of Fast Power Reactors," in Reactors Vol. 1, R.A. 
Charpie, et al, (eds,). Seaborg and Bloom, 13-21, 

9°AEC staff studies (July 1971). Also The Nuclear Industry,l970, 182-188. 

9JwASH 1098, Table E-5· Recent AEC design studies (July 1971) use target 
parameters of 100,000 MWtd/MT, core inventories of 10-13% fissile corresponding 
to 1.6-2.8 kgm/MWe, breeding ratios of 1.3-1.4, and doubling times of 8-13 years. 
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A most interesting physical parameter associated with breeder reactors 

is the "doubling-t:tm.e", the time it takes the reactor to double the initial 

inventory of fissile nuclei. This time depends on the breeding ratio, 

the number of fissile nuclei formed per fissile nucleus used un and on 

the specific power at which the breeder operates, Specifically, it is easy 

to show that the doubling time in years is given by T = p(~-l) where R is 

the breeding ratio and P, the specific power measured in MWt/kgm of fissile 

material.92 This assumes that the bred plutonium is not immediately 

recycled and that no significant amount of uranium fissions, With 

recycling, the doubling period could be somewhat shortened.93 Typical 

values for fast breeders give R = 1.2 and P = 1 MWt/kgm Pu. These lead 

to a doubling period of 15 years, An R = 1. 5 would reduce the doubling 

time to about 6 years. 

A discharge exposure of 80,000 MWtd/MT and average specific power of 

175 MWt/MT fUel implies a dwell time in the reactor for core elements of 

about one and a half years. Since the total reactor power is 2200 MWt, 

there must be approximately 12.6 MT fuel in the core or 12.6 kgm/MWer 

plutonium comprises less than 20% of the core or about 2.5 kgm/MWe. Given 

these data, it may be seen that at the first reprocessing step, the total 

92Let the initial inventory be I. Since the breeding ratio is R, the 
amount of material fissioned to produce a net gain of I is I/R-1. (This 
doubles the core inventory which is kept constant.) The total amount of 
energy expended by this fission is l x 103 MWt days where I is in kilograms 

R-1 
and using the fact that 1 kgm of fission produces about 103 MWt days. If the 
specific power is P MWt/kgm, then total power is PI thermal megawatts. This 
means that the production of ! 103MW days energy requires I 103 

R-1 x t (R-1) IP x 
days or approximately 3 years. 

(R-1) P 

93victor Gilinsky, Fast Breeder Reactors, Appendix B. 
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plutonium inventory of the reactor will be approximately 2800 kgm. 94 

If the plutonium were removed from the blanket as well as the core or 

recycled at thi~ point, this figure would also give (roughly) the maximum 

plutonium inventory of a breeder reactor at any given time. This may be 

compared to the contained plutonium in a 1000 MW light water reactor, e 

after say four years, of about 800 kgm. It is also the case that both 

breeder and light water converter reactors will produce a net plutonium 

of approximately 0.2 kgm/MW per year.95 However, whereas the discharged 
e 

plutonium from light water reactors is only about 8 kgm per metric ton 

of discharged fuel, it comprises about 200 kgm per metric ton for 

breeder reactors. 

The Pu-240 content of breeder plutonium will also be quite different. 

As shown earlier, Pu-240 will comprise about 20-25% of the plutonium 

normally discharged from light water reactors. Plutonium with this 

isotopic composition can also provide the core fuel of breeder reactors. 

But the Pu-240 concentration of plutonium produced in the breeder blanket, 

will be very low, on the order of 5%.96 The breeder in this sense acts as 

9480,000 MWtd/MT corresponds to the fission of 80 kgm Pu, producing 
approximately 80 (0.3)~ 24 additional kgm Pu. For reactor, total additional 
is 12.6 x 24 = 300 kgm, The total initial inventory is 2500 kgm. 

95In one year, the 2200 MWt breeder will produce 2200 x 300 = 660,000 
MWtd energy, corresponding to tne fission of 660 kgm. With a breeding ratio 
of 1.3, this gives a net plutonium production of about 200 kgm per year. 

96AEc staff studies, (July 1971). The flux in the blanket is very low. 
See also ~lASH-1098, Table E-5. 
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a plutonium cleaner, taking "dirty plutonium" (high Pu-240 content) and 

producing "clean plutonium" (low Pu-240 content). The significance 

of Pu-240 for a weapons program is discussed in Chapter 2. 

Breeders will save significant amounts of uranium resources. Over 

the next half century the use of breeders as planned can reduce by 

over one million tons the amount of uranium that would be consumed without 

breeders (and without fusion).97 Breeders are also expected to reduce 

nuclear power costs by 0.5 to 1 mill per kilowatt-hour initially, and 

perhaps eventually by as much as 2 mills per kilowatt-hour.98 

From a safeguards perspective, the dangers of breeders do not derive 

principally from the amount of plutonium produced which is no more than 

current reactors, but rather from the necessity in a breeder economy of 

extensive fabrication and transport of the plutonium in forms suitable 

for weapons. It is also true as indicated that part of the plutonium 

produced by breeders will be unusually clean in Pu-240. 

Controlled Fusion 

At sufficiently high collision velocities, certain light nuclei upon 

collision will combine (or fuse) with a consequent large release of energy. 

This process is termed fUsion. The high velocities may be obtained in a 

plasma at quite high temperature; and since under appropriate conditions, 

the release of energy through fusion will raise the temperature of the 

plasma, a chain reaction of fusions may thus be ignited. Since in this 

97seaborg and Bloom, "Fast Breeder Reactors," 21. 

98 Ibid., 21. 
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case the chain is due to the maintenance of high temperatures, the 

reactions are termed thermo-nuclear.99 

The specific fUsion reactions which appear potentially usefUl in 

reactors include the following. 100 

Table 12. Fusion Reactions 

1. d + d ~ He-) + n + ),2 MeV 

d + d ~ t + p + 4. 0 MeV 

2, d+t~He-4+n+l7.6MeV 

). d + He-) ~ He-4 + p + 18.) MeV 

4. Li•6 + p ~He-) + He-4 + 4.0 MeV 

5. Li-6 + He-) ~ He-4 + p + 16,9 MeV 

6, Li-6 + d ~ Li-7 + p + 5. 0 MeV 

Li-6 + d ~He-) + He-4 + p + 2.6 MeV 

7. Li-6 + d ~ He-4 + He-4 + 22.4 MeV 

8. Li-7 + p ~He-4 + He-4 + He-4 + 17.5 MeV 

The two d-d reactions occur with roughly equal probability. These 

reactions plus the d-t reaction which has the largest cross-section are 

those considered most important for fUsion reactors. 101 In all the cases, 

99At the temperatures necessary for the fUsion reaction, the atoms will 
have their electrons stripped off, creating thus a gas of charged particles, 
or a "plasma", 

100Gough and Eastlund, "The Prospects of Fusion Power, 11 54. d represents 
deuterium, the first heavy isotope of hydrogen containing one proton and one 
neutron; t represents tritium, containing one proton and two neutrons; p 
represents a proton. All the reactants and products in these reactions with 
the exception of the neutron are electrically charged, a matter of significance 
as will be noted below,. 

101R,F. Post, "Controlled Fusion Research and High Temperature Plasmas," 
in Annual Review of Nuclear Science, Volume 20, 1970, 515. 
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the energy release is very considerable. For example, the bur.ning of one 

gram of deuterium would produce 24,000 kwh. 

For the practical use of fusion energy in a reactor, the plasma must 

be raised to a temperature sufficient to ignite the reaction (the 

ignition temperature) and must be confined for a sufficiently long period 

at sufficiently high plasma density so that more energy is produced than 

is needed to heat the plasma. The ignition temperature for the d-t 

reaction is about 40 million degrees C; for the d-d reaction it is 

roughly ten times this or 400 million degrees C. At temperature above 

the ignition temperature, the density and confinement time of the plasma 

must be such that their product is equal to or greater than 1014 

seconds/cubic centimeter. (For example, this condition would be met by 

a plasma of density 1014 ions/cc and confinement time of one second; 

~ I 4 or equally by a density of 10 ions1cc and confinement time of 10 

seconds). No fusion device has yet achieved these conditions. 

From Table 12, it may be seen that all the nuclei reactants with the 

exception of the lithium isotopes and deuterium are also products of 

fusion reactions. Thus tritium and He-3, for example, could be bred in 

the fusion reactor itself. This is important because on the one hand 

tritium and He-3 reactions offer several advantages, and on the other, 

deuterium and lithium are remarkably plentiful and cheap. 

Two factors suggest the attraction of breeding tritium. First, the 

ignition temperature for the d-t reaction is an order of magnitude below 

that required for the·d-d process. Still more important, the energy 

102 production is a hundred times greater in the d-t reaction at all temperatures. 

102 Thirring,, Energy for Man, 376-377. Post, "Controlled Fusion," 518. 
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The advantages of employing the d-He3 process are more subtle. They 

derive from the fact that He3 is produced in both branches of the d-d 

reaction, directly in one instance and indirectly in the second from 

the decay of tritium. This suggests a reaction cycle where the He3 

is internally bred by d-d reactions and consumed by d-He3 processes. 

The end result of such a cycle would be that 6 deuterons would be 

consumed yielding 3 protons, 1 neutron, 1 electron, and 2 He4 nuclei 

+ 43.5 MeV. This energy release corresponds to 97,000 kwh/g of 

deuterium. Most significantly, 93% of this energy would be in charged 

particles thus permitting the direct conversion of fusion energy to 

electricity. Such efficiencies imply a reduction in waste heat compared 
. W3 

to fission reactors or fossil fuel plants by a factor of ten. The 

direct conversion cycle also vastly reduces the number of neutrons emitted 

from the reactor core, thus diminishing any danger that fusion neutrons 

could be used with fertile material to produce fissionable material. 

The crucial fuels, deuterium and lithium, are plentiful and cheap. 

Deuterium is present in hydrogen in a concentratio11 of one part in 6500. 

Thus the oceans represent an essentially inexhaustible reservoir of fuel, 

all the more impressive since the separation of the hydrogen isotopes 

is simple and inexpensive. Lithium also is relatively abundant, forming 

about .006% of the earth's crust. Whatever reaction cycle is actually 

used, the fuel costs associated with the production of fusion energy will 

be virtually zero. This does not mean that the power will cost nothing. 

Capital costs will be high, and replacement of vacuum walls will be 

103Post, "Controlled Fusion," 511, 516. 
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frequent. Nonetheless, it appears possible that the overall power costs 

(if commercial fusion is at all possible) will be considerably below 

104 present values. 

Unlike fission reactors, a fusion device will not produce fissile 

material as part of its normal operation. It will produce a high neutron 

flux, however, which could in principle be used to breed fissile material 

if the fusion core were surrounded by a fertile blanket, uranium or 

thorium. Safeguards will have to guard against this, a relatively 

simple matter since no commercial reason exists for such a blanket. 

Fusion reactors will also demand safeguards to account for the tritium 

produced. For reasons adduced in Chapter 2, tritium could potentially 

be of considerable value in weapons. 

104 See, for example, Post, "Controlled Fusion, 11 510-516. R. Carruthers, 
et al., "The Economic Generation of Power from Thermonuclear Fusion." 
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5. Growth of Nuclear Power 

The wide and rapid spread of nuclear power expected after 1970 is 

reflected in Tables 13 to 18 and Figures 7 to 10, The data through 1975 

and to a somewhat lesser extent through 1980 are quite reliable, for 

the most part based on reactors actually operating, under construction, 

or ordered, Projections after 1980 become increasingly less certain in 

detail, The key estimates are those for installed capacity; other 

relevant data may be derived from these, Installed nuclear capacity 

will in turn depend upon the rise in electric power generating capacity, 

In the United States, this rise ,is expected to average slightly over 7% 

per year between 1970 and 1985, from 310,000 MWe to almost one million MWe 

at the end of 1985, Nuclear power will usurp an increasingly large share 

of this increase, with nuclear power plants expected to account for 15% 

of added generating capacity in the period 1968-1972, 37% in 1973-1977, and 

50% in 1978-1987. 105 

Table 13, Electric Generating Capacity and Nuclear Power Growth 

in United States (MW) 

121Q 
Total Installed 
Electric Generating 
Capacity 310,000 

Nuclear Capacity 5,000 

1980 

690,000 

150,000 

995,000 

300,000 

101:\.. 
~ASH-1139, Tables 1, 2, The electric power projections to 1980 are 

based on plants under construction, ordered, and planned by utilities, 
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Foreign countries will exhibit a similar growth. As may be seen in 

Tables 14 and 15, the growth in electrical generating capacity is expected 

to average between 5 and 15% per year with ag.ain nuclear power accounting 

for an increasingly large fraction of the added capacity. For example, 

in Western Europe and Japan, this "nuclear fraction 11 will average between 

one-third and one-half in the period 1970-1980. 106 

Both in the United States and in foreign countries, the nuclear power 

growth between 1970 and 1980 will be almost completely dominated by light 

water enriched uranium reactors. By 1980, it is expected that less than 

one-eighth of the total world installed nuclear capacity will be in 

natural uranium reactors. 

Given the data on installed nuclear capacity, other pertinent data 

for individual countries may be derived from the following simple 

approximate relationships,107 

Uranium Requirements• 

Light Water Reactora 

Initial Corea 0.75 ton u
3
o8 per installed MWe 

Annual Replacement• 0.20 ton u
3
o8 per installed MWe 

Natural Uranium Reactora 

Initial Corea 0.30 ton u:3o8 per installed MWe 

Annual Replacement• 0.12 metric ton units per installed MW 
e 

106
WASH-1139, Tables 5, 6. Projections in electric generating capacity 

are based mostly on extrapolation of average annual increases over the past 
decade. 

107 The global data presented in Table 18 and Figure 8 reflect a 
somewhat more detailed analysis, 
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Isotope Separation Requirements -- Light Water Reactors1 

Initial Corel 0.40 metric ton units per installed MWe 

Annual Replacement 1 0.12 metric ton units per installed MW e 

Fabrication and Reprocessing Requirementsa 

Light Water Reactora .03 Metric Tons Uranium per installed MW e 

Natural Uranium Reactor• .10 Metric Tons Uranium per 

installed MW e 

Fissile plutonium dischargedl 

Light water, Enriched Uranium Reactor ,240 kgm/MW e 

Natural Uranium Reactor • 360 kgm/MW e 

(plutonium recovery in a given year derives from the 

installed capacity at the end of the year four years previous) 

Plutonium discharged from Light Water Reactors equals approximately 

.007 of the uranium discharged. 
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108 Table 14. Electrical Generating Canucity in Forei~n Countries 

. ··-... 

Country 

Ar·•entina 
Au~tralia 
Austria 
Belgium 

Brazil • 

o, 

Canada •••• 
China (Taiwan) .. 
Denmark •• · ••• 

Fin!and6 ••• 

France 
Germany, West 
Greece 

··-·· 
Installed 
ul End of 

1959
1 

(1\1\Vc) 

. . .. 
3,200 
5,700 
4,000 

• • .rf/1' 

• ,· 4,300. 

4,100 
•••• ,·; 21,100 
• •.•• o 0 • :. 700 
• • 

0 0 • • • • 1,800 
.. , 

• .... ' 2,400 . . ..... • 0 0 .• 

0 

Oo 0 ;20,700 
• 0 • ••• :25,500 . . .... • . • . • • . 600 

India 
Israel 
Italy 

• • •.• · ....... ! • ••••• 

0 

4,700 
0 400 . . ... · ... 

• • • • • •• • •• ·' ••• 0 • • •• •• •:. 

• Japan • • • • ••• ••• •• • 0 • • •• 

. . .. . .... :. .. ~ .. 0. .• • 

0

16,500 
20,500 

0 400 Korea, South 
Mexico 
Netherlands 
New Zealand 

• . . . . • .. • • • . . • . • . 2,900 . . ..•. • 

0

• 4,700 
1,500 

Norway . o• . · . ·.6,100 
Pakistan . . . . oO . . 300 
Philippines . . '0 . . . . . . 500 
Portugal . . . . .. :. . . •

0 ·1,300 

South Africa . . . ... . . . :· 5,000 
Spain . . . ..... .· 6,400 
Sweden7 ' 00 8,500 . . . . . . .... 
Switzerland . .. "5,400 

Thailand . .· .•. 200 
Turkey . . . . .1,200 
United Arab Rep. . ., . . . 800 
United Kingdom . . . . 34,700 

-· .. 
Expcct.:d ut 

End o( Yc:~r2 

Y.:ar 

1975 
1975 
1976 
1975 

I MWc 

6,200 
19,700 
7,500 
8,600 

Avcr~cu 

l'crccnl 
Incn:asa 

Par Ycar3 

4.3 
8.0 
3.7 
4.4 

1975 15,800 8.8 
1974 52,400 . 6.2 

.1975 3,800 o:o 11.1 5 

0. 1972 .. :'0 4,700 . .. 7.7 

I:orcca~t 

Dl Erul of 
19Ho

4 

(MWc) 

7,700 
29,000 

8,700 
10,700 

. 24,000 
75,500 

6,600 
8,600 

I-'urccau 
:11 End of 

1985
4 

(MWc) 

9,500 
42,700 . 
10,400° 

0

: 

13,200 

36,600 
. 102,200 

10,300 
12,400 

1978 ° 0 0 5,600 °\ 4.6 6,100 7,600 
1974 ;. 44,300 o''.'' 5.2 ° 60,000 . 000 77,300 
1971 ° 48,400 :. . s.s 78,300 : .'102,200 . 
1974 . oO 3,500 0 '; 

0 12.85 . 0 '·. 6,200. : 10,000 . 

'19.74 
1974 
1972 
1972 

1975 
1976 
1972 

.. '
0
:: 5 • 0 • 0 

20,300 o, 

0 10.3 ° 0
0 35,900 . 57,900 

1,800 :. 10.55 • :0 . 3,200 5,200 
00 35,100 o•' 6.0 •.. 0 55,900 ° 74,800 

0
• 63,200 0 °0 9.0 . 126,400. '194,900 

.. 
6,200 ° ·16.55 10,000 16,100 
8,500 6.6 11,000 . 15,100 

10,800 
.. 

6.6 · ... 18,100 24,900 
1977 . 

0

: •• 5,000 . ~ . 7.0 6,100 8,500 

1971 11,100 5.1 17,300 22,200 
1976 00 3,900 .. 15.55 5,700 9,200 
1975 2,400 ". ·10.35 3,900 6,300 
1972 ·''• 2,500 .. 5.1 3,700 4,800 

. ,t· 

1975 
.. 

15,700 7.4 . 22,500 32,300 ••; 
0 ,o 

1977 27,100 8.4 34,500 51,500 
1980 00 23,400 • 0 5.0 23,400 30,500 
1975 10,700 4.3 13,200 16,300 

1975 . 2,100 . . 16.95 ·3,300 5,300 
1974 3,200 o, 7.0 4,800 • 6,800 
1970 . . 3,600 14.35 9,400 15,100 
1975 88,700 6.0 118,900 159,400 

lCBRe:printed from VTASH-1139, Table 5. Data are based on· information 
contained in "World Po-vrer Data" for 1960 from FPC, in "Statistical Yearbook" 
for 1968 fro:n U.N. , and reports of new plant constructions a:f'ter 1959. 

0 • • 

... ~··.·:-·· .. ·.·· 
. ···.·· 

..... 
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Table 15. Nuclear Fractions for Ne,., Electric Povrer Canacity in Foreir~n Countric:::109 

Periods for 
Nuclear Fraction 

Nuclear Fr:~ctions 1 
From Oat:~ Exlrapc.l;•tion 

Country 

na~c Yc:~rs per First Second Third Fourth Fifth 
YcM Period Period l'criod Period Period l'criod 

Ar£cntina . . . . 1967 4 0 0.25 0.40 0.50 0.57 
Australia . ... . 1968 4 0 0.10 0.17 0.24 0.30 
Austria 1968 4 0 0.44 0.61 0.70 0.76 . 
Belgium ... 1966 5 . 0.11. 0.60 0.75 0.81 0.85 

Brazil . . . 1967 5 0 0.08 0.14 0.20 0.25 
Canada . 1965 5 0.02 0.16 ,0.26 0.34 0.41 
China (Taiwan) 1967 5 0 0.28 0.44 0.54 0.61 
Dc.nm:uk 1970 5 0 0.30 0.46 0.56 0.63 

Finland . i970 5 0 0.60 0.75 0.82 0.86 
France . . . . 1966 5 0.11 0.28 0.40 0.48 0.54 
Germany, West ... . . 1966 5 0.04. 0.42 0.58 0.67. 0.73 
Greece . . · .. . . . . 1967 5 0 0.29 0.46 0.56 0.63 

India . . . . 1967 4 0.08 0.08 0.08 0.08 0.08 
Israel . . . . .• . 1970 5' 0 0.24 0.39 0.49 0.56 
Italy 1967 5 0 0.13 0.23 0.31 0.38 
Japan . . 1969 7 0.18 0.36 0.47 0.55 0.61 

Korea, South 1965 ·. 5 0 0.14 0.25 0.33 0.40 
Mexico . ... . . . 1968 4 0 0.44 0.61 0.70 0.76 
Netherlands .•' . . 1966 4 0 0.16 0.28 0.37 0.44 

. New Zealand .. 1970 .. 5. 0 0.35 . 0.52 0.61 0.68 .. . . 
Norway .. . . . . .. . 1970 5 0 .0.13 . 0.23 0.31 0.38 
Pakistan ' 1964 6 0 0.16 0.27 0.36 0.43 • ..... . 
Philippines ' . . ... ·· . .. 1970. 5 0 0.54 '0.70 0.78 0.83 

. :Portugal 
.. . : 1970 ·5 0 0.36 0.54 0.63 . 0.70 . .'• . . · ... . '';' .. , .. 

South Africa . . . •... 1970 . 5 0 0.15 0.26 .. 0.34 . 0.41 
Spain 1967 

.. 
5 0.07 0.27 0.40 0.49 . . 0.56. . . 

Sweden 1965 5 0 0.44 2 2 2 . . . 
Switzerland 1967 4 0.55 0.95 0.97 '0.98 0.99 

Thailand 1970 5 0 0.40 "' 0.57 0.66 0.73 
Turkey 1970 5 0 0.29 0.44 0.55 0.62 

. United Arab Republic 1970 5 0 o.os 0.16 0.22 0.27 
United Kingdom 1964 6 0.11 0.38 0.52 0.61 0.67 

1 For example, a b:~sc yur of '1967 and years per pcrioi of 4 correspond to a first period of 1968·71, a second period or 
1972·75, :1 third period o( 1976·79, a fourth potlod or 1980·83, and a fifth period of·198~·87, inclusive of fint and last yclltJ 
eiv~n for o:ach period. . . . . ··-·"'-··-................................. - ······- ·-···········-·--· 

109 ... 
·Reprinted from WASH-ll39, Table 6. . .• .... - -·· 

....... -····=---·· .' ·~ . 
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Table 16. Estimate of' Ctmlulative Capacity of' Nuclear Pm·1er Plants in Foreign CountricsJ:lO 

Fuel Type 1970 

Enriched .• 
Natural • :: • 

~1' . 
:I 

Enriched 

Enriched 

Enriched 

Enriclted 

•. : Natural 

Enricl1~d 

• . Enriched. 

· Enriched 

• ·.Enriched 
. Natural • 

Enriched 

Enriched· 
.. 

Enricl1ed 
Natu.ra1 

Enriched 

Enriched 
Natural · . 

~:t 
:•;; 

::;-;· 

-~:: . . 
:·-

~: . . 0.1 
-!';· .. -_ • .. 
·li; 

. -~ ~:-~ . 
·;L 
~~ i 

'· ·:,_·. 
: ... 
~': ..... . ' . 

.. ~:~.: 
i,• 

.. ...... 
:-· 
-; . ..• . 
1(;.": • 
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··~ . . ·~>. 0.2 
• ~: . 1.3 

.~~~:t . 
• ~- . 0.8 

;:j". 
:it"· 
•ii •·r.:. . . ... 
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·::i ~ 
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Table 17. Estimated Cumulative Capacity of Nuclear 

Power Plants in Communist Countries11~ 

Electrical Megawatts 

1:22.2 

Bulgaria Boo 

Czechoslavakia 150 

East Gennany 70 > 

Hungary 1000 

Poland 200 

Romania 600 

u.s.s.R. >aooo 

1980 

? 

1100 

500 

? 

? 

? 

? 

llL 
~m Foreign Reactor List, July 1970, Reports and Special 

Projects Branch, Division of Intemational Affairs, u.s. AEC. 
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Fi~re 8. Forecast of Separative Work Requirementc113 
(''lith plutonium. recycle and tails assay of 0.2$ U-235) 
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Forecast of Natural ~ranium Requirements114 
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114.aeprinted from WASH-ll39, Figure 3. 
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1972 

1973 

1974 

1975 

1976 

1977 

1978 

1979 

1980 

1981 

1982 

1983 

1984 

1985 
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Table 18. Forecasts of Plutonium Discharged from 

Power Reactors115 

Kilograms of Fissile Pu Recovered per Year 

United States Foreign 

400 3,500 

500 3,800 

900 4,000 

2,100 4,500 

4,000 5,500 

6,400 6,700 

8,900 8,400 

10,800 10,600 

12,400 12,900 

15,600 16,200 

19,300 19,800 

22,500 23,800 

27,400 27,600 

32,300 32,200 

37,100 37,400 

From WASH-1139, 19. Assumes no Pu recycle. Note that u.s. and 
foreign totals are nearly identical from 1976 onward. 
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IAEA, GOV/COM,22/80, "Projections of Safeguards Costs 1971-1975," 

October 19, 1970, Fig, 5. This Figure is from a staff study by the IAEA, 
based on a 1980 nuclear power growth projection in the non-nuclear-weapon 
states of 120,000 MW • The terms used refer to the followinga e 

Plutonium - plutonium inventory available in stock, 
and in utilization, 

Reprocessing - reprocessing plants throughput, 

Reactors - inventory in power reactors and cooling ponds, 

Conversion and Fabrication - throughput. 

Research - uranium inventory in research and development activity, 

"Effective kilogram" is a unit used to indicate the relative weapons 
utility of fissionable material. The quantity in effective kilograms of any 
material is (a) for plutonium, its weight in kilograms, (b) for uranium 
with an enrichment of 1,0% and above, its weight in kilograms multiplied 
by the sequare of its enrichment, and (c) for uranium with an enrichment 
between 0.5% and l.O%, its weight multiplied by ,0001, For example, 1 
metric ton of ),6% uranium would consist of (1000) x (,0)6)2 = 1 effective 
kilogram, 
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CHAPI'ER 2. Nuclear Weapon Requirements 

1. How to Make an Atomic Bomb 

The essential ideas underlying nuclear weapon physics are well known. 

The very brief discussion following is simply to introduce the concepts 

and terms used later to discuss the capabilities of non-nuclear countries 

to develop nuclear explosives. There are two central classes of nuclear 

weapons 1 fission weapons and thermonuclear weapons in which a large part 

of the energy is produced by the fusion of light nuclei, (notably, 

tritium and deuterium). Since at present, fusion reactions for weapons 

purposes require extremely high temperatures practically producable only 

by a prior fission explosion, the latter is of most relevance to the 

problems of proliferation. 

Fission Weapons 

The fission of a U-235, Pu-239, or U-233 nuclei by a fast neutron 

produces from tHo to several high energy neutrons and approximately 200 

million electron volts energy. The neutrons produced by the fission 

are able under certain circumstances to create a chain reaction of 

fissions, which if sufficiently rapid will provide an explosive release 

of energy. Under the conditions that exist in a bomb, the period of each 

neutron generation (the time for a fission neutron to fission another 

\ -8 nucleus/. is approximately 10 seconder and the total time for the energy 

to be realeased (virtually regardless of the yield of the explosion) is 
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-6 1 roughly 10 seconds. The explosive yield released by this process is 

usually measured in terms of the explosive power of TNT. Since the 

explosive energy of one ton of TNT is 109 calories, the fission of 1 

kilogram of material is equivalent to 18,000 tons of TNT (18 KT). 2 

The relevant nuclear parameters of the three fissile nuclides are such 

that roughly speaking Pu-239 and U-233 possess similar Heapons' 

properties, and for many purposes may be considered interchangeable. 

In most respects, U-235 is an inferior Heapons material. 

For a given density and geometry, there will exist a minimum size, 

the critical mass, belOlf which a chain reaction could not occur. With 

suitable means to make efficient use of the fission neutrons, nominal 

spherical critical masses arer 

Plutonium 

U-235 

5 kgm 

25 kgm 

Without such means, the respective critical masses are roughly 10 kgm 

1 Glasstone, Sourcebook, paras. 14.22, 14.23. In U-235, for example, 
2,5 neutrons per fission event are released on the average. If the number 
of neutrons lost per fission is roughly 0.5, the neutron population will be 
given by N = N e t/ 'r where 'r is the generation time, and N is number of 
initial neutroHs. If the fission chain starts with one nefltron (N = 1), 
it follows that 56 generations are required to produce 2.5 x 1024 Heutrons, 
the number of atoms of U-235 in one kilogram, This would take about half a 
microsecond, Another lo-B seconds would double the number of neutrons, and 
so on, so ~hat any yield explosion (within reason) would occur certainly 
within 10- seconds, 

2 See fn 6, section 1, chapter 1. 
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for plutonium and 50 kgm for U-235.3 

Once a critical mass is obtained, there is a rapid release of energy, 

which at once gives rise to the familiar nuclear explosive effects, and 

which simultaneously begins to blow apart the assembled mass of fissile 

material. The essence then of a nuclear weapon is a device to assemble 

suddenly a supercritical mass of fissionable material and to ensure that 

this is done in such a way that a significant fraction of the atoms undergo 

fission before the assembly destroys itself. The efficiency of this 

process will be defined by the ratio of explosive yield to weightr that 

is, it will depend, for a given weight of fissile material, chemical 

3Theodore Taylor et al., Preliminary Survey of Non-National Nuclear 
Threats, 14. Suitable means refer to "reflectors" -- material such as 
U-238, placed around the fissile material, which has the effect of sending 
neutrons back into the fissile assembly when it receives a neutron flux. 
The spherical critical masses can be crudely estimated from widely avail
able data, since the "critical radius" must be of the same order of magnitude 
as the mean free path (X) of a neutron in the fissile material. Consider 
for example Pu-239. The fission cross-sectkon (roughly constant between 
0.1 and 1. 0 MeV) is about 1. 8 b (1. 8 x lo-2 om~). Since there are 
6 X 1023 22 I -1 22 24 -1 

239 
X 19.0 ~ 5.1 X 10 atoms co, A ~ 5,1 X 10 X 1.8 X 10 ~ 10 om 

(where the density of plutonium is taken as 19 g/cc). Thus A ~ 10 om. 
The actual critical radius would be less than this because ~ for Pu-239 
in a high energy ~pectrum is almost 3.0. Arbitrarily taking R

0 
= X/2 ~ 5 om 

gives leads to a critical mass of 10 kgm, Other important parameters can 
be similarly (crudely) estimated. For example, from published data on the 
energy spectrum in a fast breeder reactor core, an average neutron energy 
in the core of Pu-239 may be taken as ~pproximately 1.0 MeV, corresponding 
to a neutron velocity of V = 12.5 x 10 om/sec. Th§ time between fissions 
in the chain must thus be of the order of X/V ~ 10- seconds, consistent 
with published figures. 
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explosive, and casing, on the fraction of the material which undergoes 

fission. 

There exist two methods of assembly. One, the "gun-type", explodes 

two separated subcritical masses together by means of chemical explosives 

much as a piston is fired into a cylindrical ring. The second employs 

an "implosion" technique. A sub-critical mass is rapidly compressed by 

a surrounding mass of chemical explosives, llith the resultant increase 

in density and decrease in surface area causing the assembly to become 

supercritical. 4 For reasonable efficiency, it is important that the 

chain reaction not start too soon, not, that is, until the assembly has 

become fully supercritical. Otherwise, the assembly will begin to 

destroy itself before most of its nuclei willnave had a chance to fission. 

Thus there cannot be tolerated a neutron background that would introduce 

large numbers of neutrons into the assembly before it becomes fully 

supercritical. Since the crucial period begins with the onset of 

criticality, the more rapid the assembly, the higher the neutron 

background that can be accepted, It turns out in actuality that because 

Pu-240 is a high neutron emitter (through spontaneous fission), plutonium 

cannot be used at all in a gun~type device where the assembly is 

relatively slow, Such devices must use uranium. Implosion weapons, 

where the assembly is comparatively rapid, utiwize either plutonium or 

uranium.5 With respect to plutonium, it is reasonable to inquire whether 

4Henry Smyth, Atomic Energy for Military Purposes, 212, Richa.xd Hewlett 
and Oscar Anderson, The New World, 245-249, 34'7-40'7. Glasstone, Sourcebook, 
14.83 - 14,85. The weapons tested at Almagordo and dropped on Nagasaki 
employed the implosion device, the Hiroshima bomb, the gun-type, 

~ewlett and Anderson, The New World, 245-249. 
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there might be some degree of Pu-240 concentration which would make 

even an implosion weapon.impossible, This issue is discussed in section 

3 of this chapter. 

Thermonuclear Weapons 

Thermonuclear weapons utilize the fusion reactions& 

d + d -+ ~ He + n + 3. 3 MeV 

d + t -+ ~ He + n + 17.6 MeV, 

Both reactants, deuterium (~H) and tritium (iH), are of course isotopes of 

hydrogen, and hence the term "Hydrogen Bomb". As earlier stated in chapter 1, 

8 the reactions have a threshhold temperature of about 10 degrees, so far 

practically producible only by the prior explosion of a fission weapon. 

Presumably then, thermonuclear weapons mus~ consist of at least two stages, 

a fission weapon and a second stage comprising the light nuclei used in 

the fusion. 6 

The d-t reaction produces energy at a rate about 100 times that of the 

d-d process, and tritium would thereby appear a highly desireable substance 

to employ in a weapon. However, tritium is not found in nature (it has a 

half-life of 12 years), and it can be artificially produced in a reactor 

only at a very slow rate, If tritium is used in thermonuclear weapons, 

most of it probably must be made in the bomb itself, although whether 

this is so has not been revealed. One theoretical possibility would be 

to surround the fission stage with "light-heavy~ lithium hydride (a 

compound of the light isotope of lithium and deuterium). Upon exposure 

to a high neutron flux, a large number of tritium nuclei will be 

6Glasstone, Sourcebook, 14.115-14.120. Thirring, Enersv for Man, 375-378. 
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6 produced by the reaction 3 Li + n ~~ + t + 4.7 MeV; the tritium so 

generated could then react with the deuterium available.? 

Despite this possibility, that most of a tritium fuel could be 

produced in the bomb, an initial supply of tritium is probably highly 

desireable and perhaps essential for the efficient explosion of a 

thermonuclear weapon. The temperature threshhold for the d-t reaction 

is significantly below that for d-d, and the rate of energy production 

is, as indicated above, more than a hundred times greater. Apart from 

its probable utility in two stage (fission-fusion) devices, tritium 

for these reasons would also appear crucial to the achievement of a pure 

fusion explosion should it in fact ever prove possible to bypass the 

fission stage through the use of lasers or other methods to produce 

the required temperatures. Scientists at the June 1970 Pugwash Conference 

suggested this possibility as one strong reason to safeguard tritium. 8 

. Unlike fission weapons which are limited in yield by the constraint 

that no part of the fissile material assembly can be critical before 

detonation, thermonuclear explosives confront no such limitation; as 

much thermonuclear material as one wishes could be assembled with no 

danger of a spontaneous explosion. Thus the yields possible with 

thermonuclear weapons seem limited only by weight and volume constraints 

imposed by the delivery system. 

7This possibility is pointed out for example by Thirring, Energy for Man, 
377. 

8P, L. ¢lgaard, in F, A, Long and J, J, Mackenzie, eds,, Impact of New 
Technologies on the Arms Race, 260-263, 
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2. Technical Constraints 

Nuclear Weapons 

Development of nuclear weapons requires the confluence of technical 

knowledge, skilled personnel, some industrial-assembly facilities, certain 

non-nuclear material, nuclear material, and some degree of testing. It 

appears that these requirements with the potential exception of nuclear 

materials are within the province of a large number of countries. Taylor, 

Van Cleave, and others in unclassified (albeit unpublished) studies for 

the U.S. Army Research Office have reached pessimistic conclusions after 

careful searches of the unclassified literature on nuclear physicsa 

The knowledge required for the construction of relatively 
crude fission explosives having yields equivalent to thousands 
of tons of high explosives, and light. enough to be carried 
in any automobile, is readily available in unclassified books 
and documents and is known to thousands of people throughout 
the world. Given the required amounts of sufficiently 
enriched uranium or plutonium, such explosives could be 
designed and built in six months or less by a dozen or 
fewer people without extraordinary technical experience, 
using materials and facilities that are commonplace, at 
costs that many private individuals could afford.9 

In a slightly earlier study for the Office of Research, Van Cleave and 

associates at Stanford Research Institute reached these central conclusionsa 

(1) The difficulty and cost of making nuclear weapons is 
often greatly exaggerated in the case of many countries. 
For an increasing number of countries, the production of 
even advanced nuclear weapons (compared with the first 
few generations of weapons in the United States) is 
neither difficult nor particularly costly. For others, 
the more advanced and costly systems are not required. 

9Taylor, Survey of Nuclear Threats, J. 
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(2) Future nuclear weapons powers enjoy certain important 
advantages over states that elected to produce nuclear 
weapons in the past. These include 1 availability of 
information; availability of nuclear facilities and 
materials; experience either actual or vicarious in 
relevant technological processes; advanced auxiliary 
technologies (compare the "Los Alamos Computer" 
room full of girls with desk adding machines -- with 
computers available today) ; and changes in the state 
of the art of nuclear weapons. 

(3) There is an erroneous assumption, implicit or explicit, 1n 
most analyses of the Nth country threat that the United 
States experience must be essentially duplicated. A 
conclusion that follows as a corallary of the above and 
from an examination of Nth country capabilities and re
quirements is that neither in the extensive research 
and development facilities, nor the laborious and costly 
testing, nor 1n the stages of weapons development is 
this so. With much less effort and cost, based on 
previously developed knowledge and resources, an Nth 
country may be able to start with, or go directly to, 
advanced! even sophisticated and versatile, nuclear 
weapons. 0 

Similar conclusions cannot be reached in regard to thermonuclear weapons. 

Here the relevant published data have been very scarce, and the intrinsic 

teehnical difficulty very formidable. Nonetheless, with time, it is 

highly likely that thermonuclear design knowledge will spread widely as 

has fission data. Even, at present, the large, industrialized non-nuclear 

states, notably West Germany and Japan, probably possess much of the 

required technology and could produce the remainder. 

The foundation for these grim assessments may be specified in more detail. 

Technical knowledge. In large part, because of studies used in nuclear 

reactor design, significant data relevant to fission weapon designhave been 

widely disseminated. These include detailed information concerning the 

nuclear properties of fissile isotopes, the theory of chain reacting systems, 

10Will1am Van Cleave, Nth Country Threat Analysis, Summary. 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

~:. 

-104-

extensive critical mass data, the theory of hydrodynamics, data on the 

phases of a. nuclear assembly, details of conversion of plutonium and 

uranium compounds into metallic forms suitable for fission explosives, 

high explosive technology, techniques for measurement of shock waves, 

fusing and firing system design information, etc. 11 In suma 

Very little basic physics knowledge is needed if detailed 
drawings of the device are available along with some 
instructions on how to proceed. If, on the other hand, 
efficient and light fission explosives are required, and 
drawings or detailed recipes are not available, it is 
necessary to know or learn a great deal. In either case, 
all the necessary basic physics knowledge is already 
distributed throughout the world.l2 

Personnel. Taylor divides the kinds of people useful to a nuclear 

weapon development effort into three kindsa 

Direct experience designing, 
building, or testing nuclear 
explosives 

Highly developed technical 
skills and basic knowledge 
of the specific required 
technical fields 

Required basic skills, but 
without specific knowledge 
or experience in specific 
required fields. 

Thousands (mostly 
in nuclear weapon 
states) 

Tens of thousands 
(concentrated in 
countries with 
substantial programs 
in civilian nuclear 
technology) 

Millions 

Taylor believes that at least a crude fission device could be produced 

by tens of scientists and engineers who were capable but by no means 

distinguished. The competence to design nuclear weapons would thus be in 

1lra.ylor, Survey of Nuclear Threats, 10-13. 

12 Ibid., 10-11. 
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the province of scores of countries including essentially all now with 

civilian nuclear programs. 13 

Industrial Base. The development and production of relatively 

unsophisticated fission weapons do not seem to require a large or 

sophisticated industrial base -- extensive use of large computers, excess-

ively fine machine tolerances, etc. In general, it is probably fair to 

state that the kinds of sophistication nations (or organizations) will 

tend to seek will be well within their industrial capability. Estimates 

made below in section 3 and earlier UN estimates indicate that the 

resource and financial requirements to produce a few nuclear weapons 

per year (sans delivery vehicles) would not be large. 14 

Nuclear Material. These include the fissionable material, natural, 

depleted, or slightly enriched uranium, thorium, tritium, deuterium, and 

lithium, all potential sources of nuclear energy by fission or thermo-

nuclear reaction, either directly or following neutron bombardment. 

The detailed use of the non-fissionable nuclear material in nuclear 

explosives and in the instances of tritium and lithiurn-6 (light isotope 

of lithium) the precise modes and rates of production, have not been 

published. Deuterium (heavy water) and natural lithium can be easily 

purchased in large quantity throughout the world. 

Testing. Various kinds of design and confirmation testing, perhaps 

but not necessarily including full-scale "nuclear tests," would be required 

whatever the scope of the development program. It is very doubtful that 

13 Ibid. , 13-14. 

14 United Nations, Effects of the Possible Use of Nuclear Weapons, 
October 1967, UN A/6858. 
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a sophisticated country would have to undertake a full scale test to 

develop reasonable confidence in the reasonable confidence in the 

reliability of moderately efficient warheads especially if the yield of 

the weapon did not have to be predicted precisely, Were full-scale tests 

necessary, their cost would be moderate, A U,N, study has estimated that 

one underground test of a 20 KT device would cost $12 million, and that 

four such tests would cost $15 million, This study assumed that no more 

than one test would be necessary to support a small nuclear weapon program, 15 
'• 

In the earlier test stages, in investigations of the stages of assembly 

of the nuclear material (the implosion and consequent compression of a 

subcritical mass to supercriticality), the development of a U-235 weapon 

would appear significantly easier than of a plutonium device. For in 

the former case, the developers could use, as a surrogate for the U-235, 

natural uranium which while not capable of undergoing a chain reaction 

would retain many of the hydrodynamic properties of the enriched uranium, 

This is one reason to fear the development of an inexpensive centrifuge 

method to sepa.ra te uranium isotopes, 

Development Time, The time to develop a nuclear weapon required by 

a nation starting with no explicit weapons experience but from a base 

founded in civilian nuclear power would vary from country to country, 

But as a rough guide, we may guess the following1 16 

15united Nations, Effects of the Possible Use of Nuclear Weapons, Annex 4. 

16 These are simply estimates derived from several conversations with 
scientists. They must be considered only very rough guidelines, 
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Time 

2 years 

> 5 years 

<10 years 

3, Nuclear Material Constraints 

0 

>10 

tens 

The crucial material required for the production of fission weapons 

are U-235, Pu-239, or U-233. 

It is generally believed that weapons grade uranium must contain 

over ninety percent U-235. 17 The attainment of one critical mass 

(about 25 kgm) of oralloy (93.5 percent U~235) by isotope separation 

of natural uranium would require about 4.5 metric tons of natural uranium, 

The separation requirements would be approximately six metric ton swu, 

At a uranium price of $22 per kilogram and a separative work charge of 

$26 per kilogram swu, the total cost of producing one critical mass of 

oralloy would come to about $250,000 or $10,000 per kilogram U-235. 

If slightly enriched uranium (say, 3%), such as would be used in a light 

water reactor, were available as feed, the separative work requirements 

would be reduced by almost two-thirds. Were still more highly enriched 

uranium available, the separative work requirements would be further 

diminished, ramatically so, These data are shown in Table 1, where the 

cost of natural uranium is taken as $22/kgm and the cost of separative 

work as $26/kgm swu, 

l7This does not mean, however, that lower grade uranium could not be 
used to obtain an inefficient nuclear explosion. Probably enrichments as 
low as 25% or so could be sufficient; the enrichment required for a fast 
breeder reactor is about this order. 
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Table 1. 
18 Ef'fort and Cost to Produce 25 kgm of 22~ U-225 

Feed SWu Natl. U (kgm) Cost ($) 

Natural U 5875 4580 253,500 

3% 

-10% 

20% 

2320 830 60,300 * 
925 240 24,000 * 
530 115 14,000 * 

*The cost here is taken simply as the cost of the extra 
separative work required; there is no charge assessed for 
the U-feed, 

These estimates of course assume that an isotopic separation complex 

is already available; the separation cost used is essentially the 

operating cost associated with the American gaseous diffusion plants. 

The effort and cost required to produce weapons grade uranium were such 

a separation complex not initially available would be substantially 

increased. Estimates by the AEC and Foratom indicate that specific 

investment costs for a new gaseous diffusion plant constructed outside 

Europe would be no less than $150/kgm swu for a plant with capacity in 

the vicinity of 2,000,000 swu/year. Smaller plants would have significantly 

greater specific investment costs. 19 Furthermore, this estimate does not 

18 These data may be obtained from Table 2, Chapter 1 as followsa 
Take the instance where the feed is 20% enriched, Then the feed required 
to produce 1 kgm of 93% product is 22.0 - 0,2 4 68· k The separative 

20,0 - 0.2 = • gm. 
work to produce 4.68 kgm of 20% product may be found from the Table; it is 
4,68 x 45.747 = 214.06 kgm swu. Also from the Table, 235.55 kgm swu are 
required to produce 1 kgm 93% product, Thus the work required to go from 
20% feed to 1 kgm 93% product is given by 235.55- 214.06 = 21,49. This 
may be multiplied by 25 to obtain the number presented in the Table. 

19 . Fora tom, "Report on European Uranium Enrichment," Annex 1. 
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include the higher specific costs due to production of high enrichment 

stages or to the requirement for an associated large power reactor to 

supply power to the separation plant, Taking these factors into account, 

the specific investment cost of a 2,000,000 kgm swu/yr plant would 

probably be at least $250, or $500,000,000, 20 At a discount rate of 10% 

and power charge of 7, 5 mills/KWhr, the separation charge of such a 

plant would be about $40/kgm swu, or 50% higher than current U,S, charges, 

The cost/kgm to produce 93% U-235 at this charge would be nearly 

$15,000/kgm. 

A separation plant of 2,000,000 kgm swu/yr capacity is however 

extremely large, well beyond the commercial or weapons needs of any 

non-nuclear nation, A potentially more attractive route to an enrichment 

capability would be through the construction of a relatively small 

centrifuge plant. Dutch and German studies for Foratom have suggested 

that such plants of capacity as low as 100,000 kgm swu could possibly 

be constructed at investment costs of $200/kgm swu/yr. 21 At such a 

specific investment cost, a small plant of 100,000 kgm swu/yr capacity 

would cost $20,000,000 to construct. Even using very low interest rates 

(7,5%), low specific electric consumption rates (438 KWh/kgm swu), and 

low power costs (7.5 mills/KWh), the costs of separation work of such a 

20Ibid, , 5-6. 

21 Ibid., Tables 7,8,9, This figure is based on a cascade designed 
to produce only 3% U-235. A high enrichment cascade would cost much more. 
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plant would also be roughly $40/kgm swu, 22 A plant of capacity 

100,000 kgm swu/yr could produce approximately 20 critical masses of U-235 

per year from natural uranium feed, Still smaller plants would cost 

correspondingly more per critical mass; a U.N. study has estimated 

that a separation capacity of 2 critical masses per year would cost 

about $500,000/kgm U-235. 23 

Plutonium 

Plutonium is produced at a rate of about 120 to 225 grams fissile 

plutonium per year per installed thermal megawatt in natural uranium 

reactors; the rate of production in enriched uranium reactors is approximately 

two-thirds this, 80 to 150 grams per year per thermal megawatt, The rate 

depends on the burn-up level of the reactor, since at higher burn-ups, 

relatively more of the energy output in the reactor is produced by 

fission of the bred Pu-239. At normal civilian reactor burn-up rates, 

the fissile plutonium production rates are at the low end of the above 

spectrums, 120 grams/MWt -year and 80 grams/MWt -year for the natural and 

light water reactors. At very low burn-ups, the comparable production 

rates would be somewhat less than 225 grams/MWt-year and 150 grams/MWt-year 

24 respectively, 

22Ibid., T bl 7 8 9 a es ,. , , 

23united Nations, Effects of the Possible Use of Nuclear Weapons, 54-55. 

24Typical figures for commercially operated reactors may be found in 
WASH 1098, Table 5.3; also Tables E-1 and E-2. For low burn-up levels, 
maximum plutonium production rates may be calculated from the reactor conversion 
ratio - the ratio of fissile nuclei produced to fissile nuclei consumed, 
Typical conversion ratios for light water and natural U reactors may be 
taken as .50 and .75 respectively (WASH 1098, Tables E-1, E-2. WASH-1097, 
Table 5.2.4). Thus at low burn-up levels, each gram of material fissioned 
will produce .50 and .75 grams of fissile plutonium. Since 1 gram fission is 
equivalent to 1 MWt day, fissile plutonium is produced at the respective rates 
of .50 and .75 grams/MWt~day. This comes to about 150 grams and 225 grams per 
MW t year for the two types of reactors. 
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The isotopic composition of the plutonium will also depend on the 

burn-up (or fuel exposure time) as shown in Figure 3, chapter 1, and in 

footnote .52, G!:hapter 1. At burn-up levels characteristic of commercial 

natural and enriched uranium reactors (say, .5000-8000 MW t d/MTU for 

natural and 25,000-35,000 MWtd/MTU for enriched reactors) the Pu-239 

content of the discharged plutonium will average about 80% and 60 to 

70% respectively, Should higher concentrations of Pu-239 be desired, 

the frequency of fuel discharge will have to be increased, with 

consequent increases in fuel, isotopic separation, and chemical 

reprocessing requirements. 

Consider now, for illustration, the effort and cost required to 

produce plutonium of varying isotopic composition, first by generating 

the plutonium in an already constructed commercial power reactor, and 

second, through the construction de !!Q.YQ. of a "production" reactor whose 

sole fUnction is to produce plutonium. These two cases will bracket the 

actual requisite costs of plutonium production, 

In a power reactor, where plutonium is produced merely as an 

inevitable by-product, the relevant costs ought to include only the 

additional expenses required to produce unusually high concentrations of Pu-239· 

These costs for an enriched uranium reactor of the PWR type are shown in 

Figure 1· By these data, it may be seen that the annual production of 

420 kgm fissile plutonium (90% concentration would cost $60,000,000 or 

about $150,000/kgm, even if all capital and normal operating costs were 

charged to the production of power. 
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Figure 1. Effort and Cost Required to Produce Plutonium of Varying 

Isotopic Composition• 1,000 MW PWR Used as Illustration. . e 
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Figure 2. Effort and Cost Required to Produce Plutonium of Varying 

Isotopic Composition• 1000 MWe HWOCR Used as Illustration. 
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Similar results obtain for natural uranium reactors as shown in 

Figure 4. Again the average cost per kilogram fissile plutonium (90% 

concentration) is about $150,000. 

Rather than utilize commercial power reactors, where the entire 

capital investment and much of the OP,erating expense may be written off 

to the generation of power when one calculates the plutonium cost, 

a country may instead construct an operate a reactor specifically 

to produce plutonium and nothing else. In such a case, electric 

generation equipment would not be needed and the capital cost of the 

reactor would be correspondingly reduced. Taking this cost as two-thirds 

the cost for construction of a power reactor and employing the data 

in Figures 3 and 4, the following Table of costs may be devised. In 

these calculations it is assumed throughout that high-grade plutonium 
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( > 90% Pu-239) is sought, 27 

Table 2. east of Producing 90% Plutonium Through 

Construction of Production Reactors 

Type Reactor Capacity 
(Thermal 
megawatts) 

Natural U (Heavy 
water moderated, 
organic cooled) 

3,000 

300 

Enriched U (:EWR) 3,000 

300 

Fissile 

(Y~ 

600 

60 

400 

40 

Cost/kgm Fissile 
Pu 

(Dollars) 

200,000 

240,000 

225,000 

280,000 

Another conceivable way to produce high Pu-239 content would be to 

operate a reactor in its normal commercial mode, producing there by (say) 

70% Pu-239; and then enriching this plutonium in Pu-239 through the use 

of isotope separation methods, Such a procedure in fact appears comparatively 

27Table 2 is based on the followinga 

PWR 
3000 -

Fuel Cycle $75 x 106/yr 
Capital $170/KWe 

300 6 
$7,5 X 10 /yr 
$370/lrJle 

HWOCR 
3000 300 

$100 X 106/yr $10 X 106jyr 
$190/KWe $410/KWe 

These data are derived from Figures 3 and 4 (90% Pu-239), and the following 
simplifying assumptions 1 the capital costs are taken as 2/3 of the capital 
costs of a power plant with electrical generating equipment (see WASH 1150). 
The fuel cycle (plus 0 & M) costs for the 300 MWt plants are simply taken as 
1/10 the comparable costs for the 3000 MWt (1000 MWe) plants. The fixed 
capital interest rate is taken as 10% for all cases. The PWR and HWOCR 
costs data are taken from WASH 1150, v, Table 2; WASH 1098, Table 5.2; 
WASH-1083, 17-18, Table 5.4. 
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cheap, even allowing for the increased difficulty compared to uranium 

isotope separation of separating Pu-239 and Pu-240 which are only one 

mass unit apart. At the very low mass flows which would be involved in 

the plutonium separation effort, centrifugation appears the best process 

to utilizer it at least would be far preferable to gaseous diffusion. 

Since the separation factor in centrifugation is proportional to the 

mass difference between the isotopes and since the separative work 

capacity of an element is proportional to the square of the separation 

factor, the capacity per element for the separation of Pu-239 and 

Pu-240 (1 mass unit apart) will be 1/9 of the capacity for the separation 

of U-235 and U-238 (3 mass units apart). However, the relevant 

separative work requirements are extremely low, less than 1 S.iu per 

kilogram of product to produce 90% Pu-239 from 70% Pu-239. The cost of 

a separation effort of this magnitude would be negligible. 

These cost estimates have so far assumed that the necessary supporting 

nuclear services (conversion and fabrication, isotopic enrichment, 

reprocessing, etc.) may be purchased either from domestic or foreign 

sources. If this is not the case, and a country embarking on weapons 

program had to construct its own indigenous nuclear industry, the 

requisite effort to produce plutonium would be increased substantially. 

For illustration, consider the capital costs associated with required 

fuel services for a 300 MWtand 3000 MWt reactor. 
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Table 3. Capital Costs Required to Support a 300 MW t and a 

3000 MW t Light Water Reactor28 

Isotope Separation Plant 

Fuel Fabrication 

Reprocessing Plant and 
Plutonium Conversion 
to Metal 

Cost ($million) 

300 MWt 

15 

2 

2 

3000 MW t 

30 

3 

8 

The 300 MW t reactor could produce about 20 kgm high-grade plutonium per 

year; the 3000 MWt reactor, ten times this. Although interest on capital 

investment has been included in above cost estimates, if new construction 

is required, the cost of producing the plutonium would be higher because 

of a loss of economy of scale and (perhaps) also substantially higher 

interest charges. If for illustration we asSlme an interest rate 

differential of 5 percentage points, and the data of Table 3, the cost 

of plutonium would be raised only roughly $25,000/kgm for the 300 MWt 

light water reactor , $5,000/kgm for the 3000 MWt light water reactor. 

Thus, we may conclude that high grade plutonium produced in commercial 

reactors will cost approximately $150,000 .per kilogram. Plutonium 

produced in production reactors would cost between $200,000 to $300,000 

per kilogram. 

28The isotope separation data are very speculative; they are based 
on optimistic forecasts of ultra centrifuge performance. 
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U-233 is produced in thorium reactors b,y the process 

Th-232 + n ... Pu-233 ~ U-233. The only commercial reactor utilizing 

thorium now under construction, is an advanced converter employing highly 

enriched U-235 as the initial fuel and necessary makeup. It consequently 

does not produce more weapons grade fissionable material than it consumes, 

Although not now commercially competitive with the uranium cycle, 

a thorium cycle can also be employed in light water reactors,3° Design 

studies indicate that under normal operating procedures, the net 

production of U-233 in such a cycle for a 1000 MWe PWR would be about 

25 kgm/year (compared to approximately 250 kgm Pu/year if operated on a 

uranium cycle), The fuel cycle cost for the thorium cycle is estimated 

to be roughly 30% higher than the uranium cycle under the usual 

assumption of $8/lb u
3
o8• The thorium cycle becomes competitive with 

uranium at an ore cost of $16/lb u
3
o8.3l The low rate of U-233 production 

reflects the large contribution of U-233 fission to the power output. 

The rate can be increased by more frequent core changes so that the 

proportion of U-235 to U-233 remains high. But if significant 

amounts of uranium fuel are thus available, there appears no special 

attraction to the thorium cycle for a nation wishing to acquire a weapons 

capability. 

Thorium may also in principle be used in a havey water organic cooled 

reactor (HWOCR) employing either highly or slightly enriched uranium or 

3°The thorium cycle is here. taken to mean U-235 (Th-232) U-233. The 
usual uranium cycle is U-235 (U-238) Pu-239. 

3lwASH-1097, 81-84, Table 5.4.2. 
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(possibly) natural uranium, Such a reactor (1000 ~~e) could produce 

80-100 kgm U-233 per year,32 Again the fUel cycle costs appear to be at 

least 30% higher than the case if a uranium cycle is employed, 

As indicated in Chapter 1, section 4, U-233 can also be bred in a 

molten salt thermal breeder reactor. Here design studies indicate a 

potential breeding ratio of 1.07 and doubling time of 15 years for a 

1000 MW reactor. With a fuel inventory of 1 kgm/MW , this means that e e 

roughly 70 kgm U-233 net will be produced each year,33 

Significance of Isotopic Composition 

Dirty, Denatured Plutonium• 

Upon neutron bombardment, Pu-239 will sometimes fission and sometimes 

capture a neutron to form Pu-240. Pu-240, though not fissile, is a fertile 

isotope; it captures neutrons to form the fissile Pu-241, Pu-241 in turn 

will also sometimes capture a neutron to produce Pu-242, a 11parasitic 11 

isotope, neither fissile nor fertile. The question has often been asked 

whether a suitable concentration of Pu-240 (and Pu-242) could in effect 

11denature" a plutonium mass, that is, make it harmless (non-fissionable). 

There are two principal reasons why Pu-240 might have such effect. First, 

although it is a fertile isotope, upon neutron capture, it does not emit 

neutrons; consequently if present in sufficient quantity, it could 

prevent or delay the chain reaction. Secondly, because it emits neutrons 

through spontaneous fission, Pu-240 could lead to a predetonation fizzle. 

This latter effect is discussed in the next subsection, As to the first 

32wASH-1098, Table 5.3; WASH-1097, 86-90, 

33wASH-1097, 75. 
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effect, there are now strong experimental and theoretical reasons 

to doubt its importance, For example, from published data, we Imow 

that the core of a fast reactor can consist of as little as 10-15% 

fissile material, with the plutonium part of the core over 35% Pu-240, 

Thus a chain reaction can certainly be sustained in plutonium that 

is quite "dirty" (having high Pu-240, Pu-241, and Pu-242) concentration. 

The mass of plutonium would however have to be larger than were t~e 

plutonium relatively pure in fissile isotopes. A similar conclusion 

may be drawn from relatively simple theoretical calculations based 

on published cross-sections in a fast neutron:spectrum for the 

plutonium isotopes. 

Spontaneous fission and predetonationl 

·Aside from diluting the Pu-239, Pu-240 will have still another 

deleterious effect due to its proclivity to fission spontaneously, 

that is without prior collision with a neutron. Such spontaneous fission 

will release neutrons into the plutonium assembly, possibly causing 

a "predetonation" of the assembly at a non-optimum time, with a 

consequent fizzle of the explosion.34 The precise relevant data govern-

ing this predetonation effect are not easily found in the unclassified 

literature; but some rough guesses can be ventured. 

Presumably, predetonation cannot occur before the assembly becomes 

critical; in the pre-critical period, a stray neutron would not cause a 

chain reaction. '!'he problem must arise as the plutonium is being 

34Hewlett and Anderson, The New World, 234-235, 251. 
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imploded, moving from a sub-critical to a super-critical state.35 This 

period should be on the order of 10-6 to 10-5 seconds. The build-up 

of neutrons sufficient to fission a kilogram of material will require 

on the order of 10-6 seconds.36 Compared to· these times, the spontaneous 

-6 fission rate of Pu-240 is about 1 fission per 10 seconds per kilogram, 

corresponding to a half-life of approximately 1011 years,37 

This suggests that the Pu-240 neutron background could on the 

average prove somewhat of an obstacle to the achievement of a nuclear 

explosion; it could with some probability reduce the efficiency of the 

explosion. That is, the introduction of an unwanted neutron into the 

-6 assembly is a random occurrence with an average expectancy of one per 10 

seconds per kgm Pu-240; and there will consequently be a probability 

distribution of fission yield reduction due to predetonation. In most 

cases, this reduction would be expected to be relatively minor, though 

possibly very drastic in a few instances (depending of course on the 

ratio of Pu-239 and Pu-240). Beyond these considerations, it is also 

conceivable that ways are available to absorb stray neutrons, during 

the implosion period in a manner that would not affect the neutron build-up 

at the desired moment. It might also be possible in some manner to flood 

35Ibid., 234-~35, 251. In this discussion, it is assumed that the 
implosion technique is used. In fact, precisely because of predetonation 
dangers, a gun-type device utilizing plutonium is not practical; it 
assembles too slowly. 

36G1asstone, Source book, para. 14. 22. Freeman Dyson, private comrnunica tion. 

37The comparable half-life for Pu-239 is 5 x 1015 years and can 
be ignored. 
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the supercritical assembly with neutrons, thus constricting the time 

required to fission the assembly material. Also, it is noteworthy that 

the AEC and the International Atomic Energy Agency (IAEA) have not made 

distinctions between clean and dirty plutonium. The past AEC price 

for fissile plutonium has been the same regardless of the Pu-240 

content, Similarly, IAEA safeguards do not distinguish among 

plutonium of varying isotopic composition,38 

All these considerations suggest that high Pu-240 content would 

not prevent insuperable obstacles to the construction of an implosion 

device, It is certain that plutonium of isotopic composition found in 

discharge from commercial reactors is potentially useable in weapons 

and must consequently be safeguarded. Nevertheless, the foregoing also 

suggests that high Pu-240 content will increase the difficulties of 

weapon fabrication; high purity Pu-239 is a more attractive weapons 

material than dirty plutonium. According to James Schlesinger (now 

chairman of the AEC); "Let me categorically assert that under 

these circumstances [Pu-240 contents up to 30% ]the weapons design and 

gesting problems are awesome, especially for a nation with a limited 

technological base. u39 

Radioactivity - Predetonation 

Aside from the spontaneous fission of Pu~240, the isotopes of 

plutonium are also significantly radioactive, as shown in the following 

Table. 

38see, for example, IAEA, INFCIRC 66. 

39 James Schlesinger, "Nuclear Spread 1 The Setting of the Problem, " 
RAND P-3.557. 
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40 The Radioactive Decay of Plutonium Isotopes. 

Isotope Type Decay 
(average energy in MeV) 

Half-Life 
(years) 

Disintegration Rate 
(curies/ gram) 

Plutonium 

-238 Ol 5. 50 86 16.5 

-239 Ol 5.15 24,360 .07 

-240 Ol 5.16 6,760 .20 

-241 * ~ .02 13 110 

-242 Ol4, 88 3,79 X 105 3 X 10-3 

(Pu-241 ! Am-241) 

Americium 

-241 Ol 5.48 458 3.2 

*01 - decay branch, .002%, 4.90 MeV. 

The presence of the higher plutonium isotopes could have three types 

of adverse impacts on the development of an atomic weapona first, 

radioactive emissions can also cause predetonation problems; second, 

substantial amounts of radioactivity would complicate handling of the 

fissionable material; and thirdly, the emission of highly penetrating 

radiation would increase the difficulty of concealing weapons or material, 

or transporting them clandestinely. 

Predetonation can be initiated by alpha particles if there are 

impurities present in the assembly which emit neutrons upon alpha bombardment. 

The contribution of the plutonium isotopes to this problem may be viewed 

as followsa As shown in the Table, the rate of alpha particle emission 

40Adapted from Table of Isotopes, Sixth Edition, by Lederer, Hollander, 
and Perlman. 1 curie = 3 x 1oiO disintegrations/second. 
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from Pu-239 is about • 07 curies/ gram, The comparable rate for Pu-240 

is .20 curies/gram. Thus the requisite level of purity in a plutonium 

mass of one-fourth Pu-240 must be about twice what it could be in a 

100% Pu-239 assembly. Calculation of the contribution of Pu-241 is 

more complicated. Pu-241 is not an alpha-emitter, but it beta-decays 

with a relatively short half-life to Am-241 which is, Am-241 has a 

half-life of 458 years; it is about 12 times as active as Pu-240, and 

50 times as active per gram as Pu-239. Upon release from a reactor, 

the plutonium will contain some Am-241 and some Pu-241, the relative con

centrations dependent on the fuel exposure time in the reactor, After 

discharge from the reactor, the Pu-241 will decay into Am-241 at the 

rate of 110 curies/gram; in just over thirteen years, half the original 

Pu-241 will have decayed to Am-241. So long as the Am-241 is removed 

from the rna terial by chemical means, it of course plays no role in the 

predetonation problem. Once the plutonium is assembled into a weapon, 

hoHever, it may not be convenient to remove continually the constantly 

produced Am-241. In this case, the alpha background due to the Am-241 

will grow with time. For typical reactor burn-up times, the Pu-241 

content at discharge could be as high as or higher than 12% of the 

contained plutonium, with the Pu-240 concentration 30%. With these 

concentrations as benchmarks, the Am-241 concentration after one year 

would be about 5% of the Pu-241 or 0.6% of the total contained plutonium, 

In such instance, the alpha contributions of the Pu-239, Pu-240, and 

Am-241 would be in the ratio 1.5 to 3.6 to 1. The Pu-240 would provide 

the largest number of alpha particles, Pu-239 the next largest, and 

Am-241 the least. One year later, however, were the Am-241 not separated 
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its alpha contribution would have doubled. 41 

On balance, it would appear that the presence of Pu-240 and Pu-241 

1~ill cause some increase in purification efforts, but not a prohibitive 

increase. 

Radioactivity - Hazard 

All the isotopes of plutonium are highly toxic. The maximum permissible 

body burden for Pu-239 is 0.04 ~c, and the maximum permissible concentration 

in air is 2 x 10-12 ~c/cm3. 42 Thus regardless of the isotopic composition, 

essentially complete physical containment of plutonium is necessary in 

any processing or fabrication facility. Any plutonium work must be 

performed in "glove boxes" through remote handling techniques. Such 

boxes may typically be constructed of steel, with 1 em thick plastic 

viewing panels. 43 Primary physical containment of the plutonium is 

thereby provided whatever the isotopic composition; there still remains 

a potential radiation hazard which as discussed below will depend somewhat 

on the isotope concentrations. 

Four types of radiation are emitted from the plutonium isotopesl 

alpha-rays, beta-rays, gamma-rays, and neutrons. The first may be dis

regarded as a significant radiation hazard. The range of an alpha particle, 

4~-241 will also emit alpha-rays directly, but with a half-life of 
4 x 10 years, Such direct emission can thus safely be ignored in comparison 
with Pu-240 or Pu-239 alpha-radiation; it can also be ignored in comparison 
to Am-241 radiation if Am-241 is present in the Pu-241 in concentrations 
greater than (say) 1/100. 

42 R, L. Gulley, "Plutonium Handling," in CONF-660308, 149. 

43 Ibid,, 150. 
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which is relatively heavy and charged, is very small indeed. Most 

alpha particles emitted by the radioactive decay of the isotopes here 

at issue range between 4-6 MeV. At these energies, they could penetrate 

1/200 centimeter in water (or tissue), much less in heavier material; 

they could be completely stopped by a piece of paper or an outer layer 

of dead skin. Furthermore, the vast majority of the particles will 

be stopped within the plutonium mass itself where they originate. 

Finally, from the data presented earlier, it may be noted that the 

higher isotopes of plutonium given their usual concentrations are 

not significantly greater alpha-radiation contributors than Pu-239. 44 

Pu-241 is the only beta-emitter among the plutonium isotopes, It 

has a half-life of 13 years with the maximum beta energy approximately 

20 kev. This is·a relatively low energy electron; such radiation can be 

easily stopped, for example by the glove box; it is difficult to see 

any serious problem arising from this radiation. 45 

As indicated above the two initial sources of neutrons will be the 

spontaneous fission of Pu-240 and the interaction of alpha particles with 

light metal impurities. In addition, these neutrons could cause a 

rapidly decaying chain of fissions releasing a few more neutrons. The 

neutron yield due to the spontaneous fission is very low1 

Pu-238 3.4 x 103 n/g-sec 

Pu-240 

Pu-242 

44 Harte and Socolow, Ch. 18. 
42-44. 

45Harte and Socolow, Ch. 18. 

Gregory Choppin, Nuclei and Radioactivity, 

Choppin, Nuclei and Radioactivity, 44-46. 
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An activity of 103 n/g-sec corresponds to a surface dose rate of 

approximately • 003 rem/hr/g. 46 This may be compared to occupational 

exposure limits typically set at 5 rem/yr for the whole body, Neutron 

shielding would thus be required for any prolonged exposure to 

plutonium containing gram concentrations of Pu-238, Pu-240, or Pu-242, Such 

shielding could be provided by the glove box, if it is specifically designed 

for that purpose, Were the plutonium in a compound with low atomic weight 

material, the neutron radiation (due to alpha, neutron reactions) would 

be (slightly) greater, 

is 1,6 x 104 n/g-sec. 47 

240 The emission rate from _Pu F4 for example 

Gamma Radiation, Neutrons, and Signatures 

48 Oftentimes upon alpha decay, gamma radiation will also be emitted, 

This radiation is highly penetrating and presents a radiation hazard, 

In addition, since the energies of these rays are characteristic of 

particular decay modes, their observation in general would permit 

identification of the radioactive source, In this sense each of the 

plutonium isotopes has an identifiable and unique gamma ray signature, 

Although gamma radiation is more penetrating than other types, the 

energies of the plutonium gammas are relatively low. The most energetic 

46Gulley, "Plutonium Handling, 11 156. 

47 Ibid., 151, l!Jl. 

48 Sometimes, the-alpha decay leaves the daughter nucleus in an excited 
state; that is, in a state not at its lowest or ground-state energy. The 
daughter nucleus in these instances de-excite almost immediately by emission 
of gamma rays. The radioactive decay of any specific nucleus will be to 
the ground or to any of several possible excited states according to a 
definite random probability distribution. 
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gamma associated with Pu-239 decay is 770 kev but this occurs with a fre~ 

quency of only 2 x 10-5%; the most probable ~a emission is 52 kev which 

occurs 0.02% of the time. Pu-240 decays with a 650 kev gamma, 2 x 10-5% of 

the time. Pu-241 has an alpha decay branch and an associated gamma of 

145 kev, 1.6 x l0-4% frequency. Am-241 possesses the most gamma activity 

with a 60 kev radiation emitted 36% of the time, and higher energy gammas 

up to 722 kev emitted with frequencies on the order of 10-3 to l0-4%.49 

The ensuing radiation health hazard is significant and partially 

dependent on the isotopic composition. The surface dose rate from an 

infinite slab of pure Pu-239, for example, has been calculated as about 

1 rad/hr. For equivalent concentrations, Pu-240 produces about six times 

the gamma radiation of Pu-239. Pu-241, after 60 days of decay into Am-241 

produces about double the Pu-240 contribution, and this about doubles 

again after another 120 days,50 This radiation will impose somewhat 

greater shielding requirements than otherHise required, although installa

tion of 0.64 em thick lead-glass panels to glove box exteriors and lead 

impregnated gloves are sufficient to reduce the radiation to acceptable 

safety levels. Complete concealment of this and neutron radiation, 

however, would require more elaborate shielding,51 

For the highest energy ray given off by the plutonium isotope decay, 

about 0,6 em of lead is required to reduce the intensity by one-half; over 

2 em of lead would be needed to cut the intensity of the gammas to one

tenth the original intensity, However, for the lower energy and more 

49Table of Isotopes, The percentages refer to the fraction of decays 
in which the particular gamma is emitted, 

5°Gulley, "Plutonium Handling," 156, 

51Ibid., ·150-152. 
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prevalent gammas of less than 100 kev, less than 1 mm of lead would be 

required to halve the gamma intensity,52 

Radioactive Decay of Uranium Isotopes 

Neither U-235, U-238, nor U-234 possess troublesome radioactive 

properties; as a consequence, there appears no significant issues of the 

sort discussed earlier associated with the fabrication of U-235 into 

weapons material. The same cannot be said of U-233, which in general 

will be found mixed with very small albeit significant quantities 

of U-232. 

52Gamma ray intensity is attenuated exponentially in any materiala 
if I is the initial intensity (number of photons per area per time), then 
the ~ntensity I of the radiation after passing through a thickness x is 
given by I= I e-~. The absorption coefficient will depend on the 
material and tRe energy of the gamma ray photon. Actually, since the 
gamma ray beams in question would seldom be mono-energetic, the actual 
intensity fall-off will in these cases appear more complex. 
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Table 6 The Radioactive Decay of Uranium Isotopes53 

Isotope Decay Mode Half-Life 
(Energy in MeV) (years) 

U-234 Cl 4.76 2.47 X 105 

U-235 Cl 4.42 7.1 X 108 

U-238 Cl 4.18 4.51 X 109 

U-232 Cl 5.31 72 

U-233 Cl 4.81 1.62 X 105 

U-232 is produced in a thorium reactor by the three processes shown 

below. In each case, the reaction-chain includes an (n, 2n) reaction that 

will occur only at high neutron energy. Consequently, the U-232 build-up 

will be more marked the higher the neutron energy spectrum in the reactor.54 

Production of U-23255 

1. Th-232 (nt?n) Th-231 ~ Pa-231 (n, Y) Pa-232 

~ U-232 

2. Th-232 (n-' y) Th-233 ~ Pa-233 (n ' 2n) Pa-232 
~ U-232 

3. Th-232 (n.!. y) Th-233 .ft Pa-233 .ft U-233 
(n,2n) 

53Table of Isotopes 

54wASH 1097, 108-109. 

55wASH 1097, 108 

-+ U-232 
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Both U-233 and U-232 are alpha emitters. Their half-lives are 1.6 x 105 

years and 74 years respectively. Thus U-232 decays at a rate 2200 times that 

of U-233, and thus if present in ratios on the order of one part per 1000 

compared to U-233, will contribute significantly to neutron background due 

to alpha reaction with light metal impurities. 

The most significant radiation due to U-232 however does not come from 

the decay of U-232 directly, but rather from the decay of two of its 

daughter products, Bismuth-212 (Bi-212) and Thallium-208 (Ti-208) which emit 

highly penetrating gamma radiation. These isotopes are produced in the follow

ing decay chain156 

~ ~ ~ 
U-232 74 y Th-228 l. 9 y Ra-2243•6 d 

Rn-22o55~s Po-216 O~l6s Pb-212 1E.6h 

T.t-208 

Pb-208 

o-212 
Bi-212 emits high-energy gammas (0.4 to 2.1 MeV); Tl-208 emits a gamma of 2.6 

MeV. As the Bi-212 is ~ormed the gamma activity of a sample of uranium 

containing U-232 rises markedly. At typical concentrations of U-232 encountered 

upon discharge of fuel from thorium reactors, remote handling procedures are 

necessary. It has even been contemplated that the discharged product would be 

stored for 10-15 years before any recycling into the reactor to allow decay 

of Th-228, the first daughter of U-232.57 

56WASH 1097, 108-109. 

57 Ibid., 96-97. Freeman Dyson, private communication, The U-232 
fraction in U-233 is likely to be between lo-3 and lo-2, 
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More interesting still, the gamma radiation provides a signature 

difficult to conceal. This may be seen by the following& 

Table 7. Absorber Thiclmess Required to Reduce 

Intensity of 2.1 MeV Gamma -rays to One-half the 

Original Intensity58 

Lead 

Iron 

Concrete 

Water 

1.5 em 

2.5 

6.0 

15.0 

Even with use of lead, a shielding thickness of over 10 em would be 

required to reduce the intensity of 2.1 MeV gamma-rays to less than 

1/100 of its initial value. 

58choppin, Nuclei and Radioactivity, 47. See also fn 53, this 
section. 
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4. Size and Yield of Nuclear Weapons 

The United States can evidently produce fission weapons as small as six 

inches in diameter and as light as 50 pounds. For example, one weapon design 

of six inches in diameter and 34 inches in length weighs 120 pounds; another 

design of 11 inches in diameter and 16 inches length weighs slightly over 50 

pounds. These are fission weapons. Thermonuclear weapons can be made as 

small as 11 inches or so in diameter and 150 pounds in weight,59 The yields 

of these weapons have not been published. If we assume roughly that the 

fissionable material comprises one quarter the weight of the lighter (fission) 

weapon and that the weapon efficiency is 20 per cent, the expected yield 

would be on the order of 20 KT. The design and such yield efficiency 

doubtless reflect considerable sophistication, which less advanced states 

or terrorist groups could not hope to match. However, given roughly the 

same size weapon but an efficiency of say 5 per cent, the weapon yield 

60 would still be a substantial 5 KT. Still more conservatively, we might 

consider weapons say four times the size of those indicated with an 

efficiency also of 5 per cent. Such a weapon might weigh from 200 to 

500 pounds and produce an explosion in the ten KT range. Weapons of even 

59These data are based on a letter from the Director of the USAEC Div
ision of Classification to Dr. Michael May, Director of the Lawrence Radiation 
Laboratories, November 16, 1971, and Dr. May's subsequent transmittal of the 
letter to the author. The information is of course unclassified, The two 
fission designs described probably refer to gun-type (uranium) and implosion 
(plutonium) weapons respectively, although this is not indicated in the letter. 
Nor is there any data on the yields of the weapons described. Some information 
on the size of nuclear weapons was also given in an unclassified description 
of fission weapons supplied to the F.BI in 1955. According to this description, 
gun-barrel devices will probably be made of steel, with inner and outer bore 
diameters ranging from 2 to 10 inches and 5 to 12 inches respectively; the 
length of the entire device need not exceed about 2t feet. 

60 . 
In private verbal communications, physicists with experience in weapons 

design have stated that the achievement of 5% efficiency is relatively easy, 
20% quite difficult. 
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this size could be transported clandestinely; they certainly could be 

61 delivered easily by almost any type of vehicle, 

5. Delivery Vehicle Constraints 

Five types of delivery capabilities span the major possibilities• 

(1) A capability to deliver clandestinely and detonate nuclear 

weapons in situ within a country, such as might be sought by terrorist, 

revolutionary, or counter-revolutionary groups. 

(2) A force sufficient to deliver one to a few weapons against the 

cities of an unsophisticated, partly underdeveloped national adversary, 

such as might be sought by certain African nations, 

(3) A force sufficient to deliver a few to several nuclear weapons 

against the cities or massed forces of a moderately sophisticated 

opponent. India would probably seek a force at the high end of this 

spectrum, Israel perhaps at the low end, 

(4) A small but sophisticated capability to deliver nuclear weapons 

against military targets -- such as might be desired by Sweden or 

Switzerland, 

(5) A force sufficient to match the forces of the current nuclear 

powers, in some respects at leastl for example, a for ce that could survive 

a U,S, or Soviet first strike and breach the great power defenses in a 

retaliatory strike, or simply a force that could match the British and 

French nuclear forces in prestige, Such a capability would probably be 

sought by West Germany and Japan, but no other nation, should they strive 

for nuclear weapons, It would require hardened and dispersed missiles 

and/or sophisticated bombers, 

6L · 
-see below. 
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The size of possible nuclear weapons clearly permits clandestine 

transportation, even by individuals not in vehicles. At least three 

factors will complicate the task of the concealer, however. First, 

plutonium and uranium are extraordinarily dense, weighing over half again 

as much as lead of the same volume. 62 Objects extremely heavy for their 

size ought thus to excite suspicion. Secondly, a gun-type device (perhaps 

the easier to produce) does have a characteristic shape and considerable 

length; it could be concealed but with difficulty. Finally, and most 

importantly, weapons, especially those fabricated from plutonium or 

U-233 will be significantly radioactive. If they are to be concealed 

from a vigorous detection effort (say at airports or docks) extra 

shielding would be required, the amount depending on the scope of the 

detection effort assumed. Referring to section 3 this chapter, we note 

that about 0.6 em of lead would be required to reduce the high energy 

gamma-ray intensity. from plutonium by one-half; about 4 em of lead would 

thus be needed to reduce the intensity one-hundred-fold. Such shielding 

about a sphere of 5 inches (12.7 em) in diameter (corresponding to 50 

pounds of plutonium) would weigh almost 80 poundsa this would constitute 

a substantial fraction of the total weight of the weapon, but would not 

necessarily make its delivery unmanageable. 63 

It seems clear then that for forces of types (1) or (2), delivery 

will not prove a serious obstacle. Conventional airplanes, small boats, 

small missiles, trucks,automobiles could all be used. The great variety 

62Uranium weighs 18.7 g/cc,(ll67 lbs/cf); plutonium weighs approx
imately the same. Lead, by comparison, 11 g/cc (687 lbs/cf). 

63see the unclassified description of fission weapons supplied to the 
FBI in 1955 (fn. 59). . 
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of ways to deliver a fairly crude nuclear weapon against an undefended 

urban population assure that the security of any nation will become 

irreversibly precarious once groups willing to use nuclear weapons 

against it obtain the nuclear warheads, Even the most powerful nations 

would be vulnerable to unsophisticated delivery, especially by internal 

64 terrorist groups or anonymous international adversaries, 

For forces of type (3), somewhat more elaborate delivery capabilities 

would be required. Of the countries that fall into this category, India 

would face the severest challenge if it sought a force that could survive 

a Chinese first strike and attack Chinese cities over a thousand miles 

distant, The United Nations Report to the Secretary-General on Nuclear 

Weapons estimated the costs of a force that might minimally meet such 

requirements. 65 

-- purchase of thirty to fifty Canberra, B-57, or 
similar bombers 

$180 million acquisition cost, $25 million annual 
operating cost 

-- development of fifty 1500 n. mi range soft-sited 
missiles of modest accuracy and reliability 

$850 million acquisition cost, $10 million 
annual operating cost 

The missile component of such a program might take an industrialized 

country eight to ten years. It also seems highly probable that the 

costs of such a missile development program to India, or other developing 

nations, would be higher even than indicated by the UN study based as this 

64 See Chapter 4, section 3, 

65united Nations, Effects of the Possible Use of Nuclear Weapons, 
Annex 4. 
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was on the capabilities of industrialized nations with good experience 

in aircraft and space technology. The costs, even so escalated, would not 

be prohibitive, however. A high quality force comprising 100 IRBMS, 

thermonuclear warheads, and a couple of missile-launching submarines 

which might cost 5-6 billion dollars over a ten year period (somewhat 

over one-half the cost of the French nuclear program), would imply an 

annual cost of 500 million dollars per year - or roughly one-quarter the 

66 current Indian defense budget. 

For other countries seeking capabilities of type (3), the problems 

appear still more tractable. The phantom jets would provide Israel with 

a very excellent potential means of nuclear delivery, and Israel is in 

addition already developing a short-range missile capacity probably capable 

of delivering nuclear warheads, 67 The Arab nations could not match the 

Israeli sophistication, but would confront a very small and vulnerable 

nation. By the time they could develop nuclear weapons, the Arab states 

would certainly pose a reasonably strong threat of being able to deliver 

a few crude weapons against the few major Israeli cities, directly or 

clandestinely, Most of the other states that may eventually be placed in 

category (3) also already possess substantial delivery capabilities. For 

66see Dilip Mukerjee, "Itching for the Bomb" in Far Eastern Economic 
Review, July 9, 1970; A.B. Shah, ed, India's Defense and Foreign Policies, esp. 
articles by M,R, Masani, M,R, Dandavate, and Roj Krishna, It should be noted 
that these authors do not entirely agree on either the probable costs of a 
nuclear program or on the impact of such a program on the Indian economy, 
The author is also indebted to the analysis of Chandra Varma in a seminar 
paper "India and the Bomb," October 18, 1971 (unpublished), 

67The Phantom Jet (F-4M produced by McDonnell-Douglas in the United States) 
can carry alternatige loads of up to 16,000 lbs. of nuclear or conventional bombs, 
It has a combat radius of approximately 1000 miles, (Jane's All World Aircraft, 
394), The surface-to-surface missile (the so-called Jericho) is apparently now 
under manufacture in Israel; it was developed jointly by Israel and France. The 
Jericho has a reported range of 300 miles or more and payload capability of 1000 
to 1500 lbs. The cost of the missile has been estimated at roughly one million 
dollars, which may be compared to the five million dollar cost of a Phantom Jet. 
New York Times, October 5, 1971, 1). · 
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example, several Latin American countries (including Bolivia, Brazil, 

Chile, Peru, Uraguay, and Venezuela) now use the American-built B-25J light 

bomber capable of delivering 4000 lb. payloads at ranges of over 1000 miles. 

Peru also possesses the relatively advanced Mirage 5, French-built fighter-

bomber, and Argentina, the Italian-built Aermacchi fighter-bomber. A 

few Latin American air forces also use the advanced American-built F-470 

Thunderbolt which has a range of over 1000 miles. Elsewhere, the Soviet-

built IL-28 Ilyushia tactical bomber, with a capability to deliver 4500 

lbs, of bombs at ranges of 1500 miles, is in service in Poland, 

Czechoslavakia, Romania, Hungary, East Germany, Indonesia, Taiwan, and 

Egypt. The sophisticated American-built fighter-bombers, the F-lOOD Super 

Sabre and F-84F Thunderstreak are used by several NATO air forces, 

notably Denmark, Turkey, Belgium, and Germany. Mirage fighter-bombers 

are in use in South Africa, Pakistan, Lebanon, and Iraq. 68 

Delivery systems adequate to support programs of type (2), short 

range high performance aircraft, short-range high accuracy missile 

systems, nuclear mines, etc, seem well within the capabilities of the 

countries which might reasonably seek them; and to some extent they are 

already available! for example, Sweden possesses advanced aircraft 

capable of nuclear delivery in the J35F Draken and 105, both produced 

by Saab, The latter has a ragne of 1000 miles and bomb payload of over 

1000 lbs, Sweden has also deployed the RB08A cruise missile with 

payload capacity of several hundred pounds, 69 

68 Janes, Military Aircraft, 311, 314-322. Institute for Strategic 
Studies, The Military Balance 1969-1970. 

6
9 Jahe 's, Military Aircraft, 321-322. 
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Type (1) forces will demand moderately large and sophisticated 

bomber and missile systems. The UN study estimates the costs of 

some plausible elements of such a force as follmisl 

Table Costs of Delivery Vehicles7° 

Acquisition Cost 
($ millions) 

Annual Operating Cost 
($ millions) 

50 French Mirage IV bombers 

300 British V-bombers 

50 Minuteman I, in hard emplacements 

25 French ballistic missiles in 
hard emplacements 

940 

1800 

1250 

700 

100 

120 

5 

? 

210 US FB-111 with air-to-surface 
missiles 2200 340 

3 French missile-launching nuclear 
submarines each with 16 
missiles of 1500 n mi range 1000 20 

West Germany and Japan have sufficient technology and industry to implement 

programs of such scope. They also already have a significant capacity to 

deliver nuclear weapons. German NATO forces, for instance, employ the 

Pershing lA surface-to-surface nuclear-capable missile as well as the 

previously mentioned F-84F Thunderstreak fighter-bomber which has a 

designed nuclear delivery capability.7l 

7°United Nations, Effects of the Possible Uses of Nuclear Weapons, 
Annex 4. 

71Jane's Military Aircraft, 36, 320. 
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Aside from these explicit weapons systems, scientific and space 

rockets in general provide an immediate missile technology-base to countries 

which possess thema these include Japan which has developed a 4-stage 

rocket capable of placing 220 lbs. in terrestrial orbit; Germany, which 

has developed highly sophisticated upper stages for the ELDO (European 

Launcher Development Organization) rocket; the other states of the ELDO 

group, Italy, Belgium, the Netherlands, Australia, and France; and Italy, 

Sweden, Argentina, Australia, Brazil, and Canada, which have produced 

research sounding rockets capable of sending small payloads (on the 

order of 100 lbs.) to altitudes of roughly 100 miles,72 

72Jane's All the Worlds Aircraft 1970-71, 642-655· The weapon capabilities 
of these rockets (and others) may be crudely estimated from the following& 

Roughly speaking, the relationship between deliverable payload and range 
for distances over 500 n. mi. is given by the two sets of equations& 

M 
( ) 

0 
1 VexlnM=u 

. p 

(2) u 
I.L 
I.L 
I.L !

orbit) = 26,000 fps 
5500 n, mi) = 23,700 fps 
2000 n, mi) = 16,000 fps 
< 500 n. mi) = flat earth approximation 

where V is the rocket exhaust velocity, M is the initial mass of the rocket 
includiff~ fuel, MP is the final mass or pay~oad, and I.L is the velocity required 
for the given ranges noted, 

Equation (1) ignores gravitational and air resistance effects, but gives a 
relatively accurate figure for the mass ratio, M /M , especially for purposes of 
comparison, It may be derived from a simple intg~tion of the differentialform 
for the conservation of momentum of a rocket 1 M du + V d M = 0, where M = 
mass of the rocket, Equation (2) may be derived from ~sic dynamics as well, 
though the equations for the intermediate ranges are somewhat more complicated. 
The required velocity for near earth orbit follows from the familiar laws of 
circular motion& 

Mu2 -a-= Mg; with R~ 4000 miles and g = 32 feet per second, this gives u = 26000 fps. 

(The author is indebted to Harold Hornby of NASA for the parts of the above and 
following information which are not evident from basic physics; and for the 
assurance that the basic Fhysics provide reasonable approximations for the 
purposes of this section,) 

(continued an next page) 
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Footnote 72 continuedl 

For a given class of rockets, Vex varies littlel 

Vex for different classes of rockets 

cryogenic (liquid oxygen) 

conventional liquid rockets·(kerosene) 

solid fuel rockets 

14,000 fps 

10,000 fps 

8,000 fps 

These equations imply most importantly the following (for conventional 
liquid rockets)• 

(1) If a nation can launch a payload Mp into earth orbit, it can 
deliver a payload 1.25 times as great at intercontinental ranges, 

(2) It could deliver 4 times the payload at 2000 n. mi. than could 
be delivered to intercontinental ranges, (In practice, this means 
alternatively that the saem payload could be delivered by one less stage), 

(3) For short ranges ( < 500 n. mi), the maximum lateral ran~e of a 
rocket would be approximately twice its maximum altitude, This {plus the 
payload trade-offs of equation (1)) permits a quick estimate of the 
potential weapon carrying capabilities of high altitude sounding rockets, 
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6. Summary - Weapons Foundation Provided by Civilian Nuclear Power 

The technology, scientists, and technicians required to produce nuclear 

warheads are widely diffused; and for the most part nations wishing to 

acquire nuclear weapons already possess or could obtain the necessary delivery 

systems appropriate to their purposes. Acquisition of fissionable material 

thus provides the salient obstacle to the production of nuclear weapons. 

Fissionable material is also precisely what is used and accumulated in 

quantity in any civilian nuclear power program. Roughly speaking, this 

nuclear material may be diverted to weapons purposes in one of three 

ways& (1) the gradual clandestine diversion of nuclear material over 

a relatively long period; (2) the sudden appropriation of reactors and 

associated facilities for subsequent production of weapons material; and 

(3) the appropriation of a plutonium (or enriched uranium) stockpile 

orignally accumulated through the civilian program. 

Any of these approaches would save considerable resources and time, 

compared to that which must be expended in a de nQ!Q effort. The first 

method would of course be the slowest with the actual rate of accumulation 

depending on the size of the nuclear program and the amount of diversion. 

If we assume a 5 per cent diversion to be the outside maximum possible 

to conceal, (See Chapter 3), the maximum rate of accumulation would be 

roughly 10 kgm plutonium per year per 1000 MWe reactor, about sufficient 

for one bomb. This is not very much and such clandestine accumulation 

probably will not appear attractive to most countries, particulary in view 

of the substantial weapon requirements of most countries with large 

civilian prograns and the small civlian programs of most countries with 

small weapon requirements (See Chapter 4). 
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The appropriation of an already operating reactor and support system 

would provide much quicker access to large stocks of fissionable material, 

on the order of 200 kgm of separated plutonium within one to two years 

of the reactor take-over, Appropriation of a plutonium stock-pile would 

of course constitute the most direct way for a nation to secure 

plutonium, and as indicated in Chapter 3 is not even clearly 

prohibited le~lly.73 

73chapter 3, section 4. 
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CHAPTER 3. Safeguards 

1. Introduction 

The formal and legal procedures applied by national governments 

and international organizations to ensure that nuclear material is not 

diverted from civil use to weapon's or other illicit purposes are termed 

safeguards. Their objective, more precisely, is to detect removal of 

significant quantities of nuclear material from civil programs for the 

manufacture of explosive devices or for purposes unknown, and to deter 

1 such removal by the risk of early detection and sanction. The purpose 

of this section will be to assess how successfully current and projected 

safeguard procedures are likely to meet this objective. 

Safeguards are now administered on four distincet levelsa 

(1) by national governments on nuclear facilities and material within 

their own borders. (domestic safeguards) 

(2) by national governments on nuclear facilities and material in 

another country to whom they have provided nuclear assistance. (bilateral 

safeguards) 

(3) by regional organizations on nuclear facilities and material 

in the member states. The only significant such safeguards now in 

effed.t are those applied by Euratom of the European Economic Community. 

(Euratom safeguards) 

(4) by the International Atomic Energy Agency (IAEA) on the nuclear 

facilities and material in states with whom the IAEA has concluded safe-

guard agreements. (IAEA safeguards) 

1Paraphrased from IAEA GOV /COM. 22/164, Model Agreement, paragraph 27. 
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The last three categories of safeguards, with objective to prevent 

the illicit acquisition of nuclear material by states, may be termed 

"international safeguards, 11 

Diversion of nuclear material from civil programs under safeguards 

may occur in one of three essential waysa 

--within a given country, diversion by individuals or small groups 

either for illicit domestic use or for offer to a foreign agent. 

--evasion of international safeguards through clandestine diversion 

of nuclear material by a country. 

--straightforward abrogation by a country of an international 

safeguards agreement. 

Of these, domestic safeguards attempt to guard against the first, 

and international safeguards against the latter two. But domestic and 

international safeguards are by no means unrelated. Without effective 

domestic safeguards~ a nation could plausibly claim that the first type 

of evasion above had occurred when in reality it had kept the nuclear 

material for itself. 2 More directly, international safeguard procedures 

are substantially simpler if they supplement rather than completely 

supplant domestic controls and accounts. 

2F. Morgan, Report to the Director General of the IAEA (Topic 1, Part 
,!), 1). 
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2. Types of Safeguards 

The four levels of safeguards--domestic, bilateral, regional (Euratom), 

and IAEA--have different legal foundations, use somewhat different safe

guard procedures, and lead to different degrees of effectiveness. For 

reasons to be indicated, however, bilateral and Euratom safeguards are 

diminishing in importance, and the significance of safeguards to the 

control of nuclear power will depend increasingly on the effectiveness 

and durability of domestic safeguards and of the IAEA safeguards system. 

Domestic Safeguards 

All states with nuclear power progr.ams have imposed special domestic 

legislation to control nuclear material. Although the legal framework of 

the ensuing safeguard systems differs slightly from country to country, 

the domestic safeguard program of the United States may be taken as 

fairly representative of the systems adopted by at least the major 

Western nuclear power states.3 Under American legislation, the ownership 

of facilities and material is divided between the Atomic Energy Commission 

(AEC)'and private industry or persons. The legislation provides that 

the AEC shall be the sole owner of all significant production facilities, 

although it is also empowered under license conditions described below 

to enter into contracts with private persons to use and operate the 

facilities. Special nuclear material (U-233, U-235, Plutonium) may be 

owned either by the AEC or privately. For a short period, until 

December 31, 1970, the AEC was permitted to distribute special nuclear 

3European Nuclear Energy Agency, OECD, Nuclear Legislation, passim. 
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material by way of sale, lease, or grant, or production or enrichment 

services to any licensee for commercial or scientific ends. After that 

date, the AEC has been unable to supply special nuclear material on lease 

for use in licensed reactors. After June )0, 1973, reactor licensees 

who hold special nuclear material on lease must either return it to the 

AEC or purchase it outright. 4 Regardless of the ownership, all persons 

or contractors constructing or operating nuclear facilities, possessing 

or using nuclear material, or importing or exporting nuclear material 

require prior licenses from the AEC.5 These licenses can impose any 

safeguard conditions the AEC believes appropriate. In general, the 

AEC requires specified accounting procedures, measurements and 

statistical controls, and certain minimum physical security standards. 

Bilateral Safeguards 

Several countries have agreements with countries to whom they have 

transferred nuclear. material or otherwise given nuclear assistance which 

provide for the application of safeguards. In these cases, the safe-

guards apply specifically to the material supplied to the recipient nation, 

not to the parts of the recipients nuclear fuel cycle which were 

established independently of such foreign assistance. The stringency of 

the safeguard requirement imposed by the bilateral agreements differs 

somewhat from supplier to supplier. Under u.s. bilateral agreements 

pursuant to the supply by the U.S-bf nuclear material and assistance, 

4Nuclear Legislation, 225-227. Also Ralph L~~b, Report to the Atomic 
Energy Commission, March 1967, 8) ff. 

5Lumb, 8) ff. 
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the U.S. has maintained the right to review design of facilities and 

accounting procedures, to demand accountability and operating records 

of the cooperating government, and to undertake independent inspections 

and measurements when it deems it appropriate, The cooperating govern-

ment in addition undertakes to facilitate the application of safeguards 

and to guarantee that the nuclear material and assistance proV.~ded will 

6 not be used for weapons or other military purposes. Other supplier 

countries, such as Canada or France, have on occasion in the past 

evidently imposed less stringent safeguard conditions. 7 

Several countries have supplied nuclear material or assistance 

to other states under bilateral agreements. These include, for example, 

the United Kingdom, Belgium, Sweden, and South Africa in addition to 

the aforementioned Canada, France, and United States. 8 The United 

States has entered by far the most bilateral agreements, many of them 

still in force. These latter include Australia, Brazil, Benmark, Greece, 

Iran, Israel, Japan, Korea, the Philippines, South Africa, Spain, and 

Thailand.9 However, the safeguard functions of these bilaterals have 

for the most part been transferred to the IAEA safeguards system under 

trilateral agreements among the IAEA, the United States, and the 

recipient foreign state. 10 By the middle of 1971, there were only 

four bilateral safeguard arrangements that had not been transferred 

6 Wayland Young, Existing Mechanisms of Arms Control, 20. 

7canada, for example, has no inspection privileges in connection 
with the Indian CANDU reactor, although India has undertaken not to use 
the reactor for non-peaceful purposes. 

~uclear Legislation, passim. 
9 ' 
Ibid., 228. 

10
Ibid., 227-228. Including all those listed above. 
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to the IAEA and these will apparently be transferred eventually, 11 

A similar shift to the IAEA has been made by most other supplier 

countries, and under the Non-Proliferation Treaty (NPT) provisions, 

signatories will be obliged to demand or accept IAEA safeguards on 

nuclear material transferred to non-nuclear countries, 

Because of this shift of bilateral safeguards to the IAEA, it is 

scarcely necessary to evaluate the effectiveness of bilaterals, On 

balance, however, it is probably safe to conclude that the shift away 

from bilaterals will increase the effectiveness of international 

safeguards, For while certain features of bilaterals improve on the 

IAEA safeguards system (in ways ·mentioned later), reliance on bilaterals 

rather than a single international system would inevitably encourage 

supplier states to compete for markets and political favor through 

the gradual removal of safeguard restrictions on their transfers 

of rna terial. 12 

Euratom Safeguards 

The Treaty signed in Rome on March 25, 1957 (by France, the Federal 

Republic of Germany, Italy, Belgium, Luxembourg, and the Netherlands) 

11 AEC, Office of Safeguards and Material Management, private communica-
tion, August 1971. The four are with Italy, Norway, Switzerland, and Sweden, 
The U,S, also has a mutual defense agreement relating to nuclear matters 
with France, Thirty-five bilaterals have been transferred to trilaterals, 

12 Bilateral safeguards have in principle one siJ!gular advantage over 
IAEA safeguards 1 they are the quid pro guo result of assistance from the 
state imposing the safeguards, As a consequence, states cannot simply 
withdraw unilaterally from the safeguard obligations, and even after 
withdrawal from the NPT a state's bilateral obligations would remain, Sim
ilarly, sanctions for bilateral safeguard violations typically may be more 
easily and effectively applieda only one state need act and it could do so 
by withdrawing equipment and material supplied under the bilateral agreement. 
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establishing the European Atomic Energy Community (Euratom) contained 

various security provisions, Notably, the Treaty required that the 

Euratom Commission satisfy itself that in the territories of the member 

states (i) nuclear material is not diverted from its intended use as 

declared by the users and (ii) provision relating to special obligations 

assumed by the Community in an agreement with an outside party be 

observed. 13 Within this specified scope, the safeguards apply to all 

nuclear facilities in the member states, That is, whereas IAEA or 

bilateral safeguards (apart from NPI' provisions) now apply only to 

facilities and material covered by explicit agreement between the 

involved parties, Euratom safeguards apply to all nuclear activities 

in the member states declared as peaceful and in the territories of 

the states, The Treaty also permits Euratom to deal directly with 

any pertinent person or group involved with the nuclear activities; 

Euratom need not deal only with member govemments, The scope is, 

however, severely limited, as indicated, to peaceful uses, Safeguards 

cannot be extended to material intended to meet defense requirements. 14 

Apart from safeguards on material and facilities indigenous to Euratom 

terri tory, Euratom undertakes to safeguard material transferred to it 

by extemal states, notably the United States under formal Agreements 

for Cooperation. 15 Under the te~ .. ms of the cooperation agreements, material 

l3Nuclear Legislation, 239. 

14 Lumb, 92 ff., 96 ff, 

l5Ibid., 25. Nuclear Legislation, 231. 
force on February 18, 1959 and July 25, 1960; 
December,21, 1985 and December 21, 1995. 

The Agreements came into 
termination dates are 
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supplied by the United States, unlike indigenous material and facilities, 

cannot be diverted to weapons, However, unlike the United States, 

the Euratom system does not require the application of safeguards to 

nuclear material exported by member countries to non-members, thus 

permitting member countries upon receipt of U,S, material to export 

16 equivalent quantities free of safeguards, 

Nonetheless, apart from the above mentioned significant limitations, 

Euratom safeguards are reasonably compatible with those of the IAEA. 

Indeed, under the U.S.-Euratom Agreements for Cooperation, the Community 

is obliged to establish such a system, It is also obliged to satisfy 

the United States that it is adequately safeguarding nuclear material 

supplied to it by the United States, which in effect imposes a safe

guard system similar to that of IAEA's. 17 Despite this similarity, 

the desire of the Euratom member states to use the Euratom safeguard 

system as an alternative to IAEA inspection considerably complicated 

18 the NPT negotiations. However, as discussed in the next section, 

this matter has now apparently been resolved, In effect, the IAEA, 

while maintaining the right to independent verification procedures, 

will use and rely upon Euratom inspections and accounts to the 

extent possible, 

16 Lumb, 25, 

17 Ibid,, 24. 

18see, for example, Elizabeth Young, "The Control of Proliferation," 
Adelphi Papers, 56: Mason Willrich, Non-Proliferation Treaty, 108-116. 

__j 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

-1.52-

IAEA Safeguards 

The International Atomic Energy Agency (IAEA), established by 

treaty in 1957 (entry into force, July 29, 1957) is an autonomous body 

linked to the United Nations and a number of its Specialized Agencies 

by relationship agreements. It has 98 member states, a Board of Governors 

consisting of 25 member states, and a large staff located principally 

in Vienna. 19 Among other tasks, the Agency has been authorized by its 

Statute to establish and administer a system of safeguards to help ensure 

that nuclear materials, facilities, and equipment intended for peacefUl 

l9Descriptions of the IAEA may be found in several places, among 
them Allan McKnight, The Safeguards System of the International Atomic 
Energy Agency; and John Hall, "The International Atomic Energy Agency, 11 

in Young, Existing Methods of Arms Control. The Board of Governors, 
suffice it to say now, has a partly revolving membership but with the 
major civilian nuclear states always represented. In the following, 
several IAEA documents are referred to, and three formal such documents 
especially must be ~istinguishedl 

(1) The Statute. (Approved 23 October 1956 by the Conference on the 
Statute of the International Atomic Energy Agency. Opened for signature 
on 26 October 1956 and into force on 29 July 1957. Amended 31 January 
1963.) The Statute establishes the Agency, sets out its formal structure, 
and provides it various and broad fUnctions, 

(2) The Safeguards Document. ("The Agency's Safeguards System, 1965, 
as provisionally extended in 1966 and 1968, " INFCIRC/66/Rev. 2, 
16 September 1968,) Pursuant to the Statute, the Safeguards Document 
sets forth general guidelines as to the circumstances requiring safeguards 
and safeguards procedures. The Document provides the essential basis 
for safeguards agreements between the IAEA and individual states, but in 
no way preempts the necessity for the conclusion of such specific agreements. 

(]) The Model Agreement. ("Agreements between States and the Agency 
Required in Connection with the Treaty on the Non-Proliferation of Nuclear 
Weapons, 11 IAEA Document, INFCIRC/153, May 197l) This document sets forth 
the basic guidelines for state-agency agreements pursuant to Article 
III of the NPI'. 
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use are not diverted to military purposes, As evident from the preceding 

discussion of bilateral and Euratom safeguards, this safeguard system 

has become by far .. the most important element of international safeguards. 

Its significance has been considerably heightened by the Treaty for 

the Denuclearization of le.tin American and the Non-Proliferation Treaty 

(NPT), both of which designated the IAEA to execute their control 

provisions. 20 

The nuclear activities in any state cannot become subject to Agency 

safeguards until there exists a legal agreement between the IAEA and that 

state. Such agreement has in the past generally been concluded to 

ensure that direct IAEA assistance to a state not be subverted, or as 

part of a trilateral agreement among the IAEA, a supplier, and a 

recipient state. In these cases, the safeguards apply only to the 

specific material or facilities supplied to the state. Agreement can 

also derive from obligations undertaken by states in connection with 

an international treaty to submit all its nuclear activities to IAEA 

safeguards. Such, for example, is the case with the le.tin American 

Denuclearization Treaty and the NPT. In these latter instances it is 

important to note that the state's entire nuclear fuel cycle becomes 

subject to safeguards upon conclusion of the agreement between the 

state and the IAEA. 

The NPT is likely to be the decisive determinant of how widespread 

safeguards become during the next several years. Article III of the 

Treaty states in part• 

20Latin American Denuclearizationa U,N, Document A/C.l/946 (1967); 
Documents on Disarmament, 1967, 69-83. NPTa UN A/C.l/L.421/Rev.2/Add,l; 
Documents ·on Disarmament, 1968, 461-465. 
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Each non-nuclear-weapon state party to the Treaty under
takes to accept safeguards, as set forth in an agreement 
to be negotiated and concluded with the IAEA in accordance 
with the statute of the IAEA and the Agency's safeguards 
system, for the exclusive purpose of verification of the 
fulfillment of its obligations assumed under this treaty, 
with a view to preventing the diversion of nuclear energy 
from peaceful uses to nuclear weapons or other explosive 
devices. 

Note that only non-nuclear-weapon states signatory to the treaty are 

obliged by this article to accept safeguards on all significant peaceful 

nuclear activities. However, both the United States and the United 

Kingdom have voluntarily agreed to place all (or most) of their peaceful 

nuclear activites under the IAEA safeguard system. 21 

At present, approximately one hundred states have signed the NPT 

and about two-thirds of these have also ratified the Treaty. Among 

the states who have not even signed are included these important 

countries1 Argentina, Brazil, France, India, Israel, South Africa, and 

Spain. Several other states have signed but not ratified pending the 

satisfactory resolution of discussions with the IAEA regarding the 

implementation of Article III. These include Japan and the Euratom 

states of Belgium, the Federal Republic of Germany, Italy, Luxembourg, 

and the Netherlands. The Euratom countries have in particular withheld 

ratification until some satisfactory relationship between Euratom and 

IAEA safeguards could be worked out. 

21statement by President Johnson, 2 December 1967; Documents on 
Disarmament, 1967, 613-615. Statement by British Disarmament Minister 
Mulley to the House of Commons,,4 December 1967; Documents on Disarmament, 
1967, 616. The American statement by President Johnson declared that 
when IAEA safeguards are applied under the NPT, "the United States will 
permit the IAEA to apply its safeguards to all nuclear activities in the 
United States -- excluding only those with direct national security 
significance." 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

-1.55-

No state has yet concluded an agreement with the IAEA pursuant 

to Article III. However, the IAEA staff arid Board of Governors have 

worked out and approved a "Model Agreement" which is to be the 

pattern for agreements between the IAEA and NPT signatories in accordance 

with Article III, 22 Sine~ the Model Agreement has been approved by 

virtually all major delegations to the IAEA, including the Euratom states; 

it is expected that IAEA agreement with states which otherwise accept 

the NPT will be forthcoming at an early date, In particular, the 

Euratom states appear now to accept the fundamental right of the 

IAEA to verify compliance with the NPT, 

22 See footnote 19. 
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J. The Safeguard Challenge 

Whatever the level of safeguards, whether they be international 

or domestic, the character of the technical problem remains roughly 

the same. It is also true that although the detailed safeguard 

procedures must depend somewhat on the specific type nuclear fuel 

cycle under observation, discussion of safeguard requirements23 and 

effectiveness may focus usefully on one typical "model" fuel cycle. 

Studies by the IAEA have shown that inspection requirements for any 

type of facility are similar "irrespective of the particular fuel 

cycle of which the facility formed a part."24 For example, inspection 

requirements for fuel fabrication plants do not appreciably depend 

on whether the fuel is natural uranium metal, uranium oxide, low 

enriched fuels, or something else, or whether it is in the form of 

rods, pellets, grains, billets, etc. 25 

The elements of the fuel cycle are as described in Chapter 1. 

They include the followinga 

Uranium mines, mills, and conversion plants 

Isotope Separation Plants 

Fuel Fabrication Plants 

Reactors 

23Safeguard or inspection "requirements" simply refer to the level 
of effort required to achieve a specific degree of effectiveness • 

... 

24 P, Frederiksen, et al., Report to the Director-General of the 
IAEA (Topic 2), para. 14. -

25Ibid, 
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Chemical Reprocessing Plants 

Plutonium Finishing Plants 

Stores of Nuclear Material 

Discards of nuclear material due to isotope 
separation, fabrication, and reprocessing 

Transportation of nuclear material 

The quantities of nuclear material flowing through the fuel cycle have 

been indicated in Chapter 1. However, as illustration of the challenge 

to safeguard systems, some reprise and reworking of the data there 

presented will be helpful. 

For purposes of illustration, consider the flow of material necessary 

to support a single 600 MWe reactor, let us say of the AGR-type used in 

the United Kingdom. Such a reactor requires an inventory of approximately 

3,000 elements, each element weighing 50 kgm and composed of uranium 

oxide enriched to about 2 to 2.5% U-235. The mean life of an element 

will be from five to ~ight years, corresponding to burn-ups of roughly 

15000 to 25000 MWD/·MT. 26 Upon discharge from the reactor, each element 

will typically contain between 100 to over 300 grams of plutonium, 27 

Under steady-state conditions, this AGR reactor will necessitate 

the fabrication of 600 elements per year. This involves the annual handling 

of approximately 30 MT,, slightly enriched uranium, or less than::.l8 

effective kilograms of U-235. A given gram of uranium would typically 

be in fabrication from 10 to 40 days, but might be in fuel store or 

26 Morgan, Report to the Director-General of the IAEA (Topic 1, 
Part 2), para. D, 

Z1 Ibid., Table 1, para. D, 
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28 transit for as much as one year before placement into the reactor. 

The fuel movements to and from the reactor would of course also be 

600 elements per year, with dwell time of an element in the reactor 

being about 5 years. The consequent annual reprocessing requirement 

will be 30 te slightly enriched and irradiated uranium with a plutonium 

throughput of about 150 kgm per year. After discharge from the reactor, 

an irradiated element would normally spend about 120 days in a cooling 

pond, The actual time in preprocessing would be less than five days, 29 

The plutonium discharged from the reprocessing plants will, most of it, 

be sent to stores where it may be kept for several years. 

A typical fast reactor (taking the United Kingdom civil fast 

reactor -- CFR -- as illustration) would require a fissionable material 

inventory of approximately 3 kgm/MWe' with about one-third of this 

inventory outside the reactor1 a given subassembly would be in-pile for, 

say, 400 days, in cooling ponds, 120 days, and 80 days in refabrication. 

Thus, a 1000 MW CFR would require an inventory of 3000 kgm of plutonium e 

and enriched uranium. These would be incorporated in roughly 300 

fifty kgm uo2 - Pu02 subassemblies, each one containing 10 kgm of 

fissionable material. 

A very rough picture then of the scope of the safeguard task may 

be formed by simply multiplying these nominal figures for one 600 MW e 

thermal reactor and one 1000 MWe CFR by the number of equivalent such 

reactors in the power program. Naturally, with the mix of reactor-types, 

28Ibid,, Figure 1. 

29Ibid., Figure 1. 
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all on-line at different times, the real picture for a given country 

will be much more complex. For example, the planned United Kingdom 

program for thermal reactors (500 MWe in Magnox-Natural Uranium reactors 

and 8000 MW in AGR on-line by 1980) would give rise to roughly the e 

following plutonium inventories by 1981: 

Table 1. Plutonium Inventory Distribution3° 

In Stores and Fabrication 

In Cooling Ponds 

In Reprocessing 

17000 kgm Pu 

1000 kgm Pu 

100 kgm Pu 

The planned CFR program of fifteen 1000 MWe reactors would give 

rise eventually to an additional in-pile inventory of 45000 kgm plutonium 

(and enriched uranium), and a steady-state amount of 22000 kgm plutonium 

in fabrication at any given moment.31 

The safeguard task will depend not only on the quantities of nuclear 

material moving through the fuel cycle but also on the times during 

which a diversion should be observed. These "critical times" depend 

on two factorsa (i) the time to process the diverted material into a 

weapon, and (ii) the time after which the source of the diversion of 

the material would become difficult to trace, Put another way, diversions 

need not be observed immediately upon the violation, but neither should 

they be observed only very long after it, the maximum preferred period 

given by the critical time. Nominal critical times (based mainly on [ 1 ] ) 

for diversions at various points of the fuel cycle are as followsa 

30ibid., para. C, 

3libid., paras. 3-4. 
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Table 2. Critical Times32 

Fuel Fabrication 20 days 

Fuel Stores and Transit 20 days 

Reactor 120 days 

Cooling Pond 120 days 

Reprocessing 20 days 

Store 20 days 

The above thus describes the scope of the safeguard task. It is a task 

that requires three basic types of functions or componentsa 

Accounting 

The measurement of material flows and inventories at various points 

in the fuel cycle, often through sampling techniques. Such measurement 

must in any case be accomplished simply as part of a rational materials 

management policy. 

Containment 

The imposition and investigation of seals and stamps which could 

indicate with virtual certainty whether they had been broken, tampered 

with, or forged. 

Surveillance 

The imposition of inspectors or electronic surveillance which could 

by their physical presence observe (and therefore deter) unauthorized 

diversions of nuclear material. 

The essential idea of all accounting schemes is to divide these 

elements of the fuel cycle into "material balance areas" (MBA's), which 

32 Ibid. , Figure 1. 
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are defined as clearly demarked areas that permit (1) a physical 

inventory of nuclear material within the area whenever desired, and 

(2) the measurement of the flow of material across the area's boundaries. 

In general, MBA's will be chosen as coincident with a given nuclear 

facility or substantial distinguishable part of such facility. In all 

cases, one would expect that the boundaries of any principal nuclear 

facility would be coincident with the boundaries of the appropriate 

MBA's,33 

The measurements or estimates then required by (2) above provide 

the "book inventory" and the difference between this and (1), the 

physical inventory, becomes the "material unaccounted for" (MUF). 34 

Thus, for a given MBA, the MUF is simply determined bya 

MUF = Change in physical inventory -- Net flow into MBA 

More precisely, 

MUF = (IE.- IB) - (R- S - L), where 

IE and IB = physical inventory at end and beginning 
of inventory period 

R 

s 

L 

= receipts of material into MBA 

= shipments of material from MBA 

= quantity of material, measured or estimated, 
discarded during inventory period as normal 
operating loss.J5 

33Frederiksen, Report to the Director-General of the IAEA, paras. 8 and 11. 

3
4

The MUF can, of course, be positive or negative, 

3~redericksen, Report to the Director-General of the IAEA Para 8 
Proceedings of the AEC Symposium on Safeguard Research and Deveiopment, • 
WASH-1147, p, 8, 
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> s 
R ) MBA 

, L 

" .. 

MUF 

A central task of any safeguard system is to detect any significant 

MUF in timely fashion,36 To do so, the safeguard system must be able 

to monitor and measure flows of material into and out of the MBA at 

its borders, and to measure physical inventories when necessary, 

Under reasonable precautions, in which the physical inventory remains 

sealed, the MUF can be kept to a minimum simply by accurate.measure 

of boundary flows. When this is the case, safeguard inspection can be 

concentrated at a very small number of places in the fuel cycle, 

namely the boundari'es of the MBA's (the input and output of reprocessing 

plants, of fabrication facilities, etc.). These places may be termed 

"salient points."37 The first limit then on the effectiveness of a 

safeguard system is the precision with which material flowing through 

MBA's can be accounted for through measurement and statistical techniques 

alone, In general, this precision will not depend sensitively on the 

amount of the rna terial flow, and consequently the MUF will be proportional 

to the total throughput of the system. Typically, as will be discussed 

36The hazard of any violation will be decided by the suitability of 
the material taken for weapons and by the time for which a loss can 
remain undetected, 

37Frederiksen, Report to the Director-General of the IAEA, para. 14. 
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forthwith, the MUF will at least turn out to be anywhere from 1/10 of 

a percent up to 1 percent of the material put through. In fractional 

terms this is very small, but in absolute quantities can be very large.38 

The second safeguard technique is containment. It is based on two 

presumptions& (i) that locks and seals can be devised which will 

indicate with certainty over any period whether they have been tampered 

with, and (ii) that stamps may be imposed on a piece of material 

(say, the end of a fuel element) in a way to establish its unique 

identity.39 There seems little doubt that these techniques can indeed 

be accomplished, The drawback to containment procedures is rather 

that they cannot easily be used in facilities such as fabrication and 

reprocessing plants where the safeguarded material is constantly under-

going change in composition and shape. In reactors, in cooling ponds, 

and in transit, however, containment procedures appear highly useful, 

In these instances,· it should be noted that the effectiveness of con-

tainment will not typically depend on the amount of material under 

safeguards or being diverted, That is, containment techniques possess 

I 40 a "go- no-go" character; they work or they don't. The effectiveness 

of surveillance and physical security procedures also does not depend 

sensitively on the quantity of material an evader may be trying to divert. 

Consequently, as with containment, it is not possible to characterize 

quantitatively the effectiveness of surveillance. All one can say is 

3~~ASH-1147, 12, 

39Morgan, Report to the Director-General of the IAEA (Topic 1, 
Part 1), para. 22. 

40 . 
Ibid,, para. 25. 
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that the greater the surveillance and security, the greater the deterrent 

to a would-be evader, and the greater the cost to him. 

4. The E:ffecti veness of Safeguards 

The effectiveness of safeguards depends on (i) their technical 

efficacy -- how well they guard activities which are under safeguard 

jurisdictions, and on (ii) their legal scope -- how many activities 

fall within the safeguard jurisdictions. In general, domestic safeguards 

in principle extend to all activities, and their effectiveness is limited 

mostly by (i). The IAEA safeguard system, on the other hand, is 

severely limited in scope. Some fuel cycles remain altogether outside 

its jurisdiction; and, as will be seen, the rights of the IAEA, even 

in countries which accept the safeguards, remain rigorously proscribed. 

This subsection first describes (i), the effectiveness of safeguards 

over declared activities, and then (ii) the legal limitations of 

the IAEA system. 

Effectiveness of Safeguards on Declared Facilities 

Safeguards will be applied to the following parts of the fuel cyclel 

--conversion and fabrication plants 

--reactors 

--reprocessing and finishing plants 

--stores (stockpiles) of nuclear material 

--research and development facilities 

--transportation networks (for transport of nuclear material) 
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Two components of the fuel cycle are missing from this listr 

uranium (and thorium) mines and mills and isotope separation plants. 

It is not expected that international safeguards at least will be 

attached to uranium mining·and milling operations. The Model Agreement 

explicitly provides "that safeguards shll not apply ••• to material 

in mining or ore processing activities. 1141 However, under the Model 

Agreement, states are obligated to report exports (to non-nuclear 

weapon states) or uranium or thorium and imports of these material. 

Also quantities of natural uranium in excess of ten tonnes, and of 

throium in excess of 20 tonnes will be subject to safeguards once 

they enter the fuel cycle. In effect, this simply means42 that 

natural uranium and thorium will be safeguarded as the material moves 

through safeguarded facilities and during transport. 

Isotope separation plants, of course, form an important part of 

the fuel cycle, one of the two places (with reactors) where fissionable 

material is created. However, these plants at the moment only exist 

in countries which already possess nuclear weapons, and the IAEA has 

had no occasion to work out detailed safeguard procedures for them. 

Nor have the countries with separation plants published detailed informa-

tion which would permit safeguard effectiveness evaluations. Moreover, 

perhaps the most attractive separation technology to the non-nuclear-

weapon states, centrifuge plants, have not yet been constructed on large 

scale anywhere in the world. Thus the omission of separation plants 

from the following discussion. 

41Model Agreement, para. J2. 

42Ibid., para. J 
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There are as yet no completely adequate studies of safeguard 

effectiveness based on detailed plant records and systematic investigations 

of various diversion strategies, The studies which have been performed 

concentrate almost entirely on the effectiveness of accounting procedures 

to detect diversions under the assumption that the diverter does not 

frustrate or try to doctor the independent measurements of the inspectorate, 

Such studies seek to determine the largest diversion possible before the 

MUF becomes sufficiently high to alert the inspectorate, This manner of 

analysis thus ignores altogether surveillance and containment; on the 

other hand, it also does not deal with specific diversion strategies to 

trick the inspectorate. The accounting effectiveness so determined 

depends then only on the accuracy of the various independent measurements 

of the inspectorate and the normal probability distribution of the MUF, 

The measure of such accounting effectiveness may be put in the form, 

"a diversion of x per cent of the throughput will signal the need for 

an investigation by the inspectorate y per cent of the time, 11 If, for 

example, x is large compared to the normal MUF of the plant, y will 

be close to 100%; if x is small compared to the normal MUF, y may be 

very small, The statement of effectiveness put in this way requires 

the inspectorate to choose first an acceptable level of false alarms, 

This may be seen as follows• Two types of errors are possiblet the 

accounting system could fail to detect a diversion, or conversely it 

could falsely alert the inspectorate when no diversion had in fact 

occurred. Both type errors cannot be minimized simultaneously, For 

example, say the inspectorate chooses a 5 per cent level of false 

alarms, This means that the alarm will place under suspicion all 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

,:-

-167-

MUF values which normally fall in the lower 5 percentile region of the 

MUF probability distribution, If this level were raised to 10 per cent, 

the probability of a real diversion being ignored would be reduced 

but the false alarm rate would double (from 5% to lo%). 43 

Conversion and Fabrication Plants 

These facilities pose the worst control problem of any in the fuel 

cycle. The factories are large and complex and the material is not 

highly radioactive and is often in ill-defined states. There appear numerous 

opportunities for theft. 44 Surveillance procedures would thus be useful 

but expensive; if the scope of inspection is to be limited, the burden 

of the inspection system would have to be on measurement and accounting, 

notably on measurement of inputs to the facilities and on non-destructive 

testing of the produced elements. 

Under the assumption of a false alarm rate of 5 per cent, a 

throughput of 1 ton uranium per day, and a nominal U-235 enrichment of 

3%, such procedures applied to conversion and fabrication plants 

producing uo2 pellets could achieve the following degrees of effectiveness! 

43L, F. Wirfs, in U.S. Atomic Energy Commission, Safeguards Systems 
Analysis of Nuclear Fuel Cycles, WASH-1140, 152-153. 

44 
~1organ, Report to the Director-General of the IAEA (Topic 1, Part 2. ) 

1-2, para. 92. 
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Table 3. Threshholds for Detecting Uranium Losses in Conversion and 

Fabrication Losses45 

- Probability Level of 80 Per Cent -

3 months 

6 months 

12 months 

Uranium (pounds) 

900 

1000 

1400 

U-235 (kgrn) 

16 

21 

34 

For example, a diversion of 900 lbs. uo2 or 16 kgrn U-235 after 3 months 

would produce an MUF sufficient to alert the inspectorate 80% of the 

time. The threshhold levels after a year of 1400 lbs. U02 and 34 kgrn 

of U-235 correspond to undetected diversions of 0.2% and 0.3% of the 

respective throughputs. 

These data, based on ideal extrapolations from plant experience, 

represent the best performance that the measurement system is capable 

of achieving in a normal operating environment. The actual performance 

of conversion and fabrication plant accounting procedures falls consider-

ably below this ideal performance. Threshholds corresponding to actual 

plant performance are three to four times higher than the ideal levels 

set forth in Table 3. 46 

However, even at yearly diversions as high as 102 kgrn of U-235 

(corresponding to 1% of throughput), the 80% threshhold level for actual 

plants would not be too alarming unless the diverter had access to 

isotope enrichment facilities. This is true as long as the diverted 

4.5wirfs, 160 

46 Ibid., 160 
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material is low enriched uranium. Diversions on the order of 100 kgm 

of plutonium would on the contrary be very serious. Once plutonium 

recycling and fabrication become part of the normal fuel cycle, safe-

guards on conversion and fabrication processes will have to be 

extraordinarily stringent, 

Reactor.=; 

Inspection of reactors will have to rely mainly on surveillance and 

containment. Measurement and accounting procedures alone cannot determine 

the critical data on the plutonium content of discharged elements with 

precision. This content depends on four factorsa the total weight 

of uranium passed through the reactor, the average fuel burn-up, the 

total reactor energy output, and the moderator temperature (and 

distribution of irradiation in the reactor core). Even if the inspector 

has access to these operating data and to the reactor codes (systematic 

histories of irradiation distributions based on moderator temperatures, 

etc.), total plutonium content could be calculated only to a precision 

of 2-J%, If the reactor operator were able to produce false records, 

especially of total power output, independent computations of plutonium 

by the inspectorate could not produce precisions better than 10%.47 

That is, although the reactor operator would not have total freedom to 

juggle records of power level (since they must be consistent with other 

data available to the inspectorate), he could produce a false record 

that underestimated plutonium production by 10% or more, 

47Mor@an, Report to the Director-General of the IAEA (Topic 1, Part 2), 
para, 13-17, 
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The security against plutonium diversion at the reactor must thus 

depend on prevention of the clandestine removal of irradiated reactor 

elements. The divertor could attempt this through substitution of an 

irradiated element by either an unirradiated element or one which was 

only lightly irradiated. Such diversion could be discouraged through 

physical surveillance, element containment procedures, and non

destructive irradiation checks of discharged elements. 48 

Reprocessing Plant 

The material flowing through reprocessing plants is highly 

radioactive, not easily stolen. The main diversion hazard would be the 

construction of clandestine pipework that could gradually siphon off 

part of the throughput during a normal run. Confronted with this 

possibility, the main inspection task is to measure plant inputs and 

outputs with sufficient precision to detect any significant such diversion. 

As with fabrication· plants, the inspection must rely on measurement and 

accounting procedures; and studies of reprocessing plant safeguards parallel 

those for fabrication plants. Investigation of the probability distribu

tion of MUF 0s in actual plant operation suggests the following Table of 

effectiveness. The Table assumes a false alarm rate of 5 per cent and a 

throughput campaign of 40 metric tons of irradiated low enriched uranium 

containing 10,000 grams/metric ton of plutonium (400 kgm). 

48 Ibid., para. 19-20. 
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Table 4. Threshholds for Detecti~ Material Losses in a Chemical 
Reprocessing Plant 

- Probability Level of 80 per cent -

Plutonium 

Uranium 

Diversion (% of Input) 

Capability Model 

0.77 

0,62 

Performance Model 

A diversion of 0.77% of 400 kgm plutonium corresponds to 3 kgm plutonium 

per campaign. Over a year a relatively small reprocessing plant of 

capacity one metric ton per day might run 5 or 6 forty metric ton 

campaigns, 

Effect~yeness on Principal Facilities - Summary 

Safeguards will probably be sufficient in the 1970's to detect 

diversions of more than 1 to 5 per cent of fissile material throughput 

per year in any part of the fuel cycle; and they may do even better.5° 

More accurately, safeguards should be sufficient to raise alarms of such 

magnitude diversions. But proof of diversion will no doubt be difficult 

to establish; states would probably frustrate attempts by the inspectorate 

to gather relevant evidence evenc·thwugh clear safeguards violations rather 

than risk exposure. Moreover, the safeguards systems now contemplated do 

not appear entirely adequate to prevent diversions even if detection is possible. 

49Adapted from R,A, Schneider and D.P. Grandquist in WASH 1140, 83. The 
capability model represents the best performance that;the measurement system 
is capable of achieving in art operating environment. The performance model 
represents what might be expected in practice from a high quality measurement 
system •. 

5°It should be emphasized, however, that no serious systems study of safe
guards effectiveness based on actual operating MUF's has yet been accomplished. 
A great deal more data is needed. Summary of Three Reports by Safeguards Con
sultants, June 1969, 4-5. Also AEC, OSMM, August 1971, private communication. 
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Sealed Stockpile 

As indicated in earlier sections, the supply of plutonium (discharged 

from civilian reactors) will probably greatly exceed the demand during 

the next two decades, until breeders become widely installed. There 

will thus be a requirement to store plutonium, possibly for several years. 

Such storage might typically be in the form of two kgm metal "buttons" 

placed in cans or as plutonium nitrate solution (2.5 kgm Pu) in ten litre 

polyethylene bottles. In such forms storage of one tonne Pu would 

require a floor area of perhaps 200m2 , the size of a large room.51 

Seals and other containment procedures should be adequate to ensure that 

the stores could not be tampered with without eventual detection. The 

essential remaining safeguard requirement would then be to establish 

the inventory of the store initially (and after evidence of tampering) 

as accurately as possible. 

One way to do -this would be through non-destructive methods involving 

the transmission of gammas or neutrons (to determine the chemical content). 

Both theoretical considerations (based on recent changes in technology) 

and American experience with the radiometric techniques suggest that 

precisions of 0.)% to 1% are attainable; precisions of 0.1% do not seem 

probable. Destructive methods, measuring bottled solutions by weight, for 

example, could have precisions of 0.1% or better.52 Thus the inventory 

of one tonne of plutonium should be ascertainable to within one to a few 

kilograms. 

51Morgan, Report to the Director-General of the IAEA, (Topic 1, Part 2), 
paras. 58-66. 

52roid., paras. 62-66, 84. 
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Working Inventories• Research and Development 

Reactor physics experimentation typically requires a rather large 

working inventory of fissionable material, which must be safeguarded. 

The following table, taken from British experience, illustrates the 

amounts and character of material nominally involved in such experimentation• 

Table 553 

Material Number of Units Total Weight 

Plutonium Coupons 104 500 kgm 

Highly Enriched U 
Coupons (93% U-235) 104 460 kgm 

Medium Enriched U 
104 Coupons (40% U-235) 62.5 kgm 

If one assumes that each coupon is individually identifiable, the 

material could be abstracted essentially in one of three waysa downgrade 

enrichment of a coupon by substituting a coupon with a lower enrichment, 

remove coupons without replacement, or remove coupons and replace them 

by dummies. If the inspectorate initially knew neither the correct 

number of coupons, the mean quantity of fissionable material, nor the 

exact isotopic composition of the plutonium coupons, it would have to 

select and identify coupons, measure their chemical content, and, in 

the case of the plutonium coupons, measure the Pu-240 levels -- in order 

to detennine the inventory. As long as the coupons were individually 

identifiable, this could always be done with considerable accuracy, though 

the effort of inspection (number of coupons sampled) would depend on 

the accuracy desired. For example, to be 95% confident that the inventory 

53 6 Ibid. , para. 7. 
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of the preceding table (about one tonne of fissionable material is within 

1% of the book value would require perhaps two-inspector-days, Reasonable 

inspection efforts and strategies should ensure the diversions from such 

coupon inventories of more than about 0.3% will be detected; and it may 

be possible for the inspectorate to do even better,54 

Transportation and the Problem of Physical Security 

Transportation safegua~s have often been cited as among the weakest 

components in a safeguard system. For example, the chief of the AEC 

Headquarters Transportation Management Branch has concluded that 

"transportation provides the weakest link in the entire safeguards chain. 

It is most vulnerable insofar as diverting material to unauthorized 

receivers."55 Actually, the risks of diversion from the transportation 

network represent simply the most visible and worrisome aspect of a wider 

problem -- the overt theft of nuclear materia.l by criminal elements or 

agents of a foreign government. Whereas much safeguards effort has gone 

into the development of accounting and containment procedures, comparatively 

less attention has been given to physical security. Safeguard systems 

can probably now detect diversions more surely than they can prevent 

them, This vulnerability of material to theft has been especially 

stressed by the Lumb Panel. Much of the ensuing discussion, while 

focusing particularly on the transport of nuclear material, will 

nevertheless be relevant also to the broader.issue of physical security 

of material at any point in the fuel cycle where outright theft is 

conceivable. 

54 Ibid. , paras. 67-84. 

51:L' ;R, A, Kaye, in WASH-1147, 33. 
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The three most troubling transportation links are probably from 

the fuel fabrication facility to the reactor, from the chemical 

reprocessing plant to storage, and eventually from storage to whatever 

destination. The link from the reactor to the reprocessing plant also 

provides some opportunity for diversion, but here, because the material 

is radioactive and unseparated, the difficulties presented to the 

diverter appear significantly greater. The safeguard problem rises 

from the relative smallness of the material transported, its enormous 

value, and the always present dangers of hijacking. To ship 35 kgm 

of plutonium as an oxide required ten small packages with a total 

gross shipping weight of 1100 lbs, Twenty-five kilograms of plutonium 

as a nitrate also required ten packages with gross weight of 4000 lbs, 

This may be compared to the 43,000 lbs. of freight carried by a 

standard highway trailer. Moreover, each of these packages is really 

small, about 1/10 of a cubic foot for the plutonium oxide, with two 

packages roughly sufficient for one nuclear weapon. Thirty-five kilograms 

of plutonium would value over $350,000, even at the commerical price of 

$10,000 per kgm. At the "weapons price" for plutonium (roughly the cost 

of producing plutonium from scratch), the total value would easily 

exceed $3. 5 million. Eleven hundred pounds of gold (the total shipping 

weight for the 35 kgm of plutonium) would, for comparison, value 

about $6oo,ooo. 

The hijacking risk appears serious. The aforementioned chief of the 

AEC transportation management estimates that about $720 million annually 

is lost or stolen from all combined modes of transportation (including 
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air £reight).56 Transportation industry representatives appear to 

believe that "anything that organized crime wants to lay his (sic) 

hands on, while it's in the transportation cycle, it's going to get. "S? 

Although the presumably limited market £or stolen fissionable material 

doubtless now somewhat deters would-be hijackers, this limitation alone 

probably cannot be relied upon £or any long period, The Lumb P.anel 

argued that world ~ck markets in nuclear material were a real danger, 

and that in at least one recent instance of attempted theft (£rom the 

Bradwell Reactor in England), a.: :£ence was involved, 58 It is also 

likely that the theft o£ material would itsel£ create a market, Thus, 

Commissioner Larson o£ the AEC asserts that "once special nuclear 

material is successfully stolen in small and possibly economically 

acceptable quantities, a supply-stimulated market £or such illicit 

materials is bound to develop. And such a market can surely be 

expected to grow once a source o£ supply has been identified, As the 

market grows, the number and size o£ thefts can be expected to grow 

with it. u59 The AEC now claims that within the United States alone, 

there exist "at least 37 radical [extremist] organizations which • • • 

could mount a coordinated attack £or the purposes o£ stealing 

56Kaye, in WASH-1147, 34. 

~s. Edlow, in WASH-1147, 37. 

58 Lumb, 17, 39. 

59 C. Larson, in WASH-1147, 179. 
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unclassified nuclear material," either for its financial value or as 

"an anti-establishment measure" (sic). 60 Later in this study, we further 

consider potential uses for illicit nuclear material. 

Confronted with these risks of hijacking, neither international nor 

domestic safeguards appear fully adequate. Under international safeguards, 

although each nation is required to guarantee that the nuclear materials 

will not be transferred to unauthorized parties, there is no requirement 

for physical protection of the materials. That is, the IAEA does not 

apply physical surveillance to transported material, nor does it 

require such surveillance by the host nation, Thus, while IAEA contain-

ment and accounting procedures could eventually detect a diversion; 

they can do little to prevent them. Apart from the consequent risks 

of criminal diversion, this situation permits a government with 

inadequate domestic safeguards against hijacking or other overt theft 

to undertake a diversion while claiming it was perpetrated by 

criminal elements. 61 

The burden of providing physical protection to the transported 

material thus falls on the domestic safeguard systems. In the United 

States, with probably the most sophisticated such system, there appear 

nonetheless substantial vulnerabilities. Most significantly, the 

transportation of nuclear material is predominantly handled by private 

firms under license from the AEC. Although the AEC could in principle 

60E~ D. Hightower, in WASH-1147, 40. 

61Lumb, 77. 
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impose essentially whatever security conditions it chose, the AEC fears 

that too severe (and costly) a set of regulations would lose the interest 

of the transportation industry altogether, given the relatively small 

quantity of business involved. Thus, the transportation safeguard 

procedures are now determined in significant part by financial 

considerations. 62 

At all points in the transportation cycle, responsibility for the 

enforcement of safeguard procedures is diffuse or limited or both. 

For example, at the moment, carriers are exempt from licensing require-

ments and the AEC control must be through licensed shippers and 

consignees. 63 But these licensees have little authority to enforce and 

check safeguard standards on the shippers. 

carrier to the shipper are quite limited, 

The responsibilities of the 

64 Moreover, the penalties to 

the carriers, shippers, and consignees of loss (and even theft!) of 

material are not severe, Under the Atomic Energy Act of 19~, drastic 

penalties (including death) are applicable only to diversions intended 

to injure the United States or to provide advantage to a foreign power. 

Where the intent is simple personal gain, the penalty ism~ely five 

years and/or $10,000. The penalties for innocent loss of material, 

even if through carelessness or negligence, are still less severe 

(though there may be substantial economic loss). 65 The Lumb Panel 

recommendations to increase these penalties have not yet been implemented. 

62 L, M, Brenner, in WASH-1147, 22. 

63 Ibid,, 22. 

64Edlow, in WASH-1147, 31. 

65 Lumb, 34 ff., 80. 
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Partly as reflection of this legal situation, the physical 

security imposed on shipments of nuclear material is not elaborate. 

There are typically no armed guards, nor armed escorts, Certain safe-

guard procedures are, however, being effected which will improve 

security. These will probably include, continuous operation from 

point of origin to destination, driver security clearances, driver 

training programs, attendance of lading at all times during transit, 

alarm systems, numbers on top of equipment so that it is easily 

identifiable from the air, pre-routing of shipments over specific 

66 highways , etc, 

Related to the imposition of physical security measures, the AEC 

has not yet developed firm ideas on several key issuest Where should 

armed guards be provided?67 Should parcels containing fissionable 

material be conspicuously marked?68 Should material be shipped in large 

or small quantities?69 What procedures can be devised to determine 

quickly whether material has been actually stolen rather than lost?70 

It should be noted finally that these problems and questions raised 

66G, F. Boyd, in WASH-1147, 28. These are actually features now 
used in programs for transporting high explosives and other dangerous 
commodities. 

67Hightower, in WASH-1147, 41. 

6~renner, WASH-1147, 37. 

69 J. ·E. Wilkins, in \'IASH-1147, 37. 

70 Brenner, in WASH-1147, 22-23. 
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above are realized by the AEC, and are under investigation. For 

example, the AEC has contracted a study with the public accounting firm 

of Wright, Long, and Company to assess and analyze the threat to 

materials in transportation,71 

Scope and Costs of Safeguards 

The level of effort required to achieve the safeguards' effectiveness 

indicated in the foregoing is considerable. Technical studies by the 

IAEA and AEC indicate inspection levels of the following order1 

Table 6. Inspection Requirements72 

Facility 

Power or High Power Research 
Reactor 

Reprocessing Plant (1 to 10 
tonnes per day) 

Sealed Store 

Conversion or Fabrication 
Plant (1 to 10 tonnes per day) 

Headquarters 

Number of Inspectors and Analysts 
(all shifts) 

1 

7-19 

1 visit per month 

10-16 

50 + 10% of number of 
inspectors 

Given the expected growth of civilian nuclear power, these data 

lead to the following estimates of total IAEA staff and cost requirements 

pursuant to implementation of Article III. 

71Ibid., 24. An excellent discussion of the transportation problem 
may be fo'Llild in Deborah Shapley, 11Plutoniuml Reactor Proliferation Threatens 
a Nuclear Black Market," in Science, Vol. 72, 143-146. 

72nrookhaven National Laboratory, "IAEA Cost and Manpower Requirements 
Under the NPT-Alternative Levels of Inspection," in Hearings Before the 
Joint Committee on Atomic Ener on AEC Authorizin Le slation FY 1 0 
9lst Congress, 1st Session, 19 9, 2135. 
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Table 7. IAEA Staff Reguirements73 

Year All Non-Nuclear WeaEQn States All Parties to NPT including 
U.S., U.K., USSR 

Staff Cost Staff Cost 

1975 .549 $20.4 mil 755 $35.9 mil 

1980 758 34.1 1112 61.3 

1985 1033 52.7 1531 101.6 

1990 1378 69.5 2162 169.1 

Other estimates have been made which are markedly higher than these 

£or the period after 1975, notably those by Theodore Taylor. Taylor 

estimates total sta££ requirements (all NPT Parties) as approximately 

3000 in 1980; 7000 in 1985; and 12,000 in 1990; Taylor's estimate o£ 

the total annual safeguard cost by 1990 is $518 million. These higher 

estimates are due mostly to higher estimates of nuclear power growth 

(1,500,000 MWe for 1985 instead of 620,000 MWe~ slightly higher 

estimates of staff requirements per reactor, and of cost per inspector 

($40,000 per year instead o£ $25,000 per year).74 

It is important to note that even the high estimates indicate 

safeguard costs less than 1% of the cost of the total electric power 

produced. Both the cost and manpower requirements, while considerable, 

73Ibid., 2134. The cost estimate is based on $25,000 per inspector, 
$35,000 per headquarter's staff, and various equipment costs, 

74Raymond R. Edwards, "Comparison of Assumptions on IAEA costs of ad
ministering safeguards, 11 in Hearings before the JCAE on AEC Authorizing 
Legislation 1970, 9lst Cong,, 1st Session (1969), 2129-2130. 
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ought not prove significant impediments to the establishment of the 

IAEA inspection system.75 

Vulnerabilities in the IAEA System 

Apart from the limitations described above, the IAEA safeguard 

system suffers several additional vulnerabilities relating to 

(i) country coverage, (ii) undeclared facilities, (iii) non-weapon 

military activities, (iv) physical security, (v) abrogation, (vi) residual 

stockpile rights, (vii) sanctions, and (viii) exports to non-parties. 

Country Coverage 

As earlier indicated, many important states have either ratified 

or indicated they will ratify the NP!', with its provision requiring non-

nuclear signatories to accept IAEA safeguards over all peacefUl nuclear 

activities. However, a few significant non-nuclear states have not yet 

even signed the Treaty and may not do so in the near future. These 

include Argentina, Brazil, India, Israel, Pakistan, South Africa, and 

Spain. In addition, some countries who have signed may withhold 

ratification for a variety of reasons. Most notably, the United Arab 

Republic conceivably may not ratify until Israel does. The non-adherence 

of these countries to the NPT does not, of course, mean thataQl nuclear 

activities therein will be unsafeguarded. On the contrary, in the short 

term, all such activities in these countries will be under either 

bilateral or IAEA safeguards. In the longer term, however, as the states 

75IAEA staff studies indicate still lower costs and manpower require
ments. These studies estimate that only 167 inspectors will be required 
to safeguard all non-nuclear-weapon-state-facilities by 1975, at an annual 
cost of $5.7 million. This would comprise about one-fourth of the total 
IAEA budget at that time. GOV/COM.22/80, "Projections of Safeguard Costs 
1971-75,"'0ctober 19, 1970. 
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develop indigenous capabilities, some material will become free from 

safeguards unless the states can be persuaded to join the NPI'. 76 

Undeclared Facilities 

The IAEA possesses no right to inspect for undeclared clandestine 

facilities. It cannot look routinely for such facilities; nor can it 

send inspectors to the site of some suspect undeclared plant. This 

probably is not too serious a limitation, if, as is sensible, the IAEA 

could rely to an extent on various national intelligence capabilities. 

Clandestine construction and operation of an isotope separation plant 

or nuclear reactor within a particular country would appear extremely 

difficult, given normal political and intelligence operations by other 

nations in that country. This appears especially true for non-nuclear 

weapon states which are, of course, the chief places of interest. 

76 . Of the major countries who have not signed the NPI', Argentina, 
Brazil, Pakistan, and Spain have no indigenous capability to develop 
power reactors, nor any plans to develop such reactors through unsafe
guarded foreign assistance. India and Israel represent the two most 
interesting cases. India now has two power reactors producing 
substantial amounts of plutonium. One, the Canada-India reactor 
(Rajasthan), although not formally subject to safeguards, was acquired 
on an Indian undertaking that it would be used for peaceful purposes 
only. Most observers believe that India will honor this commitment. 
The second reactor (Tarapur) is subject to u.s. bilateral sa£eguards. 
India is, -however, developing an indigenous reactor which may be ready 
by 1977. Israel has only the French-built research reactor at Dimona 
which went critical at the end of 1964. With a power rating of only 
about 24 MWt, this reactor could produce at most a few kilograms of 
plutonium per year. As far as is known, Israel has no reprocessing 
capability, and the plutonium produced in Dimona presumably remains 
unseparated. The reactor is not subject to formal safeguards, but the 
United States has sought and apparently received assurances from the 
Israelis that the plutonium produced is not being diverted to weapons. 
At present, nine power reactors are under Agency sa£eguardsl one in 
India, three in Japan, one in Pakistan, two in Spain, and one each in 
the United Kingdom and United States. 
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Isotope separation plants, certainly those employing the gaseous diffusion 

technique, are massive constructions and use enormous amounts of power. 

Reactors are not as large, but produce considerable amounts of radio

active products and waste, difficult entirely to conceal. While fuel 

fabrication and reprocessing plants may be somewhat easier to hide, 

especially the latter if they are small, these facilities do not 

actually produce fissionable material; their concealment would 

exacerbate the safeguard problem in other parts of the fuel cycle, 

but would not in itself be decisive. In sum it seems unlikely that a 

country could conceal an entire undeclared fuel cycle. How the IAEA 

would react to the discovery of clandestine facilities is, however, 

an altogether different problem. It is one considered below under 

"sanctions, " 

Military Activities 

Under the NPr, non-nuclear states cannot manufacture nuclear weapons 

or nuclear explosives. The Treaty safeguaxd provisions are to prevent 

these specific uses, Other military (albeit non-weapon) uses of nuclear 

material are permitted, and need not be placed under safeguards. The 

Model Agreement simply requires a state which wishes to exercise its 

option to use nuclear material for military purposes to so inform the 

Agency, and to make arrangements with the. Agency to ensure that safeguards 

shall again apply as soon as the nuclear material is reintroduced into a 

peaceful nuclear activity.?? This "loophole" will probably not prove very 

serious for the near future. Military but non-weapon uses of nuclear 

??Model Agreement, para. 14. 
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energy by non-nuclear countries will remain severely limited during this 

time. At the moment, no non-nuclear state has made public definite 

plans for such use, the most relevant example of which is probably 

nuclear propulsion units for military submarines. Equally important, 

it is just material applied to a specific activity which is exempted 

from safeguards; while the material is being processed through the 

ordinary fUel cycle, it is effectively under safeguards as are the 

facilities it passes through.78 

Physical Security 

The IAEA has neither the authority nor the responsibility to 

secure nuclear material through physical protection measures, such as 

armed guards. Nor even does the IAEA have the authority or responsibility 

to establish physical protection standards, much less to impose them 

on the inspected country, Thus the effectiveness of international 

safeguards will depend in part on the degree to which states are 

willing to impose strong domestic measures of physical protection, 

something over which the IAEA has no direct control.79 Effective safe-

guard. security should therefore ideally require to the extent practicable 

a division of principal nuclear facilities among the non-nuclear states 

so that no one state can accede to a completely independent capacity 

to produce ·weapons material through simple physical possession of the 

safeguarded facilities. This is a matter to which we return in later 

sections. 

78Allan McKnight, The Safeguards System of the IAEA (to be published), 
Ch. IV. Mason Willrich, Non-Proliferation Treaty, 119-121. 

79nc;mglas E. George and Ralph F. Lumb, "International Safeguards," 
in Willrich, ~d., Civilian Nuclear Power and International Security, 55. 
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Abrogation 

The NPT safeguard obligations of states under Article III are 

likely to be coterminous with the state's adherence to the Treaty itself. 

This last can be ended by any party "if it decides that extraordinary 

events, related to the subject matter of [the] Treaty, have jeopa~ized 

the supreme interests of its country, 11 and if it gives "notice of such 

withdrawal to all other Parties to the Treaty and to the United Nations 

80 Security Council three months in advance. 11 Thus may be seen an 

inevitable weakness in the Treaty and its imposed safeguardsl 

facilities established during the time the Treaty remains in force, 

possibly through the assistance of other countries, will become 

unsafeguarded three months after withdrawal notice unless safeguards 

are still required under other agreements undertaken by the withdrawing 

state, And once one important state withdraws, other parties to the 

Treaty are likely to consider such action as an "extraordinary event" 

sufficient to impel their own withdrawa1. 81 

Residual Stockpile Rights 

The status of stockpiles of fissionable material produced during 

a safeguard period after abrogation of the safeguards agreement is 

somewhat unclear. From Table 1B of Chapter l, it is evident how important 

this issue is. If countries can simply and legally appropriate all 

80Non-Proliferation Treaty, Article X. 

81It is, however, true that safeguards agreements suspended during 
the time a state adheres to the NPT, typically will again be effected 
once the NPT obligations lapse, Such will be the case with u.s, 
bilaterals and with IAEA agreements. It is important that other states 
also im~se this condition of persistence of safeguard rights before 
providing assistance to states, even those party to the Treaty. 
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plutonium produced in safeguarded reactors whenever they wish (after 

appropriate notice of abrogation) the entire purpose of safeguards is 

undercut. Nevertheless, the Safeguards Document simply asserts1 

In the light of Article XII.A.5 of the statute, it is 
desirable that safeguards agreements should provide 
for the continuation of safeguards, subject to the 
provisions of this document, with respect to produced 
special fissionable material, and to any materials sub
stituted there for.82 

The Model Agreement nowhere makes mandatory this desired provision. 

By contrast, the Mexico-IAEA safeguards agreement pursuant to the 

Latin American Nuclear Free Zone Treaty does make the provision explicit. 

Any notice of termination shall be given to the other 
Party three months in advance and any notice shall also 
indicate the reasons for termination. However, this 
Agreement shall remain in force with regard to any 
produced nuclear material listed in the Inventory until 
the Agency has notified the [Mexican] Government that it 
has terminated safeguards on such material , , , ,83 

Thus, the absence of explicit statement in the Model Agreement in 

light of the Mexico-IAEA precedent is troubling and potential cause 

for serious dispute in the future. 

82 . 6 Safeguards Document, Para, 1 , Emphasis added, 

83Mexico-IAEA Agreement, INFCIRC/118, 23 September 1968, 31 (c), 
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Sanctions 

Domestic safeguard systems could (and do) impose severe criminal 

penalties for unauthorized diversions. These penalties could be 

strengthened in various ways already indicated, but in general they 

provide a significant deterrent to safeguard violations. Opposed to 

this, IAEA sanctions are both limited and ill-defined. Article XII.C. 

of the IAEA Statute as referred to in the Model Agreement gives the 

Agency Board of Govemors power to "call upon" recipient states "to 

remedy forthwith any non-compliance which it finds to have occurred." 

The Board must report the non-compliance to the U,N, Security Council 

and General Assembly, In the event of continuing non-compliance, 

the Board is authorized to suspend assistance being provided by the 

Agency or a member of the Agency, recall material and equipment made 

available to the offending party, and to suspend the non-complying 

member from the exercise of privileges and rights of membership, 

The IAEA itself, however, can do little to enforce compliance. 

In any case, it is clear that the IAEA cannot actually prevent 

diversion; it can at best detect it, Still more accurately, the IAEA 

system is more apt to determine non-compliance by a state with its 

safeguards 1 o bli @i1 tions than actually to detect a diversion, A state, 

rather than permit itself to be caught in a guilty act, will more 

typically simply frustrate the IAEA inspection. If such is the case, 

the IAEA, with no explicit evidence of a diversion (but rather merely 

of non-compliance), will probably tend to tread warily before instituting 

U.N. action and other sanctions, The Agency and the international community 

both will be reluctant to organize measures in response to diversions 
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Article III. 2 of the NPI' is somewhat ambiguous regarding whether 

parties to the Treaty can provide nuclear assistance to non-parties 

who refuse to accept international safeguards on all their nuclear 

material and activities. For example, could the United States under 

the NPI' properly provide assistance to India as long as India refuses 

+~ accept safeguards on all its activities? Article III,2 declares 

the followingr 

Each State Party to the Treaty undertakes not to :providea 
(a) source of special fissionable material, or (b) equip
ment or material • • • to any non-nuclear-weapon State 
for peaceful purposes, unless the source or fissionable 
material shall be subject to the safeguards required by 
this article.85 

There now seems general agreement that such assistance is indeed 

permitted, although the wisdom of this interpretation appears open to 

86 question. The strong argument against this liberal interpretation 

is that it in effect discriminates against NPI' parties who have accepted 

comprehensive safeguards; it does not provide an inducement for states, 

such as India, to join the Treaty. On the other hand, it may be argued 

that attempts to apply the harsher interpretation would merely drive 

countries more quickly to develop an independent nuclear capability not 

84 R. Lumb, 70; V. Gilinsky, 71; M. Kratzer, 72; in Willrich, ed,, 
Civil Nuclear Power and International Security. 

85mmphasis added. 

86see, for example, Kratzer, 68-69, in Willrich, ed., Civil 
Nuclear Power and International Security. 
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under any safeguards whatsoever. 87 Whatever the merits of these 

respective arguments, the situation remains that non-parties to the 

Treaty will still be able to receive considerable assistance in their 

development of a civil nuclear capability. 

5. Summary 

The effectiveness of safeguards will depend (1) on various technical 

constraints, (2) on the scope of effort nations are willing to undertake 

and to finance, (3) on the legal range of safeguards agreements, and 

(4) on the sanctions that the international community will be 

willing to invoke. 

To the extent that the purpose of safeguards is taken to be 

reassurance that illicit diversion is not occurring, they can be highly 

effective, Under practicable safeguard systems, states, much less sub-

national groups, could not divert more than one or so per cent of 

throughput in any facility without raising considerable suspicions of 

diversion. However, eventually, as the magnitude of throughput mounts, 

even a one per cent or less diversion over periods of months could 

be significant, 

As significant as this caveat, it is not clear that states will be 

willing to exercise the maximum degree of control and surveillance open 

to them. Resident inspectors at all critical points of the fuel cycle, 

destructive and active non-destructive testing of material, surveillance 

equipment,and security precautions all are expensive and perhaps 

frequently intrusive on plant operation. Although the extra cost 

87see, for example, M, Vellodi, 68; Kratzer, 68-69 in Willrich, 
ed., Civil Nuclear Power and International Security, 
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involved appears low compared to total power costs (on the order of 1%), 

states seem reluctant to bear them. Long term financing for safeguards 

has not yet been settled, whether the major costs will be borne by 

the inspected facilities, the nations with the largest civilian nuclear 

power programs, or by the total IAEA membership. 88 This reluctance has 

been confirmed by a recent study on safeguards attitudes undertaken by 

a group at Kansas State University. The study indicates considerable 

opposition on the part of industry in the developed countries and 

governments in the developing areas to safeguard systems which provide 

regular and deep access to all parts of the fuel cycle and which are 

otherwise costly. 89 

As already indicated, international safeguard systems are severely 

limited in legal scope. Even to those parts of the fuel cycle covered 

by safeguards, rights of access by the inspectorate, rights of design 

review, rights of the inspectorate to demand various reporting and 

operating procedures, and their rights to undertake active testing 

have by no means been fully established for all parts of the fuel 

cycle. In addition, there are the various "loopholes" adduced above, 

by which parts of the fuel cycle may remain altogether outside the 

safeguard 1s jurisdiction. 

The long run effectiveness of safeguards is also in doubt because 

of the present shaky understanding of sanctions. Since it is unlikely 

8Bw i th respect to IAEA inspections pursuant to the NPI', the IAEA 
Board of Governors has temporarily agreed to a formula which assesses the 
entire IAEA membership but weighs the assessment toward states with large 
nuclear programs. 

89R~bert Leachman, Kansas State University, private communication. 
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that nations will permit themselves to be caught red-handed in any 

actual diversion, safeguards will in general never provide proof of 

diversion, They may point to suspicious occurrences or even to 

violations of the safeguards agreement, but not to actual diversion. 

As a consequence, the imposition of sanctions will be no sure or 

routine thing, and a nation may come to believe there is little real 

risk in diversion activity. In this sense safeguards will not be 

able to prevent the diversion and may not even prove a substantial 

discouragement. 

Thus several factors which will influence the effectiveness and 

durability of safeguards remain unsettled! the degree of access and 

testing which will be permitted, the manner and extent to which 

safeguards will be financed, and the violation reporting and sanction 

procedures. Because of opposition from industry and non-nuclear 

states, it seems likely that the determination of the safeguards 

procedures will be through compromise, neither as stringent as safe

guards adherents would wish nor as permissive and non-intrusive as 

industry would want. 

For all the reasons adduced above, investigation of international 

safeguards leads one inescapably to the conclusion that such inspection 

and control procedures will not be sufficient in the long term to prevent 

the diversion of fissionable material to weapons purposes. So long as 

nations have sovereign control, both legally and practically, over 

their nuclear programs, safeguards (albeit indispensable) will face an 

impossible task, This critical conclusion dominates this study as it 

dominated fo~ a flickering instant u.s. policy in 1946. It is a 
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perspective which has since been lost; and it is now worth quoting 

again the central conclusion of the "Acheson-Lilienthal Report" on which 

the postwar American position toward international control of atomic 

energy was basedt 

Such considerations have led to a preoccupation with 
systems of inspection by an international agency to forestall 
and detect violations and evasions of international agreements 
not to use atomic weapons. For it was apparent that without 
international enforcement no system of security holds any 
real hope at all. 

In our own inquiry into possibilities of a plan for 
security we began at this point, and studied in some detail 
the factors which would be involved in an international 
inspection system supposed to determine whether the activities 
of individual nations constituted evasions or violations of 
international outlavrry of atomic Heapons. 

We have concluded unanimously that there is no prospect of 
security against atomic warfare in a system of international 
agreements to outlaw such weapons controlled only by a system 
uhich relies on inspection and similar police-like methods. 
The reasons supporting this conclusion are not merely technical, 
but primarily the inseparable political, social, and organiza
tional problems involved in enforcing agreements between nations 
each free to develop atomic energy but only pledged not to use 
for bombs. National rivalries in the development of atomic 
energy readily convertible to destructive purposes are the 
heart of the difficulty. So long as intrinsically dangerous 
activities may be carried on by nations, rivalries are inevitable 
and fears are engendered that place so great a pressure upon a 
system of international enforcement by police methods that no 
degree of ingenuity or technical competence could possibly hope 
to cope with them. We emphasize this fact of national rivalry 
in respectto intrinsically dangerous aspects of atomic energy 
because it was this fatal defect in the commonly advanced 
proposals for outlawry of atomic weapons coupled with a system 
of inspection that furnished an important clue to us in the 
development of the plan that we recommend later in this report. 

·We are convinced that if the production of fissionable 
materials by national governments (or by private organizations 
under their control) is permitted, systems of inspection cannot 
by themselves be made "effective safeguards , , , , to protect 
complying states against the hazards of violations·: and. evasions," 
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It should be emphasized at this point that we do not 
under-estimate the need for inspection as a component, 
and a vi tal one, in any system of safeguards -- in any 
system of effective international controls, In reading 
the remainder of this section it is essential to bear in 
mind that throughout the succeeding sections of this 
report we have been concerned with discovering what other 
measures are required in order that inspection might be so 
limited and so simplified that it would be practical and 
could aid in accomplishing the purposes of security. 

The remainder of this section, however, is concerned 
with outlining the reasons for our conclusion that a 
system of inspection superimposed on an otherwise un
controlled exploitation of atomic energy by national 
governments will not be an adequate safeguard.90 

9°"A Report on the International Control of Atomic Energy," prepared 
for the Secretary of State's Committee on Atomic Energy, March 16, 1946. 
Department of State Publication 2498. 
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CHAPTER 4. Latent Proliferation and International Security 

1. Introduction 

Every past shift in the way men produced energy, from animals to wood, 

from wood to coal, from coal to gasoline and oil, has generated accompany

ing deep changes in economics and politics. 1 The present rapid shift 

to nuclear energy will prove no exception. Indeed, nuclear power with 

its uniquely dangerous component, fissionable material, may prove 

the most drastic energy development of all. Its double-edged character 

2 has no comparable precedent. To divine the character of the changes 

in politics, especially international politics, that will surely occur 

as a consequence of the global shift to civilian nuclear power is no 

easy task, however. There is little real experience or precedent 

to point to; any sustained analysis will per force be highly speculative. 

In undertaking such speculation, two styles of analysis are possible. 

On the one hand, it is tempting to proceed immediately to abstractions, 

with stress on types of collective entities rather than their variation; 

lsee Ohapter 1, section J. This statement needs little elaboration. 
Coal made possible the iron and steel industries and the railroad; the 
form and distribution of energy sources determined the location and growth 
of great cities; liquid fuels were essential to the growth of the 
automobile industry. The shift to electricity as the preferred form of 
energy has had still greater impact. 

2 This is not to say, however, that many past technologies have not had 
as well an ambivalent character. Dynamite and TNT afford perhaps the 
clearest example recognized as such at the time; but, of course, automobiles, 
airplanes, computers, the microscope, almost any modern technology has a 
Frankenstein aspect! 
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to talk, that is, of nuclear super-powers, of spheres-of-influence, etc., 

rather than of the real components these types describe. Thus a 

"typologist" will talk of nuclear super-powers behaving so and so, 

rather than about the behavior of the United States and Soviet Union. 

For the typologist, the type is real and the variation an illusion.3 

This mode of procedure is not necessarily objectionable. If the 

behavior of the United States· and Soviet Union in many instances 

depends rather more on the peculiar status of their nuclear arsenals 

than on the economic systems of the two nations, or their ideology, 

3Thls sentence is taken from Ernst Mayr, Populations, Species, and 
Evolution, 4. In this work, Mayr makes the same distinction for biology 
that is made here for international studies. Mayr 0s fuller statement 
is as followsa 

The assumption of population thinking are diametrically 
opposed to those of the typologist, The populationist stresses 
the uniqueness of everything in the organic world, What is true 
for the human species, that no tl-J·o individuals are alike is 
equally true for all other species of animals and plants , , , 
All organisms and organic phenomena are composed of unique 
features and can be described collectively only in statistical 
terms, Individuals, or any kind of organic entities, form 
populations of which we can determine the arithmetic mean and 
the statistics of' var1.ation. Averages are merely statistical 
abstractions; only the individuals of which the populations 
are composed have reality. The ultimate conclusions of the 
population thinker and of the typoloeist are precisely the 
opposite. For the typologist, the type (eidos) is real and the 
variation an illusion, while for the populationist the type 
(average) is an abstraction and only the variation is real. 
No two ways of looking at nature could be more different. 

The biolO[SIJ analor:rr is useful to keep in mind for those who believe a 
typological stress is the only true scientific way. 
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or their specific leadership, etc,, then characterizing the behavior 

as that of nuclear super-powers makes good sense, But the explanation 

of the behavior in these instances must precede the definition. It 

is no use to adduce as evidence in support of some proposition about 

nuclear super-power behavior simply information on what our two 

4 super-powers did on some occasion. Opposed to the typologist view, 

the "variationist" viewpoint lays stress on the variability of nations 

and events and national histories. To understand how India might use 

an incipient nuclear capability requires an understanding of India's 

position in the world, not a proposition about the behavior of large 

Asian countries with incipient capabilities, etc. etc, That is, 

the variationist will place India and Japan and China in the 

foreground, not the appropriate collective type,5 

The viewpoint adopted here is mostly, though not exclusively, that 

of the variationist; and the analysis is forwarded in three inter-

connected and somewhat overlapping parts1 

4This problem is discussed at greater length in section 3 of this 
chapter. 

~ations too are abstractions, For many purposes, it also makes 
little sense to invoke "India", "Japan", etc.; nonetheless, most (though 
not all) of the crucial decisions relevant to international security are 
made today by national governments acting in the name of their nation. 
That the "true" national interest may often not be served by these 
decisions is of no matter. 
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(1) The Dynamics of Latent Proliferation• the patterns in which we 

might expect latent proliferation to proceed, and the relationship of 

the spread of latent capabilities to explicit proliferation of 

nuclear weapons, 

(2) Threats to International Peace• conventional and novel threats 

to international security as a consequence of the dispersion of civilian 

nuclear power programs. 

(J) Impact on the International Systeml the effects of latent 

proliferation on international law, international institutions, and 

the modes of international politics, 

In (1) and (2), specific states and specific contingencies of war outbreak 

are considered, This discussion is very much in the variationist spirit. 

Under (J), a more abstract approach is followed. The final part of 

this chapter sketches several factors that will shape efforts to control 

the spread and intensification of nuclear capabilities. 
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2. Classification and Dynamics 

From the earlier chapters, it is possible to identify the critical 

characteristics that will determine a nation's latent capacity to 

develop a nuclear weapon force. The two crucial measures of such a 

capacity will be the "potential scope" of the nation's weapon program 

and its "intensity of la tency11 1 That is, the size of the weapons program 

a nation may reasonably wish or be able to mount, and the quickness 

with which such a program could be achieved. 

The first measure, the reasonable potential scope of the weapons 

program, depends on relat:tvely stable or slowly-changing factorsa 

the size of the nation's civilian nuclear power complex, the overall 

economic capacity of the nation, and quite generally, on the nation's 

political and strategic objectives. The civilian nuclear power 

program will determine in part the amount of fissile material the nation 

could produce and its degree of independence should other states wish to 

prevent it from developing a nuclear weapon force, The economic 

strength of the country will primarily affect its capacity to produce 

sophisticated delivery systems. Political and strategic objectives 

will determine the amount of effort the nation will willingly expend 

on a weapons program and the minimum level of forces at which the 

acquisition of nuclear weapons would appear worth the cost, There is 

of course a very strong and obvious, though not complete, correlation 

between these three factors, the countries with the strongest economics 

will tend to have themost substantial peaceful nuclear program and 

most ambitious strategic force objectives. 

The intensity of a latent nuclear weapon program is here taken to 

refer to two related but nonetheless different capabilitiesa the "nearness" 
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of a nation to a minimal nuclear weapon force (the acceptable minimum 

varJing from nation to nation and depending on each nation's specific 

strategic requirements), and its nearness to a substantial weapon's 

effort fully commensurate with its strategic objectives. The 

intensity of a nuclear program will rise as various (not necessarily 

consecutive) threshholds are passed. Four such threshholds or 

decision-points especially may be identified. 

(1) The decision to direct research and development toward the 

production of nuclear weapons. Unlike the following types, this 

decision may be implemented to a large degree in secret. Were the 

material available, a fission weapon probably could be produced by 

an industrialized country within two to three years from the time 

of such a decision. 

(2) Various steps toward an independent capability to deploy 

nuclear delivery vehicles. Such steps would be visible and a matter 

for international concern, but for the most part would tend to be 

ambigrous and not likely to provoke serious response or censure. To 

be sure, if a country suddenly asserted a determination to produce 

hardened dispersed intercontinental ballistic missiles or sophisticated 

long range bombers, that is weapon systems which would make little 

strategic sense were they not to be armed with nuclear weapons, this 

would constitute a strong and threatening signal indeed. But, even 

here, the (probable) absence of any international agreement on strategic 

delivery vehicles and the lack of sharp distinctions among delivery 

vehicles comparable to that between nuclear and conventional warheads, 

will diminish the prospects for strong international reprisal. More 
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pertinently, the delivery system developments undertaken by non-nuclear 

countries are likely to be ambiguous in intent, useable in conventional 

military modes, in conjunction with the nuclear weapons of an ally, 

or as part of a civilian aviation program, or as part of a space 

exploration effort. 

The alleged Israeli deployment of medium range surface-to-surface 

ballistic missiles affords an instructive illustration. 

(3) Steps toward independent control of nuclear material. Three 

general actions of this type may be distinguished 1 the exploitation 

of safeguard loopholes, the renunciation of safeguaTd obligations, 

and the development of relevant indigenous capabilities. 

a. Even within the context of safeguard agreements, states 

may in various ways move toward more independent positions. 

Several safeguard loopholes were considered in chapter 3, and 

all these may be exploited. For example, under the model 

safeguards agreement pursuant to the NP!', states may remove 

nuclear facilities involved in military missions from safeguards 

jurisdiction. The most striking opportunity for states to 

acquire nuclear material even under safeguards agreements derives 

from the ambiguous legal status of stockpile material. At 

present, there is no question that the safeguarded country can 

keep discharged plutonium in stockpile if it so wishes (albeit 

under safeguards). But as explained in chapter 3, there is 

doubt about the status of this material if the safeguard 
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6 agreement is ended. The first and quite le~l step for a 

country wishing to acquire nuclear weapons would be to 

place discharged plutonium in stockpile in its own territory, 

neither sending it to the supplier country or IAEA, nor 

using it in its peaceful program. 

b, States may attempt to remove themselves from safeguard 

obli~tions altogether either quite directly or through 

obfuscation. Such removal need not imply a decision to 

acquire nuclear weapons. For example, a state may simply 

withdraw from the NPT giving proper notice and explanation 

without at the same time announcing a weapons program. 

More drastically, a state may claim an intention to develop 

"peaceful" nuclear explosives as reason for withdrawal. 

c. States may take steps to develop a self-sufficient 

nuclear fuel cycle, preferably but not necessarily, free of 

safeguards. Long-term sufficiency would require possession 

of all components of the cyclea uranium, an isotope separation 

plant, conversion and fabrication plants, and a reproce_ssing, 

and metal finishing facility, as well as the reactor. However, 

forward purchases or uranium and fabricated fuel elements 

could diminish the immediate need to construct the first three 

of these; only the reprocessing and metal finishing plant 

would appear absolutely necessary. 

6see ahapter 3, section 4. 

' ··' 
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(4) An overt weapons test. In a sense, such an action is now 

tacitly recognized as the demarcation between incipient and actual 

nuclear capability; a nuclear test signals the introduction of a new 

nuclear-weapon state, Such need not be the case. It has already 

been argued that a nuclear test may not be necessary to the development 

of at least crude nuclear weapons. The obverse may also be true; a 

nuclear test, surrounded by a declaratory policy a~inst the production 

of deliverable nuclear warheads, would not necessarily signal the 

initiation of a fUll nuclear weapons development effort. Nevertheless, 

a nuclear test would in most cases provide the clearest threshhold 

beyond which a nation could develop a nuclear force unimpeded if no 

sanctions were imposed at once. 
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Ia.tent Capabilities• A Country Survey 

In this section, we wish to apply the preceding framework to the 

actual spread of nuclear power capabilities. In particular, we will want 

to investigate the time frames at which the various intensity threshholds 

could in principle be passed. 

As indicated, the scope of a latent capability will be relatively 

slow-changing and roughly correlated with the economic power of the 

nation; and the seemingly most important non-nuclear states may initially 

be classified in this manner, as is done in the following chart. The 

classification closely follows the ranking of civilian nuclear power 

programs, with a few exceptions. Thus, Japan and Germany have by far 

the largest projected nuclear po1oJ"er programs among the non-nuclear 

states 1 Canada, Sweden, Switzerland, Italy, and Spain have projected 

programs exceeding 4,000 MWe installed by 1980; etc. However, because 

of strategic imperatives, India and possibly Australia will probably 

want to develop a medium-size force should they decide to develop 

nuclear weapons at all. The "sophisticated" label simply refers 

to the nation's general technical and scientific level and its ability 

(and strategic demand) to develop fairly sophisticated weapons and 

delivery systems. 7 

The countries in this list which seem of particular interest are 

Japan and Germany; India, Australia, and Sweden; and Israel. These have 

variously been considered the closest to a nuclear decision; they will be 

looked at more closely below along with a general survey of the small-

unsophisticated nations, one of which it is well to remember could well 

become the sixth nuclear state. 

?The reader is referred especially to ~hapter 1, Table 16, and to 
Uhapter 2, section 4. ~ 
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Nations Classed by 

Scope of Latent Nuclear Capability 

Large - sophisticated 

Medium - sophisticated 

Small - sophisticated 

Small - unsophisticated 

Japan 

W. Germany 

Canada 

Sweden 

Switzerland 

Italy 

India 

Australia 

Spain 

Pakistan 

Israel 

South Africa 

Belgium 

Netherlands 

Argentina 

Brazil 

Mexico 

Greece 

Turkey 

s. Korea 

Portugal 

Taiwan 

United Arab Republic 
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Under the basic Japanese atomic energy act the research, development, 

and utilization of atomic energy are limited to peaceful purposes; both 

large povrer reactors nm-1 in operation are under IAEA safeguards under 

trilateral transfer from the United States and Great Britain. All 

reactors now under construction will have IAEA safeguards attached 

under the Japanese-American-IAEA trilateral agreement; these reactors 

all use enriched uranium, In addition, it is expected that Japan will 

eventually ratify the NPI' thus subjecting all future pm-rer reactors 

8 to IAEA safeguard in any event, 

However, the Chugoku #1 reactor now under construction is being 

Japanese-built; and there is no question that Japan is now capable of 

building its mm reactors without American or other foreign assistance, 

Several reactors now planned for construction with operation targets between 

1974-76 could be developed by the Japanese alone, Safeguards attached 

directly to these reactors would derive only from direct agreements 

between Japan and the IAEA, not from obligations to the United States 

or other suppliers. In some respects, these agreements may in con-

sequence be easier to break; they might also leave ambiguous the status 

of stockpiled plutonium,9 Even with these reactors, the United States 

would have residual safeguard rights as long as the reactors were fueled 

8 Foreign Reactor List, 18-19; Nuclear Legislation, 117-131. 

9see Chapter 3, section 4. 
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with U,S, supplied enriched uranium. These safeguards would not, 

however, persist on the reactor if the fuel were ultimately derived 

from another source, indigenous or from another supplier, such as 

the Soviet Union. 10 

Aside from reactors, Japan possesses other key elements of an 

independent nuclear fuel cycle - notably a plutonium separation facility. 

Japan on the other hand does not possess an indigenous source of uranium 

or an isotope separation capability, However, given the very rapid 

growth of .ra~n's nuclear power program which is founded almost entirely 

on enriched uranium reactors, an enrichment capability might make economic 

sense sometime during the next few years, and the Japanese nuclear 

11 industry is unquestionably interested in such an eventuality, 

The picture that emerges from this is that Japan could not have 

unsafeguarded plutonium any time before 1977, which is three years after 

the earliest possible criticality date of planned power reactors not 

12 yet under construction, Since it seems unlikely that Japan would 

begin construction of an isotope separation capability before 1973-75, and 

assuming a 3-4 year construction period, Japan could also not have an 

indigenous enriching capability much before 1977, To achieve an 

independent control over plutonium even at this date, Japan would have 

to assert immediately that reactors a.bout to enter the construction phase 

10 The Soviet Union has entered the commercial market with an agreement 
with Sweden, Nuclear Industry, 1970, ?1. 

11see for example comments by R. Imai in Civilian Nuclear Power and 
International Security, 37, 

12 
That is, they could not have such plutonium without breaking safeguard 

agreements with the United States and Great Britain. 1 
I 
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would not be safeguarded, a very unlikely eventuality; or it would have 

to break or withdraw from a safeguards agreement with the IAEA. 

Germany 

Germany has several operating power reactors, all of which are under 

Euratom safeguards and all but one employing enr:i.ched uranium supplied 

by the United States. 13 In addition to the reactors in operation, Germany 

has several reactors under construction and several more planned. These 

will all employ enriched uranium. Both currently operating and new 

reactors '1-1111 be under Euratom and IAEA safeguards as well if Germany 

ratifies the NPT as expected. Germany is obliged by the Western European 

Union and Euratom Treaties to attach safeguards to all its nuclear 

facilities. 

West Germany does not possess an independent source of uranium. 

(East Germany does have uranium.) Nor does it now have an enrichment 

capability. Here, however, it is actively pursuing a centrifuge technology 

in collaboration with Great Britain and the Netherlands, In connection 

with this tripartite effort, there are as yet no definite plans for the 

construction of ac~ual centrifuge facilities in Europe. But such 

construction will probably begin within the next few years in which case 

the specific location of the facilities will become a matter of controversy. 

It is probable that the Soviet Union and perhaps the West European 

countries as well would not look kindly on an enrichment facility on 

German soil even if it were under safeguards and under the control of a 

l3Foreign Reactor List, 11. The MZFR reactor at Karlsruhe uses natural 
uranium and heavy water. This reactor has a 50 MW power rating, and went 
critical in 1965. e 
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three-nation consortium. 14 Apart from the uranium and enrichment 

facilities, Germany has all other necessary components of a self-

sufficient nuclear industry• reprocessing plants, uranium and plutonium 

conversion and fabrication facilities, and a highly articulated research 

and development program, including extensive facilities engaged in the 

development of fast breeder reactors. 

India now possesses three operating power and large research reactors• 

the CIR (Canadian-Indian Reactor) at T!rombay, with potrer output of 40 MWt; 

and the TAPP I and TAPP II slightly enriched uranium reactors at Tarapur, 

with combined power output of )80 MV1 • In addition, two reactors, RAPP-I e 

and RAPP-II, each 200 MWe' are under construction in Rajasthan; the first 

is due to become critical in 1972, the second in 1974. 15 TAPP I and 

TAPP II were u.s. built, and are covered by IAEA safeguard under a 

U.S.-India-IAEA trilateral; the United States maintains residual 

safeguard rights. The United States also supplies fuel for the reactor. 

It seems highly unlikely that India would attempt to use plutonium from 

this reactor for weapons purposes, all the more because enriched uranium 

reactors are relatively inefficient plutonium producers. 16 The RAPP-I 

and RAPP-II reactors are being built by the Canadians. Both reactors 

are of the "CANDU-type, 11 employing natural uranium fuel and heavy water 

as the moderator and coolant. The reactors will be covered by IAEA 

safeguards under a Canada-India-IAEA trilateral. 

14see Chapter 1, 17-18. 

l5Foreign Reactor List, 14. 
16 ' 

Ibid., 14. Also see 6hapter 2, 13-19. 
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This leaves the CIR, a large research reactor (40 MWt) which uses 

natural uranium and is heavy water moderated and light water cooled; 

the reactor became critical in 1960. Assuming a possible plutonium 

production of 200 grams per MWt per year, the CIR reactor could have 

produced perhaps 80 kgrn over the past decade, enough for a few weapons, 

The CIR is under no formal safeguard agreement, and the Indians are not 

obliged to submit it to Canadian or international inspection; nor have 

they done so. Nonetheless, India has promised the Canadian government 

on several occasions that it would use the CIR for peaceful purposes 

only, a promise which was recently reemphasized by Madam Ghandi in quite 

striking terms, If India does not use the CIR plutonium, it is not likely 

to acquire any plutonium at all for weapons purposes (from indigenous 

sources) until the late 1970's at the earliest. The two other power 

reactors now planned, one of which has just begun construction, are 

of the CANDU-type and will fall under the Canada-India-IAEA trilateral 

agreement requiring IAEA safeguards. Neither of these reactors is expected 

to become operable before 1976-?8.17 

Apart from the safeguard constraints, India has an impressive 

capability to develop nuclear weapons, Atomic research has been pursued 

vigorously for several years with a quite excellent scientific establish

ment; it would be surprising if there has not been substantial explorations 

of nuclear weaponry. In addition, India has its own plutonium separation 

capability, and enough uranium to support a moderate weapons and power 

program. India of course also has enormous amounts of thorium which could 

support a very large nuclear program based on a thorium cycle. 

17 Ibid., 14. 
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Australia 

Although Australia has no power reactor now in operation or under 

construction, nor any reprocessing plant or significant fabrication 

capability, it does plan to construct a 500 MWe reactor sometime in the 

18 late 1970's, and has requested tenders for its construction. The 

specifications in these requests by the Australian government impose 

a requirement of independence, Tenderers have had to show how Australia 

could avoid undue dependence on foreign suppliers. Several solutions 

are being offered. The United States, which in proposing the construction 

of an enriched uranium reactor, has offered fuel supply contracts covering 

)0 years with 5 years future consumption to be maintained in Australia 

at all times. Great Britain and Germany are also offering enriched 

uranium reactors and combining this with a willingness to construct 

a centrifuge isotope separation facility in Australia. Canada is offering 

a natural uranium reactor which would permit Australia to bypass the 

isotope separation process altogether. Australia has sufficient supplies 

of its own natural uranium. 19 

Sweden 

Sweden has both a very impressive civilian nuclear power program and 

a sophisticated aircraft capability. At the moment, Sweden has two 

operating power reactors, a natural uranium reactor of 65 MWt which became 

critical at the end of 1963, and an enriched uranium reactor of 440 MW e 

18Foreign Reactor List, 2. Leonard Beaton, "The International Political 
Context," in Civilian Nuclear Power and International Security, 75-76. 

l9Beaton, "International Political Context," 75-76. 
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which has just become critical. A third reactor is under construction 

and due to begin operation in 1974-75; it is an enriched uranium reactor 

of 580 MW • In addition, three other power reactors are planned to be e 

completed by 1975-76. Beyond these, the Swedish government has proposed 

the construction of 6 other large ( 750 MWe) reactors before 1980. 20 

The small 65 MWt reactor in operation since 1963 could have 

produced perhaps 60 kgm of plutonium. This represents the only 

indigenously produced plutonium that could now be available to Sweden. 

The 440 MW reactor which has just entered operation could produce about 
e 

100 kgm of plutonium per year, the first recoveries of the plutonium 

occurring during 1972-73. Both of these reactors are under IAmA safe

guards, however. Sweden has also ratified the NPT and is now obliged 

to submit its entire nuclear power program to international safeguards, 

Sweden does not now have a plutonium separation plant, but given 

the size of its program may soon wish to construct one. Sweden does 

have vast quantities of uranium extractable at prices about double the 

current world price. 

Israel 

Israel's only operating reactor capable of generating significant 

amounts- ·of plutonium is the Dimona reactor near Beersheba. This French-

built reactor employs natural uranium, and is heavy-water moderated. 

Its power rating is 26 MWt; it became critical in 1963. Given a plutonium 

production rate of 200 grams per MWt per year, Dimona could have produced 

about 30-40 kgm plutonium up to the present. The annual rate of 

2°Foreign Reactor List, 24. 
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production is about 5 kgm per year, There is little public information 

available on what has been happening to this plutonium, So far as is 

Imown, there is no plutonium separation facility' in Israel. The 

plutonium may have been separated in France and conceivably then 

returned to Israel, although this is not known either, Dimona is 

not under international or bilateral safeguards; however, for the past 

few years, the United States has been permitted to conduct annual 

inspections of the facility. These'inspections have evidently 

reassured the United States that the Dimona reactor plutonium has not 

been diverted to weapons purposes, 21 If it has not, then Israel could 

not have any fissionable material unless it were supplied by France 

or the United States, 

Other than Dimona, Israel plans to construct some sort of p01-1er 

reactor in the late 1970's, and a couple thereafter, Evidently, Israel 

would have sufficient uranium to fuel these reactors; it expects to be 

able to produce 50 tons of uranium per year from indigenous phosphates, 22 

Many observers believe that Israel may already be prepared to 

construct nuclear weapons in a few weeks from a go-ahead, if it somehow 

has obtained. the fissile rna terial. Israel certainly has the technical 

ability to develop quite sophisticated nuclear weapons without testing, 

and must have already undertaken considerable research to this end, In 

addition, the Israeli development of the Jericho missile has raised 

21 See, for example, Beaton, "International Political Context," 78, 

22z, Ketzinel (Israel Atomic Energy Commission), "Uranium Sources, 
Production, and Demand in Israel," A/CONF, 49/P/013, Fourth United Nations 
International Conference on the Peaceful Uses of Atomic Energy, 6-16 
September 1971, 
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speculation about Israel 1s nuclear capability on the grounds that 

the missile could scarcely be useful without a nuclear warhead, This 

assumption, however, is by no means compelling; Israel has evinced 

considerable imagination in the deployment and use of modern 

conventional weapons, and a highly accurate surface-to-surface missile 

even equipped with a non-nuclear payload could conceivably fulfill a 

significant purpose. 23 

Non-Threshold States 

With respect to other countries of particular interest, the situation 

may be reviewed more briefly. Pakistan is constructing a natural uranium 

reactor of the CANDU-type (125 MW ) to become critical in 1971. This e 

reactor will be covered by IAEA safeguards under a trilateral Canada-

Pakistan-IAEA agreement. 24 Argentina is deploying a German-built enriched 

uranium reactor to become critical in 1972. This reactor will be 

subject to a u.s. bilateral agreement and to IAEA safeguards under German 

insistence, 25 Taiwan has an enriched uranium reactor under construction 

to be completed by 1975. This reactor has a power rating of 604 ~~ 
e 

26 and will be safeguarded by the IAEA tmder a u.s. bilateral agreement. 

The Pakistan, Argentine, and Taiwanese power reactors are the only three 

actually under construction in the developing countries (aside from India). 

23see New York Times, October 4, 1971, 1. 

24 Foreign Reactor List, 21. 

2~oreign Reactor List, 1; u.s. A,E,C., OSMM, private communication, 

26 Ibid., 5. 

_j 
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Among other states outside of Europe, Chile and Brazil each plan to 

construct a reactor sometime after 1975. Greece and Turkey propose 

construction of reactors by the mid-1970's; neither could have access 

to indigenously produced plutonium until about 1978-80, Korea and 

Thailand in Asia propose construction of reactors in the mid to late 

1970's. The UAR has rather vague plans for the construction of a power 

reactor; no target date has been set and it is unlikely that a reactor 

could be completed before 1978-80 at the earliest, Until completion, 

the UAR will not have access to any indigenously produced plutonium, 

South Africa has no current plans to construct a power reactor but 

does possess considerable technical competence, a substantial research 

reactor, and of course extensive supplies of uranium, Among the 

countries of East Europe, only Czechoslavakia and East Germany have 

power reactors in operation. The Soviet-built Czech reactor employs 

natural uranium and has a power-rating of 150 MWe' The East German 

reactor, also Soviet-buiLt is a 70 MW enriched uranium reactor, These e 

two countries and Hungary and Poland as well plan construction of other 

reactors between 1975-1980. All these reactors will presumably be 

under Soviet and IAEA safeguards. 27 

27 Ibid, , 1-lJ-5. 
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Table 1. Intensit~ of Nuclear Power Programs 

Probable Adherent ** *** First Pu First 
to NPT?* Uranium Reprocessing Stockpile ~d~~~us 

**** 
West Germany yes no yes now 1978 
Japan yes no yes now 1978 

Canada yes yes yes now now 

Sweden yes yes no now 1978 

Switzerland yes no no now 1978 
Italy yes no yes now 1977 
India no yes yes ? 1980 
Australia yes yes no 1978 1980 
Spain yes yes yes now 1975 
Pakistan no no no 1972 1980 

Israel no yes no ? 1980 

South Africa yes yes no 1980 1978 
Belgium yes no yes now 1977 
Netherlands yes no no now 1977 

Argentina no yes yes 1975 1980 
Brazil no ? no 1979 1980 
Mexico yes no no 1978 1980 
Greece yes no no 1978 1980 
Turkey yes no no 1982 1980 
South Korea yes no no 1976 1980 
Portugal no yes no 1981 1980 
Taiwan yes no no 1978 1980 
UAR no no no 1981 1980 

Notes: 

*Based on State Department Memorandum, March 1971, on "Status of Treaties 
Curbing Nuclear Weapon Proliferation," subsequently updated to December 1971. 
The following important countries have neither signed nor ratifiedl India, 
Pakistan, Israel, Cuba, Argentina, Brazil, Chile, Portugal, Algeria. 

**Are there sufficient reserves? See Chapter 1. 

***Operating and Planned. 

****However safeguarded. 

*****Earliest date at which plutonium could be recovered from reactors built 
essentially indigenously; such reactors may have IAEA safeguards attached under 
NPT agreements. 
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Summary 

The general picture that emerges may best be described in reference 

to the four thresholds adduced at the beginning of this section• 

weapon's research and development, delivery vehicle acquisition, nuclear 

testing, and independent control of nuclear material. First, it may 

prudently be assumed that one threshold has already been passed by most 

of the sophisticated countries, the decision to devote research and 

development effort to the development of nuclear weapons. This would 

be partly inevitable for states undertaking research on fast plutonium 

reactors. In any event, fast reactor research ensures that these states 

have large quantities of plutonium available and facilities appropriate 

for weapons research should they have made the decision to proceed with 

such research. It is entirely possible that Israel and possibly India 

are merely 1-reeks away -f:rom the construction of a weapon could they 

obtain the fissionable material. The status of countries with respect 

to the second threshold, the acquisition of appropriate delivery vehicles, 

seems more ambiguous. Furthermore, steps to intensify this capability 

also tend to have an ambiguous character, and it appears difficult to 

say much about this dimension of intensification. The third threshold, 

the actual test of a nuclear weapon, has been passed by none of the 

countries here considered. This leaves the various degrees by which 

nations can secure an independent disposition of nuclear material as the 

decisive and visible steps toHard an increasingly intense latent capability. 

The situation in this respect is much clearer. Unless the important 

non-nuclear countries are willing to break a clear bilateral agreement with 

the United States, United Kingdom, or Canada (and, in most cases, the IAEA 
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as well, though this might be easier), they could not acquire fissile 

28 material useable for weapons before 1977-78 at the earliest. The 

crucial thresholds toward independent control are thus not likely to 

take place for another 5 to 10 years if the supplier states, the 

United States above all, maintain a strong insistence on the continued 

adherence of the affected states to their safeguard obli~tions. By 

1980, however, several states will have reactors safeguarded only under 

agreements pursuant to the NPI' voluntarily entered by the host country. 

Prior to this time, several countries will begin to accumulate a 

plutonium stockpile (albeit under safeguards). They will also develop 

an increasingly independent nuclear fuel cycle. 

There is indeed now little inclination within the international 

cemmunity to restrain the growth of the nuclear power industry or to hamper 

any state's quest for an independent nuclear power program. For example, 

because of the current very marked preference for enriched uranium 

reactors, several nations have become keenly interested in the construction 

of new enrichment facilities, partly to serve (with profit) the growing 

demand for enriched uranium and partly to provide an independent source 

for their own fuel. There is no concerted international effort to 

discourage such development. Nor does it appear practical to constrain 

the new facilities to the production of only low enriched uranium. First, 

if the new facilities employ centrifuge technology, they will probably be 

intrinsically sufficiently flexible to produce highly enriched (weapons 

grade) product whatever the initial design goal. Secondly, there may be 

28Possibly excepting the Israeli Dimona reactor and the Indian CIR 
reactor. ' 
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legitimate commercial reason to produce highly enriched product, to 

serve for example high temperature gas-cooled reactors or breeders. 

Plutonium enrichment (in Pu-239) would also appear a potentially useful 

commercial activity. Similarly, national nuclear industries will see 

commercial merit in the construction domestically of other key nuclear 

facilities& reprocessing plants, fabrication and conversion plants, 

metal finishing factories, etc. This is already happening. 29 

Apart from the intensification of latent capability being achieved 

in this manner, nations have become increasingly able to secure a more 

independent position through the forward purchase of enriched and natural 

uranium. Such contracts, perhaps most often attached to a specific 

reactor purchase, would require the supplier to provide at all times 

uranium sufficient to fuel a specified reactor or reactors for several 

years. That is, fuel to maintain several years future consumption 

would be stockpiled in the purchasing country at all times. 

This then sketches the capabilities of states to intensify their 

nuclear power progr.am and eventually to acquire nuclear weapons. But 

will they actually do so? What is the calculus of benefits and costs, 

and the locus of political power within the states which will determine 

this issue? Section 5 of this chapter will address these questions in a 

peripheral fashion, but for the most part this study concentrates on 

capability of development, not utility of possession. It does seem 

important, however, to emphasize the critical importance of the intensity 

of latency to the internal debate within countries whether to acquire 

29see Chapter 1, section 2. 
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nuclear weapons. That is, one should not think that the national decision 

to embark on a nuclear weapons program is independent of the status of the 

civilian program at the time of decision. Thus even if it t;ere true 

(as it may not be!) that any nation determined to acquire nuclear weapons 

could eventually do so despite international safeguards and sanctions, 

safeguards and sanctions would remain important as a discouragement to 

the initial determination. A nation with large amounts of unsafeguarded 

plutonium lying about WOllld be more likely to stumble onto a nuclear 

weapon decision than were the political and economic costs of acquisition 

high and uncertain. 

The instance of the French nuclear program provides a suggestive 

illustration. Whereas the American, Soviet, and (probably) Chinese 

decisions to acquire nuclear weapons clearly preceded any latent capability, 

the same was not true for the French, and in a sense was not true for the 

British either. Great Britain, however, occupied a unique position 

after the War, and France affords the only example that seems clearly 

relevant to the decisions confronting the non-nuclear states today. 

The striking characteristic of the French situation was that France 

drifted to the bomb. An independent and highly intensified latent 

capability developed prior to any clear government decision to embark 

on a weapon's program. In the early stages, the scientific community, 

and civilian and military leaders were divided on the desirability of a 

weapons program but all could support the development of a strong peaceful 

nuclear program.3° But once this foundation was established, itimmediately 

3°Lawrence Scheinman, Atomic Energy Policy in France Under the Fourth 
Republic, 109-111. 
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became easier for those who wanted the bomb to prevail. It is one thing 

for a government to launch an expensive and uncertain weapons program that 

could not reach fruition until well after the expected life of the 

government itself, and another to make the crucial decision at a time 

when the critical material is at hand and much of the necessary resources 

already expended. At this point, it could be difficult for a government 

to withstand pressure to proceed to a weapon's program. This drift 

is captured well in Scheinman's study of French atomic policy during 

the 1950 1ss 

What 1-1as the major import of the first Five Year Plan for 
French atomic development? In the first place, it may be termed 
an "industrial production decision" as opposed to a "research 
decision." It involved a shift of emphasis from research reactors 
to high-power reactors designed to produce the fissionable material 
necessary to fuel secondary reactors from which energy could be 
recuperated, Secondly, the decision to produce plutonium had 
the long-range probability of relieving France of its reliance on 
foreign sources for fissionable material, With this independent 
source of fissionable material, France would then be free of 
restrictions and limitations on the use of such material as 
may have been imposed by supplier-nations. Finally, the 
production of fissionable material meant that the seeds from 
which a nuclear arsenal could grow were being sown -- a 
a·:situation which, in the long run, could have profound effects 
on France's role in the international community and on the 
weight of her authority as a world power. Despite the public , 
protestations that plutonium was to be produced solely for 
peaceful purposes, there is no doubt that at least some of the 
individuals responsible for this decision intended that the 
plan would blossom into a weapons program, There is adequate 
support for this conclusion in a recent publication by one of 
the highest officials in the French Commissariat and a member 
of that organization since its inception, Bertrand Goldschmidt, 
In discussing the Five YeaT Plan, Goldschmidt notes that "the 
five year plan of 1952 mentioned no eventual use of plutonium 
for military ends, a decision on this subject not having been 
taken for several years. It is certain, however, that this 
aspect of the atomic problem was present, and undoubtedly 
predominant in the mind of those Hho inspired and were 
responsible for the plan. 11 
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French interest in the possession of a nuclear weapon is 
readily comprehensible. What is less easily understood is the 
manner in which France decided to produce the bomb. For it was 
not a single decision, a clear-cut long-range policy rationally 
planned and executed, but rather a series of events and decisions 
or, perhaps, lack of decisions -- whtch led to the Sahara test in 
1960. The most candid statement to the effect that France drifted 
toward the possession of an atomic bomb without the project ever 
receiving official sanction at the cabinet level, is found in the 
following statement which issued from a ranking member of the 
Quai d'Orsay and of the Atomic EnereJr Committee: 'On the political 
level there had been no doctrine of French nuclear armament. In 
fact the manufacture of an atomic bomb, on which the work began 
well in advance of the decision '1-Thich was not finally taken by 
the Government until very recently, wedged itself into our public 
life as a sort of by-product of an officially peaceful effort, 
there existing no overview of the problems involved, nor of the 
means necessary to solve them, nor of the results to be expected. 
Until a very recent date we found ourselves in the paradoxical 
situation of a country which already spent by virtue of ••• accords 
between the Commissariat and National Defense important sums in 
view of a program of nuclear armament without the Government having 
taken the decision to make the weapons and also without a debate ••• 
in Parliament to approve such a decision. 

The question which arises, then, is how and why France 
developed a military atomic program. The argument which will be 
advanced in Part II of this study is that in the face of vacillation 
and indecisiveness by the government, and unawareness and abdication 
of responsibility by Parliament, policy issues were debated and 
resolved at another level, and that the elaboration of a military 
atomic program was guided by a small group of persons from the CEA, 
the military and the Government.31 

31 

••• 

Ibid,, 85-86, 94-95. Perhaps better than "drift," the French atomic 
program could be characterized by a persistent effort to keep military 
options open. See for example Robert Gilpin, France in the Atomic Age, 
282-288; Bertrand Goldschmidt, The Atomic Adventure, 97-101. As Gilpin 
puts it, "the French nuclear program was not the result of a systematic 
and rational calculation but it evolved step by step in a logical 
I,>rogression from scientific to industrial to military stages ••• 11 

tGilpin, 282-282). 
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3, Threats to International Peace 

Conventional Dangers - Causes of War 

Intensification of a latent capability by a nation could provoke 

armed attacks by two types of international actors a non-nuclear 

adversaries or nuclear-weapon states, acting either in their own 

interest or as agents of a wider international consensus. 

(1) non-nuclear regional adversary. 

A non-nuclear state, persuaded that a regional adversary was about 

to intensify its nuclear capability, could be provoked to try to 

dismantle its opponent's nuclear weapon base, a course which would 

probably include, inter alia, attacks on civilian nuclear facilities. 

Supremely dangerous, regardless of the specific attack object, attacks 

on civilian power plants would be especially likely to lead to severe 

retaliation, The two most evident prospects for such a confrontation 

rise out of the Arab-Israeli and Indian-Pakistani conflicts. But 

ultimately there may exist such dangers in parts of Africa, in the 

Middle East (between Arab States), in Latin America, and in the 

divided countries, Vietnam and Korea. 

Consider, for example, the Middle East situation, Should the 

United Arab Republic (together with the Soviet Union) become convinced 

that the Israelis were constructing an indigenous and independent 

nuclear capability, it may well try to dismantle the key facilities 

through overt strike or sabotage, This is perhaps not a plausible 

prospect today but it may become one. The Arab states would in any 

event incur large risk in such an undertaking, but might hope to limit 

Israeli retaliation if the attacks were carefUlly restricted to Israeli 

nuclear facilities, the Soviets were willing to extend guarantees of eome 
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sort to the involved Arab states, and the United States did not approve 

of an independent Israeli nuclear force. Particularly if part of the 

Israeli capability derived from an ostensibly peaceful power reactor 

supplying electricity to Israeli industry and people, the first 

restrictive condition could not be achieved; and in this case, any 

attack on the power plant would certainly be met by a severe retaliation. 

This prospect would make the initial attack less likely but more 

dangerous should it occur. 

Let us turn the situation around. Should the UAR appear to be 

on the verge of an indigenous weapon capability, the Israelis might be 

tempted to attack the key facilities. Again such action becomes more 

plausible to the extent to which the nuclear ally of the target country 

opposes the country's attempt to obtain its own nuclear force. In any 

case, extreme vulnerability of Israel to nuclear attack would lead 

Israel to take extreme risks to prevent the introduction of nuclear 

weapons into the Middle East. 

Whichever country moves first toward a nuclear force, the adversary 

may fear that the possession of nuclear weapons, first by one and then 

by both, would cement an undesirable status-quo; this perspective might then 

lead it to attack either the nuclear facilities or the adversary's country 

itself before its enemy's nuclear weapons could be brought into play. 

Similar dangers are present in other cases as well. For the forseeable 

future, the nuclear powers will probably oppose the acquisition of nuclear 

weapons by India or Pakistan. Thus whichever of these two countries moves 

toward nuclear weapons first, it will risk attack by its adversary with 

perhaps minimum prospect that the adversary will be deterred by fear of 

nuclear power censure. Also, as in the Middle East, fear of a premature 
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freeze on still open political issues (notably over Kashmir), could 

in itself provoke a preemptive strike or ground assault. 

Many other instances of these sort might be noted. In Africa, 

the imminent acquisition of nuclear weapons (or simply unsafeguarded plutonium) 

by South Africa or Rhodesia could encourage preemptive attack. Similarly, 

in the Somali-Ethiopia dispute, the unilateral acquisition of nuclear 

weapons by one country would be deeply provocative to the other, In 

the South African and Rhodesian cases, the acquisition of nuclear weapons 

by these status-quo powers might appear intolerable to revolutionary 

states even if the latt~r could acquire their own weapons or were 

protected by reasonably firm security assurances, 

(2) nuclear weapon states 

A nuclear weapon state, in an effort to maintain the present five 

power monopoly of nuclear weapons, would be under some persuasion to 

initiate preemptive attacks a~inst a non-nuclear state that visibly 

moved to intensify its latent capabilities. The motive for such action 

by a nuclear power would not be quite that of the non-nuclear regional 

adversary that feared its opponent would gain some decisive advantage --

that once the non-nuclear state achieved even a minimum weapon capability, 

the risks and political costs of trying then to dismantle its nuclear 

facilities would be too high to prevent the opponent from developing 

at will a large nuclear weapon force. Moreover, as is apparent from 

the discussions of Ghapter 2, the technical difficulty of destroying a 

nation's capacity to produce nuclear weapons and the scope of targets 

required to do so would increase alarmingly once the nation ~thered a 

sufficient stockpile of fissile material, For this reason, any move by a non

nuclear state to unlock safeguards on nuclear material even were such 
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movement not accompanied by an explicit initiation of a weapons program 

would be bound to appear provocative to an unfriendly nuclear power. 

Such a move, or any other significant intensification of latent capabilities 

by a non-nuclear nation, could also encourage a nuclear actor to take 

preemptive action as an agent of a status-quo world order even were 

the offending nation not of direct concern to the nuclear state. For, 

it would be.widely apprehended that were one non-nuclear nation to 

strive for weapons status, others would be tempted to follow. 

The Cuban missile crisis lends vivid support to the dangers described 

above. Although the transfer of nuclear-armed missiles to Cuba by the 

Soviet Union was a different type of action than the kinds being 

considered here, it did include the essential elements of a non-nuclear 

country reaching a position in which it could soon deploy nuclear weapons 

and of a nuclear power determined to strike before such deployment were 

effected, The Cuban crisis also illustrated the special dangers inherent 

in situations in which the time from latent to actual capability is very 

short, and thus in which military solutions come to appear more attractive 

than the more ponderous diplomatic and economic measures.32 

For the future, the most dangerous provocation of the kind under 

review here would be a dramatic intensification of West Germany's latent 

capabilities. Several such steps may be imagined, both of a technical 

and legal character. In the first category, Germany could heighten an 

already impressive latent capacity to produce nuclear weapons by the 

construction on German soil of an isotope separation facility, especially 

32see, for example, Theodore Sorenson, Kennedy, 667-718. Arthur 
Schlesinger, A Thousand Days, 794-819. 
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one based on a centrifUge technology in which Germany is preeminent. 

As argued earlier, centrifuge plants are more flexible than gaseous 

diffusion complexes, allowing a much easier conversion to weapons 

purposes,33 Less significant, but also potentially troublesome to the 

Soviet Union, would be German participation in a centrifuge consortium 

such as the contemplated tripartite arrangement with the Netherlands 

and United Kingdom.34 It may be expected that the Soviet Union will 

strongly oppose any attempt to place any of the arrangement's plants 

in Germany, A second type of technical step toward an independent 

nuclear capability would be any German effort to develop a full missile 

or rocket system. At the moment, Germany is cooperating with ELDO in 

the development of a satellite launching system by producing the upper 

stage of the proposed rocket. 35 

If either of these actions were taken with the approval of the 

NATO allies, it is quite unlikely that the actions would be intolerable 

to the Soviet Union; in themselves, the steps would not constitute an 

irrevocable threshold. By comparison, any dismantling of legal obligations 

by Germany relevant to nuclear independence would probably provide a 

severe provocation. Should, for example, Germany renounce the NPT or even 

merely its safeguard clause (Article III), the intensification of latent 

33see Chapter 1, section 2. 

34see Chapter 1, section 2. 

35Janes World Aircraft 1970-71, 650. 
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capability thereby effected would no doubt cause strong reaction, 

including possibly strikes against Germany by the Soviet Union or 

conceivably others. Such reaction would be the less likely the more 

ambiguous the action. 

The Soviet Union will in addition very strongly oppose any European 

development, which could eventually help provide Germany with an 

independent nuclear capacity. Thus, it must be expected that any 

significant degree of ·~1dependence from the Soviets by East Germany 

or Czechoslavakia will be combatted, for a variety of reasons of course, 

but also because the two countries have large uranium reserves which 

West Germany does not. A Soviet spectre that the Federal Republic, 

whose chief lack as an independent nuclear power is uranium, may gain 

access to the reasonably rich uranium deposits of East Germany and 

Czechoslavakia might thus partially explain the Soviet invasion of 

Czechoslavakia. (It is certainly clear that the Soviet Union values 

Czech uranium for which the Soviets have been paying a price fixed far 

below the world market. The Soviets had reputedly ordered Czechoslavakia 

as early as 1967 to stop negotiations with Canadian private interests 

on possible cooperation in Czech uranium mining.)36 

Japan provides another illustration similar to the German example 

in several respects. Japan will soon be operating a very large civilian 

nuclear power program with large stocks of plutonium potentially available, 

it could also in the near future possess a rather large rocket force. 

36state Department, private communication. 
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Signi~icant intensi~ication o~ this latent capability would require 

(in roughly ascending order o~ seriousness), the production o~ large 

numbers o~ suitable rockets (which possibly could be accomplished 

under cover o~ a space and scienti~ic program), construction o~ 

indigenous reactors and/or isotope separation plants, an accumulation 

o~ a plutonium stockpile, a withdrawal from safeguard obligations, a~d 

an explicit rejection o~ safeguards on the plutonium stockpile. Japan 

has already staked out a greater degree o~ nuclear independence by 

contracting ~or enriched uranium from the Soviet Union as well as 

the Uni.ted States. 

China has looked at the burgeoning Japanese nuclear capability with 

considerable alarm as evidenced by the released transcripts of 

Chou-en-Lai 's recent conver~a.tion with James Reston. 37 Although, it is 

not easy to trace out plausible' ways Japan could employ a nuclear force 

against China or others, China, itself, may have less trouble imagining 

such employment and take considerable risk to prevent the development 

of such a force in the ~irst place. Such risk would be the more likely 

if the American position were ambiguous, neither clearly in ~avor nor 

opposed to the Japanese effort. 

Elsewhere in Asia, movements to acquire nuclear weapons, whether in 

India, Indonesia, Japan, or Korea, could also well provoke a Chinese 

response, again an unlikely event but possible, especially if the 

United States and Soviet Union do not provide clear security assurances 

to the victimized countries. 

37see New York Times, August 10, 1971, 14al. 
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While the German and Japanese situations present the clearest 

dangers should these countries seek nuclear. weapons, confrontations in

volving less powerful countries may actually be more probable, Just 

because of the clearly unsettling dangers of a German or Japanese move 

to acquire nuclear Heapons, the allies of these countries will probably 

strongly discourage such movement, Situations more marginal to the 

security interests of the nuclear weapon states may thus ironically 

be more plausibly explosive, Several such situations may be imagined, 

Should South Africa or Rhodesia, for example, suddenly appear on the 

verge of acquiring nuclear weapons, one or several nuclear powers might 

be tempted·';to undertake a preemptive attack even if no international 

approval of such action were forthcoming, In the case of Rhodesia, the 

nuclear actor could well be the United Kingdom, one of the few instances 

one can imagine them acting unilaterally in such a situation, The 

Middle East also could be the scene of direct nuclear power intervention 

to prevent significant enhancements of the latent capabilities of the 

nations of the area, Although America and the Soviet Union are the most 

likely candidates for such a role, it is not difficult to imagine 

contingencies in which France, the United Kingdom, or even China might 

wish to intervene. The United States also, especially if it could 

persuade itself it were acting as an international agent, would strongly 

oppose any dramatic improvement in the latent capacity of Latin American 

countries, as in a sense was done in Cuba, even if the countries involved 

were not Communist or particularly hostile. Were this last not the 

case, the pressures for u.s. intervention would be correspondingly 

increased, as would the possibilities of a Soviet or Chinese counter-response. 
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Unconventional Threats 

The acquisition of nuclear weapons by criminal or terroristic 

groups presents the most vivid spectre raised by the proliferation of 

latent nuclear capabilities, Such a threat is very real, The knowledge 

and non-nuclear material required to produce a crude nuclear device 

will probably be available to large numbers of individuals in many 

countries by 1980 when both the production of plutonium and the 

international traffic of nuclear material will reach staggering proportions,38 

Although able scientists may be difficult to recruit for such illicit 

ventures, sufficient numbers probably could be gathered; it would in any 

case not be prudent to think otherwise, Impressive technical competence 

is apparently required, for example, to operate illegal narcotics operations,39 

It also appears reasonable that some scientists could be recruited into 

political terroristic groups either of the left or right. This means 

that as with states the fissionable material will be the significant 

obstacle to the deV.elopment of a weapon by non-governmental groups•, But 

as indicated in Ghapter 3, safeguards as now conceived do not provide 

adequate security against illicit acquisition of nuclear material by 

such groups, 

Similarly once a nuclear device is produced, delivery would not appear 

40 a significant problem. Indeed, for many purposes, delivery might not 

38see Chapter 1, section 5, 

39see, for example, U,S, Bureau of Narcotics, Traffic in Opium ~ 
Other Dangerous Drugs. 

40see Chapter 2, section 4, 
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even be necessary at all if the device were detonated at the site of its 

construction. Also, of course, as with national arsenals, the threat 

of use may serve the party's political purpose far better than actual 

use. It is also important to recognize that because of the admitted 

dispersion of nuclear know-how, the mere diversion of material, with 

the consequent threat that it could in principle be fabricated into 

a weapon, could in itself provide a foundation for criminal and 

political blackmail. 

Three types of non-governmental actors would find purpose in the 

acquisition of nuclear weapons, even of a crude variety. Most 

obviously, nuclear weapons provide a source of criminal blackmail 

of an unprecedented magnitude. A few recent attempts to extort money 

from governments and airlines under threat of destroying a passenger 

aircEaft provide perhaps the clearest analog of such a blackmail 

scheme. 41 There is also precedent for high risk, high gain thefts, 

for example, complex hijacking operations. 42 

Political groups determined on terror and threat as a means of 

political persuasion comprise a second type of non-governmental actor 

41 The nuclear blackmail idea has recently also crept into detective 
and adventure fiction, which in fact provides a rich source of diversion 
and blackmail scenarios• For example, this theme is treated in one way 
or the other in Martin Caidin, Almost Midnight; Walter Wager, Viper Three; 
William Green, Spencer's Bag; and Desmond Cory's, Sunburst. It is probably 
well to keep in mind Ross MacDonald's assertion that "the detective novel ••• 
may at this moment have within it secrets of what we are and shall be," 

42 See Chapter 3, section 4. 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

-233-

that may find nuclear weapons usefUl. The U.S, A.E.C. has claimed 

to have discovered 37 such groups in the United States alone. 43 While 

this number probably need not be taken seriously, certain domestic extremist 

groups of both the right and left may be willins to consider at least 

the threat of nuclear use for political purpose, although no group 

has apparently yet entertained a deliberate policy of violence designed 

to kill innocent people. The threat may be still more serious outside 

the United States, where there have been examples of political violence 

directed against people. The tactics of the OAS in France during the 

end of the Algerian struggle affords such an example, as does the use 

of violence by Arab terrorists in Palestine. One might also imagine 

desperate political blackmail in South Africa, Rhodesia, Angola, 

Nigeria, and several other countries as well where oppressed groups 

may see no other recourse against a perceived repressive government. 

The groups just considered would use the threat of nuclear weapons 

to jostle society; they might or might not wish to identify themselves. 

The third type of non-governmental actor that may be identified is the 

group with purpose not so much political persuasion, but rather political 

power. Mill tary or para-military groups in certain La tin American or 

African countries might someday wish to employ nuclear weapons for such 

purpose. Conceivably, revolutionary or anti-colonialist groups seeking 

power would as well seek to use nuclear threats in an attempt to gain power. 

Aside from these three "rational" purposes - criminal blackmail, 

political persuasion, and political power - all of which depend on the 

43see'Chapter ), section 4. 
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threat of' nuclear use rather than the actual detonation of' devices, 

irrational purposes and actors may also be imagined, As a means to wreak 

vengeance on a society or to otherwise inflict violence, nuclear weapons 

have few peers, and one cannot altogether rule out the use of nuclear weapons 

by persons who could expect no rational gain from such action at all, Such 

use need not be against one's own country. There is considerable concern by 

the current nuclear weapon states that deployed nuclear weapons could be 

launched by unauthorized personnel, for example, a small group on a 

nuclear submarine. The spread of latent nuclear capabilities raises a 

similar sort of danger rising from similar psychological impulses; a person 

or group may decide to deliver a nuclear weapon on an adversary nation in 

the name of its own state. Terrorist and guerilla groups in the Middle 

East provide a ready illustration of this danger. 

Two other unconventional threats closely relate to those posed by the 

acquisition of nuclear weapons by non-governmental groups, These flow from 

the acquisition and use of nuclear devices by "pseudo non-governmental" 

groups and from the employment of "anonymous warfare," 

In the first case, a government might well try to mask its own diversion 

of nuclear material and conceivably the threat or use of weapons under the 

guise of a criminal diversion or activity. If successful, the government 

could perhaps be accused of negligence but not of overt violation of 

safeguard or other similar agreements. This is one reason that domestic 

safeguards systems must be highly effective and supplemented at key points 

by international safeguards including if' at all feasible physical security 

44 of' the fissionable material. . Once in possession of the material, the 

44 See Chapter J, section 4. 
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government in question could proceed to develop a weapon, later to be 

made public; or it could deploy the weapon, again under cover of a 

non-governmental group, thus hoping in this manner "to avold retaliation 

or international censure. This would be a risky venture of course for 

any state, but not one altogether out of the question; again, the 

. . 45 Middle East provides the most plausible setting for such adventures. 

The possibility of clandestine diversion of nuclear material may also 

encourage the employment of anonymous warfare, where the source of attack 

is neither acknowledged nor known. Not only would a widespread distribution 

of unsafeguarded material permit the anonymous use of nuclear weapons, 

the danger of such use would itself provide a rationale for anonymous 

attack on an adversary's nuclear facilities. Among the cases considered 

in the preceding section, it is evident that several could involve 

46 unacknowledged attacks on the opponent's nuclear plants. 

Finally, small countries may value the possession of crude, and 

perhaps initially unacknowledged, nuclear weapons as a means to deter 

a powerful adversary in some desperate contigency. Even were these 

45rhe use by a government of criminal agents to achieve an apparent 
theft of plutonium as a way of securing the material for an eventual national 
effort has been colorfully portrayed by Green in the detective novel, 
Spencer's Bag. The trick employed by the government points to the kinds of 
vulnerabilities which exist under the present system of international safe
guardsa A small African country apparently proposes to return lent plutonium 
to the United States. But since the nation arranges for the transportation 
itself, it is privy to the date of return, packaging details, etc., and finds 
it relatively easy to contract for the material's "theft." 

46Anonymous attack is not unknown. Something of the sort may or may not 
have been considered by Israeli agents in the so-called "Lavon-Affair." 
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countries without a delivery system, the power to be deterred could not 

be sure that a weapon had not been clandestinely smuggled into one of its 

cities, This type of desperate action could only deter the most drastic 

threats to a nation's viability, for only in these instances would the 

threat against the more powerful adversary have any credibility at all. 

But such instances may be imagined& for exruple, a U.S. invasion of 

Cuba, a Soviet invasion of Czeckoslavakia, a South African attack on a 

neighbor, or conceivably an attack launched against South Africa. from 

elsewhere in Sout.hern Africa. 

The dangers inherent in the acquisition of illicitly obtained 

nuclear material are greatly heightened by the "contamination effect" 

of any single illicit diversion. Such a diversion would have three 

immediate consequences, one good, but two bad. On the favorable side, any 

clear diversion (let alone any ensuing blackmail or use) would certainly 

lean to substantial additional safeguard precautions and an increased 

willingness by the international community to impose stringent safeguard 

conditions on any lax government, This will be discussed later. But 

among the criminal and extremist communities, successful diversion Hould 

provide a considerably different persDective. In the first instance, it· 

Hould provide an exemplar; it would demonstrate that successful diversion 

and blackmail Here possible. The criminal imagination is improverished 

and example is important, as the recent outbreak of air piracy has 

revealed. More directly, a successful diversion could immediately lead 

to the establishment of a sort of baB.ck market - or, more plainly, a set 

o~ expectations that stolen material could find buyers. That is, to those 

Hith motive and ability to fabricate nuclear devices would be added groups 
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who will underta.Ice large risks simply to steal the material, lmotJing 

that markets for their wares exist.47 

Impact on Stability - Select Critical Review of Literature 

As a further step toward an analysis of hotf the spread of latent 

capabilities could affect international stability, it is well to 

examine how scholars have treated a related problem, the consequences 

of the actual proliferation of nuclear weapons. The relevant literature 

is substantial, and, aa will be noted, for the most part not helpful, 

although a few useful themes may be discerned. 

For expository purposes, it is convenient to divide the authors of 

the literature into four groups a "the sciGntists," "the traditionalists," 

"the systemists," and "tho scenarists." The scientists are characterised 

by an unusual degree of allegiance to more or less explicit :modelS of 

the "international system" and by a.n equally unusual alertness to the 

extent to which their statements can be verified. Every political 

analyst of course uses models (that is, abstractions) in some form or 

~~other. The scientists however attempt (ideally) to postulate some 

explicit abstraction of reality and then to draw inferences from this 

abstraction before again bringing the complex! ty of rea.li ty back into the 

analysis. In this group, we may place 11orton Kaplan, Karl Deutsch, 

47see Chapter 3, section 4. 
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David Singer, George Liska, Norman l·1astera, and Cyril Zoppo. 48 Tho 

systemista, as the acientiata~ tond to \We modele of the international 

system in thoir analyses, But unlike the scientists, they generally 

use the modele no a descriptive aid rather than as an explicit abstraction 

from which ono can deduce particular theorems. In this category, uo 

may include Stanley Hoffmann, John Harz, Raymond Aron, Morton Halperin, 

Bernard Brodie, Kenneth \ialtz, Richard Rosecrance, and Ali Ma.zroui. 49 

The traditionalists tend to examine the international scene bit by 

bit, looking at it now from the point of view of the United States, at 

another moment in terms of regional conflicts, and still other tines 1n 

terms of the "German problem" the "Indian problem," etc. The tradition-

alists shy away from discussion of proliferation in terms of specific 

abstractions of the international system, the last indeed a terQ which 

they do not typically use. This group does not believe in tha utility 

48Karl Doutsch and J, David Singer, "l·iultipolar Power S15tems and 
International Stability" in World Politics, XVI {April 1964), 390. 
Morton Kaplan, System and Process in International Politics, 50-52J also 
''Bipolarity in a Revolutionary Age11 in Kaplan (ad,) Tho Revolution in 
World Politics, Roger Masters "A Multi-Bloc Model of tho International 
System" in American Political Science Review, LV (Dec. 1961), 780-798. 
c. E. Zoppo, "Nuclear Technology, Multipola.ritl• and International 
Stability" in World Politics, XVIII (July 1966), .579-606, George Liska., 
Nations 1n Alliance, 255-28), 

49Raymond Aron, The Great Deba.te. Bernard Brodie, Escalation and the 
Nuclear Option. Morton Halperin, China and Nucloar Proliferation. John 
Harz, International Politics 1n the Nuclear Age. Stanley Hoffmann, 
"Nuclear Proliferation and World Politicsii in A ~orld of Nuclear Powers, 
The American Assembly. Ali A. Mazrui, ''Numerical Strength and Nuclear Status 
in the Third World" Journal of Politics, ~. 791-820. Richard Roaocrance, 
"Problems of Nuclear Proliferation• Technology and Poll tics," (UCLA• 
Security Studios Paper No. 7)1 The Diopersion of Nuclear Weapons, 1-28. 
Kenneth lfaltz, "The Stability of a Bipolar llorld" in Da.ldalus, XCIII 
(Summer 1964), 881-909. 
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of seeking varifiabla propositions or highly abstract models of inter

national relations. In this cluster of attitudes, the traditionalists 

resemble the statesmen and bureaucrats reaponaiblo for tho articulation 

of national policies. They include William Bader, Hedly Bull, Leonard 

Beaton, James Schlesinger, Albert lfohlatotter, and the editors of the 

Peking Review.5° The scenarist school, of which Herman Kahn is the 

leading figure, has a special emphasis difficult to characterize. The 

central feature of this school perhaps is the imaginative projection 

of future scenarios (coherent sequences of events initiating from some 

arbi tra.ry starting point) and future worlds coupled with very minimal 

attempt to weigh their relative likelihood and equally minimal concern 

with any serious research. The practi tionera aro also quite ca.roless 

in their presentation of these future scenarios, it almost never being 

clear whether significant acenarioa have been left out of consideration 

or not. 51 

This categorization is crude and the classification of writers some-

what over-artioula.todr their identification in a given category is simply 

an expository convenience. Most of the scholars mentioned above range 

over more than one category and some over all four, their perspectives 

5(\,illiam Bader, Nuclear Proliferation and United States Foreign Policy. 
Leonard Beaton, Must the Bomb Spread, Pelican Original (1966). Hedley Bull, 
"On Non-proliferation" in Interplay, December 1968. James Schlesinger, ''Nuclear 
Spread" Yale Review ']7, 66-84. Albert Wohlstetter, "Perspactivo on Nuclear 
Energy" in Bulletin of the Atomic Scientists, April 1968, 2-5. 

51Horman Kahn, ''Nuclear Proliferation and Rules of Retaliation" Yale· 
La.lr Joumal 76, ?7-91. 
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frequently changing, aCDmatil:les explicitly and aometimos not. I·loroovor, 

the cla.oaifica.tions refer only to tho nuclear proliferation literature. 

The authors may undoratando.bly a.dopt different atylaa o.t difforont thlo::h 

Tho central problom addressed by tho eciontiata 0 o.pproaeh to nuclear 

prolifora.tion is tho comparative at.a.billtyS-2 of bipolar and multipolo.r 

systems, a :pl.'Dblom uhich neecaaarlly involves tho corollary issue of how 

nuclear proliferation o.ffocts the polarity of tho intorno.tiono.l system. 

Unfortunately, tho litomturo ohodo no real light on this iosuo, and 

abounds with truisms, oircula.ritieo, commonplaces, and fallacies, 

faults discussed very pertinently in essays elaewhara • .53 Of these 

shortcomings, throe aeem especially to info:m the literature hero dis

cussed. We may tem these tho faults of unfulfilled abstractions, of 

.52The tom "atability" requires definition, and 1n fact is used quito 
differently by the d1fi"orsnt authors. For the purposes of this s\1IllJlln%"y, 
howevor, tho definition supplied by Deutsch and Singer will be generally 
app:::opr4..ate. Their dof'initiona "Tho probability that tho syatem retains 
all of iu essential cha.raoteriotioar that no oingle nation becomes dominant1 
that most of its mOlllbtme continue to survive1 and that large-scale war does 
not occur." 

5)Ma.rion Levy, Jr., "'Doos It Mltttor If' Ho 0 1!l Ha.kod? 0 Bawled the Child," 
8?-109, and "Intorna.tionn.l Theorya The case for a Classical Approach," 20-38, 
in Klaus Knorr and James Roaonm (cds.) • Conttmding Approaches to 
International Politics. 
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irrolovanoy, and of undue abo traction. 54 

Ideally, ono uould liko to dovolop a. ohlplifiod abstraction or nodal 

of reality, deduce conoequooaea from it, and compa.ro these ui th empirical 

observation. l·7odolo of 1ntoma.tiona.l conflict heuevor are typically ao 

impovarlahod that no intoresting conoluaiono can bo derived from them 

unless reality is :rointroduood into tho model in vary arbitrary, ha.pha.ESa.rd, 

and faulty ways, Such hlpovorlahad models are what we call here, unful

filled abatmctions. A fine example may ba found in tho work of Roger 

Master. Master's urbane analysis of tho implicationa of nuclear diffuaion 

ia found.ed on an ex-~ded. analogy between nuclear power rivalry and 

oligopolistio compotition. Mastor0o method is to note some otructural 

simila.ritio9 'botwoen these two compatitivo systema 0 to atato oomo %'\!leult 

from oligopoliatic theory, to ouggoat tha.t the result applies as well to 

international politics, and then to bol.tster this conclusion by a 

54 
TheBe are ditfersnt ca.tegorios than thoso used by Lavy and Bull, but 

include several of the cha.ractoristics pointed out by these authora. It may 
be helpful to think of the latter two faults in more colorful termea 
irrelevancy aa tho "lamp-post syncb:ome" in reference to those who seek a 
lost quarter under a lamp-pomt whare it is light rather than dow the street 
where the quarter was lost -- but whore it is vory darkJ undue abstraction 
as the "method of Goman philosophy," a phra.oe due to Karl Marx and 
described by Marx thus 1 

Firat of all, an abstraction ia made from a fact, then it is 
declared that the fact is baaed upon the abstraction. That ia holl 
to proceed 1£ you mmt to appear Gorman, profound0 and speculative. 

For example• Fa.ota The cat eats the mouse, 
Bofleot1ona Ca:t;•nature, mousG=Daturor consumption of mouse 

by aa.tl=aconr.mmption of nature by naturesself'-oonsumption of naturo. 
Philosophic presentation of the facta The devouring of the 

mouse by the em.t is based upon the self-consumption of nature. 
Having thus obscured man •a struggle with nature, thttJ v.rltar 

goes on to obscure man •a conscious activity in relation to nature a 
he eoncoivea it as tho manifestation of this aero abstraction from 
tho real conflict •••• 
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proposition baaed on tho reality of tho international syatom. l1ooter0s 

main contention a.pponro to ba that a. norld of a small number of roughly 

equal nuclear powers (somo or all of which eight bo regional rather than 

national actoro) could be moro stable than the current bipolar system. 

This conclusion houover ia ao tenuously rolated to the analysis a.a to 

be virtually a non-s!l!Qui tur. There are to be sure various structural 

simila.ri ties between an ollg0polistic oystem and a. system of competing 

nuclear rivals, But tho analysis then falters on two ba.sic grounds. 

Firat, it is not at all clear from economic theory the.t oligopolies 

of several firma are mora stable than duopolies, as Master contends. 

Secondly and mora ooriously 11 the underlying dynamics which allegedly 

makes oligopolieo stable is never persuasively shoun as analogouo to the 

dynamics of nuclear power intemc~.on. Conoequently11 Master's analysis 

adds no insight or evidence to the problem at issue J the oligopoly 

analogy must at boat bo considered a colorful illustration to make 

more plausible a result othemiae obtained -- although thia is not 

the way in which it io presented. 55 

The charge of irrelevancy may be laid to virtually all the 

scientific literature. In efforts to quantify and to develop objective 

measures, the scientists typically tend to avoid the real issues. Thio 

tendency is well-illus·tra.tod (and, in fairness, recognized by the authors 

themselves) in a much quoted article by Deutsch and Singer. ;6 The body 

5~tera, APSR LV, 780-798. 

S6neutsch and Singer, World Politics XVI 0 390. 
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of this article oxploras some quantitative relations (notably, the nUlllber 

of possible bilateral interaction opportunities in an international system 

as a function of' tho numbor of actors in tho system) which may help explain 

why, cotoria paribus, DUltipola.r intorna.tionn.l systems could ba mora ata.blo 

than bipolar oyateme. Houever11 when the authors turn to "some implications 

of the modal for tho diffusion of nuclear weapons" they correctly 

conclude that "the bare and abstract arguments pursued thus far become 

quite insufficient,,,, In our annlysia of altornntive international power 

systems we have ab3tra.cted from all other qua.lltioa of tho states, govom

monts., and national political systems within them. At tho point of policy 

choice, however, these hitherto neglootod aspecta may bo_ tho decisive 

ones,,,a stable general system could be wrecked by the introduction of 

unstable components." Indood, tho authors ultimately conclude that the 

spread ot nuclear weapons and the consequent creation of a. multipolar 

world would probably be harmful and destabilizing - and they conclude 

thus with no serioua attempt to show how tho factors that they had 

previously discussed might moderate or affect this conclusion. 

Undue abstraction refers to the habit of several authors to thrust 

some evident characteristic of international relations into more abstract 

language, and then to "explain" the characteristic in texms of tho 

abstraction. Thus the post-warc~confronta.tion botwoon tho United States 

a.nd the Soviet Union becomes a spacial ea.oe of a. conflict of tuo nuclear 

auparpowers, and the relative rostra.int of tho two anta.goniata becomes o. 

manifestation of the stability attributed to bipolar ayatoms, .51 Tho 

.57sueh stability is counter to l·taator'e notion. 
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ayatemist as liell o.s the scientific literature abounda in such unhelpful 

ab!:Jtractiona as may be aeon in tho uorks of Stanley Hoffmann and Raymond 

Aron. For oXIllllple, Hoffmann °o othertrioe interesting esoa.y, ''Nuclear 

Proliferation and Uorld Polities," uould b3 virtuo.l.ly unchanged in 

oubatance and grc~tly enhanced in clarity and eonciaion if every idealica

tion of the international syotom (''bipolar," "polycentric," "multipolar," 

etc.) wore altogether oxoiaod. Undue abstraction is indeed probably the 

single most prevalent and porniciouo shortcoming of the systemists, The 

central characteristic of tho systemist literature is tho dovolopment of 

typologies and classifications llhiob will ps:rmit various kinds of 

generalizations. This proeedum differs from that of the scientists by 

a greater reluctance among the ayst.amista to suppress their lmouledgo 

of reality at any point during tho analysia. Thua they create not models 

so much aa hierarchies of generalizations about international conflict. 

This leads quite frequently to idontitiea, truisms, and collll1onpl.a.ces as 

wall as to tho undue abatractions noted abovo. For example, one of the 

central conclusions of one of the mora well-Imown proliferation studies 

contains (not untypically) both an identity and a. truisma "If additionally, 

great power counto:rmGaeuroa wore nil or perhaps even a.ggra.vative tho 

probability of some fom of nuclear war would increase. 58 

Aa ha.s already beon indicated tho traditionalists aho.ro many of tho 

shortcomings of government policy makers with tho added disadvantage of 

not having the access to the material and expertise usually available to 

.58rt 1G slightly unfair to take statements such ws this out of contoxt. 
But, in fact, tho context 1n theae casas seldom improveo tho truisn. 
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tho bureaucrat. Thus, tho tmditionaliato are not ao much unporauaoivo 

as they aro irrelevant or out-of-dato. Preoiooly baoauao. thoy have not 

ventured tho typologioa and ab3tractiono ~hieh tho aciontioto and 

oystomisto sool~ 11 thoy do not ooom likely to break neu ground or to dovolop 

a cumulative diaciplino -- and aa with the other groupo, they havo not 

dono so. None·l:ht":<loaa, of tho groups hero diaoWJaod, they ha.vo probably 

contributed most to our undorstanding of tho probable impacts of :nualoa.r 

proliferation. The scanariat8s approach appears to some degree in almoot 

all of the analyses, and suffers the drawback already mentioned 1 Yery 

li ttlo effort im taken to oxpln.in why a g1 van scenario io chosen' and 

sinco it ia almost always possible to choose rola.tivoly pl..a.ufliblo 

scenarios on bot!ol aidoa of any serious issue, tho mconario mode of' 

analysis can never be ultimately persuasive. 

In general, throe ovemrching ohara.cteristics of tho entire literature 

stand out. First, it is strild.ng that there has been virtually no sorious 

analysis of tho consequencea of nuclear prolif0rat1on. To tho extent 

this question has been looked at, moat of tho academicians seem to agree 

that proli:f'oration of most any kind woUld be unfortunate but not ao 

unfortunate as American officials typically aoaort. But there 1s virtua.lly 

no discussion 1n the literature of moro detailed issues such a.a, for 

emtlple, the impact of p~liferation on regional and intemational 

institutiona, the oha.ra.ctor of alliances, or the modes of' intomational 

inte':fcourse. aeaond, it 1s notable that one finds very little onthusiaam 

in the litorature for the Non-Pmlif'era.tion Treaty, oven among those most 

strongly opposing prolifora.tion. As to other possible mmedinl or 

provontivo measures, tho writora have eaoontia.lly ignored thG Comprehonoive 

Test Ban, Fissionable Hu.torial hoduetion Cutoff, and No-Nuclear-Use 
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proposals, perhapa bolieving theso teo technical and teo wra.:pped in 

military socuri ty to discuas. In genora.l, tho lfri tors tond to baliavo 

that technical barriers to proliferation will not bo as offoctivo aa 

security aaourancoo and specific dofenao arrangements batwoen tho nuclear 

powers and major non-nuclear eountrioo. However, despite this view thoro 

has boon surprisingly li ttlo ana.lyaia of tho Idnda and potency of ouch 

security arrangements. Finally, oomowha.t corollAry to the above. thoro 

is to bo found little eoncom in tho literature with tho relation 

batweon the sta.tua o.nd logit1macy of nuclear llea.pona, especially as 

these are reflected in the behavior of tho groat pouora, and tho 

prospects of nuclear .proliforo.tion. Overall, tho li taro. ture aurvoyod 

posseasea very little cumulative value. If one wishes to project and to 

analyzo tho potential consequoncea of nuclear diffusion and to shape 

:pOlicies te copo vith them, thoro is virtually nothing in tho litera.tur6 

which seems an indispensable prercquisi to to such endeavor, and very 

little more which seems evan useful. This harsh judgement applies more 

or loss equally to all four aohoola. Tho sciantiato have given us fmr, 

if any, propositions of potentially otmulativo impact• it is difficult 

to find more than a handful of significant propoai tiona potentially 

verifiable oven in principle. The syatorlists, traditionnliats, and 

scenariata (and tho scientists qua traditionaliata) have porhap5 enriched 

our ability to imagine future oontingeneioa, But the ayatomists have 

left no legacy of systematic inquiry, nor havo thoy forged a vall-defined 

conceptual fmmGWork which othara could build upon. The tra.d1 tionalista, moat 

in tune uith the porapactivoa of' governments, have set forth virtually 

nothing that has boon useful to policy formulation, tho acona.riata avon 

leas. 
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\'lith respect to the substance of tho crucial inqtiiry, the investigation 

of tho offocta of proliferation on sta.bility0 oovoral a.uthoro ~int out 

opacific and now dangers inhoront in a. proliforntod world. These 

argumonto a.ro ooatly faoila.rJ In esaonco, they insist that tho greater 

tho number of nuclear weapon states the greater tho chance that nuclear 

uoapons will fall into the hands of irresponsible governments or will 

otherwi~o be usad.59 In addition, tho anti-proliferation arguments 

(noatly out of tho tmditionaliGt literature) are founded on a presentation 

of specific plausible projected dangers and complexities associated with 

the spread of nuclear weapons. In large measure, tho preceding two sections 

of this study sketching conventional and unconventional dangers aaaociated 

with latent proliferation ~llol thoae earlier arguments. In general, 

most of tho analysts examined boliovo that rapid proliferation Hould be 

60 more dangerous than a slotfer-pa.ced spread of nuclear weapons. If this 

is so, it tells us something about the dangers of latent proliferation. 

This is a point examined in the following section. 

The literature also adduces two sorts of arguments in support of 

tho notion that nuclear proliferation oould in fact be stabilizing. 

First there exist aevoml variationa on the theme that tho consequences 

of nuclear uao ~re so awesome tr~t regional adveznarios would be reluctant 

to engage in any hostilities or confrontation in fear of escalation to 

59The claim of irresponsibility is usually made by western analysts 
who when thoy do so are usually thinking of Latin American, Asian, or 
African States. Representation of tho Third World find this part of the 
anti-proliferation argument lesa persuasive. See, tor oxamplo, Mazrui, 
c'Nuelear Status in Third World," 791-820. 

60Roaecranco, Dispersion of Nuclear Weapons, 1-28. 
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auclear conflict. Second., some authors f'ort:ard a oomavhat vague theoretical 

argument patterned in part on balanco-of'-pouer concepts that a glo~l 

dispersal of pot-ror nould loo.d to a mora sta. blo world. Theao argt.m!imts 

are invosti~tcd in tho following section, although tho oocond uill not 

be fully puraued until part 4 of this cha.ptor. 

Stability ud tho DYJl!mico of Ia.tont P:rolif'emtion 

In this section we wont to invee!ga.te tho "dynamics" of latent 

prolifora.tion, the probable international pattern in which it will 

develop. \fill thoro bo prossuroa toward incroaaed intensity, and in what 

manner will tho intensity of one state's nuclear power program affect anothor0s? 

Central to thio investigation io tho concept of 11stD.bUity," a property which 

measures tho wlnombility of' a ayatGa to parturba.tiono. For it lJill be 

na tiona • poreeptions of stability uhich will detemine their reaponoos 

to changes in the intensity of other atato 0s nuclear capacities. Tha moro 

stable tho system, the less effect 1fill a jolt ha.vo on tho crucial character

istics of the system. Conversely, the grsa.tor the probable off'oct, th& more 

unstable may one term tho syat.em. For tho purposaa of this anm.lyaio, 

three kinds of instabilities (jolt-effoot relations) may be identified• 

(1) Competition instability. This typo of instability refers to 

situations ·in which the intensification of one nation's latent capability 

encourages similar intensification by othor states. This is s.na.logous 

tc ao-eallad arms raco instabill tiag tsh(llre weapona doploYJ:lonta by ono 

state lead ito a.dve:reariem to liko deploymmts roga.rdloso of whether the 

initial actions woro in fQ.Ct dangerous. 

(2) Criaio irmtability. A aituation nmy be an.id to bG unata.blo if an 

intonaifica.tion of one country's nuclear capacity leada that country or 
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61 othera to contemplate armed attack, Such ~ituations have baon considered 

above under the hooding of "convontionn.l dangera." 

(3) Diffusion instability, A situation of high intensity may be 

termed unstable if one state's breakthrough to an overt nuclear uea.pons 

capability encourages other ouch docioiono and an eventual rapid diffusion 

of nuclear weapon programs, If one wiohoa, 1~ is poosiblo to think of 

this instability ao a spacial ea.ao of com~tition inota.billtyJ however, 

it seams generally more convoniont to label it separately ao don0 h0re, 

We may ponder each of these instabilities in turn. Consider first 

the competition or system instability. We wish to exatdno the probable 

pattern of latent proliferation which at a given moment may be character

ized by the latent intensities of various national nuclear programs, 

These will in turn depend upon the number of critical thresholds passed 

by the nation and (inversely) on the time required to display an 

operational llea.pons capability. Tho first and most striking observation 

we may make is that without drastic changes in international safeguard 

efforts, tho syotom will probably drift to states of higher a.nd higher 

intensity, That is, nations vill increasingly dovolop a nuclear 

independence and will use this independence to draw over closer to a 

weapon's ca.pa.bilityJ the lead timea to the display of nuclear weapons 

will shorten. This is bocauoa the system is competitively unstable in 

several respects. 

In the first instance. intensification of nuclear capabilities has a 

ratchet-like character -- tho movement ia (almost) entirely in one direction, 

61strictly speaking, tho relevant jolt need not be an intensification of 
a atate 11 a latent cap:~bilityJ it could be any change in latency or any 
perturbation whose perception by the involved actors depends on the latent 
states of tbe pa.rtieo 0 nuclear eapaci ties, 
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States, once in poeoesaion of independently controlled nuclear fuel and 

nuclear fa.cilltios 11 nro not likely to givo them ups and roga.rdloaG of oafe

guams as currently conceived, plutonium stocltpilos uill continuo to grou. 

In addition, technology 1o becoming still moro uidoly dif'f'uaod t1ith tho 

imminent advent of cGntrif'ugea, ospoeially, providing a nev 1nterud£yiiig 

element. Thus oven apart f'rom interactions among the latent nuclear 

poNors, one should expect a gradual drift toward ahorter lead-time potentials. 

Honever, this process uill be heightened by the interactions of nuclear 

polfer programs, Quito apart from national security concerns, competition 

among ei vilian nuclear potfer programs will in general lead to higher 

intensity capabilities in several countries. That is, in a race to ata.Ite 

out a. portion of a burgeoning uorld market for nuclear ma.tei'ial and 

services, several statoa aro now developing or contemplating the develop-

ment of fabrication facilitiaa, reprocessing planto, and isotope separation 

capabilities. This compatitivo impulse is reinforced by a more conservative 

and dofonsive attitudea not only vill countries wish to develop a strong 

competitive position in a growing market, they will want to remain 

independent to the extent practicable. If only for purely economic 

reasons, sta.tos will not wish to rely on other's nuclear servides. This 

a.utarltio impulse might be balanced if the advantages of a. division of 

labor and of intoma.tiona.l tmde lfere more striking than appears to be the 

ca.ao. Compared to the total costa of electric powor, tho extm coste 

involved in tho indigenous construction of indepondent facilities for 

fabrication, reprocessing, plutonium finishing, and perhaps even isotope 

separation are not high, perhaps a. fOlf percent of the total. (This is 
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not to say., however, tlult economic incentives could not influence a 

nation °a policy totTard aafoguarda, independence, and intenaifieationr 

some suggestions aro diccusaed in section 5 of this chapter). 

Nonotholeas, despite thoaa strong economic and autarkic preaauroa 

touard nuclear independooce 0 national security peropoetivea prorobly 

provide the mora significant impuloea towam competitive !notability. 

As a few statoo move noticeably nearor to a nuclear weapon capacity, 

others will fool pressured to move in the sa.me diroctlon. This is most 

ovident in the caa<D of hostile neighbors. Thia already may be aeon in 

the groupinga of ata.teo who have not ratified the NPl'a China., India, 

Pakistan, Burma., Cambodia., and Thailand; Iara.al, Saudi Arabia., UAR, and 

Libya.J Culn, Argentina, BraBil, and ChUeJ Portugal, Zambia., and Uganda., 

Similarly, states could not long tolerate regional advemariea unilaterally 

intensifying (legally and actually) their nuclear oapabUities. Thua, 

for ammple, it is not surprising that Pakistan is constructing a 

natural uranium ren.ctor similar to the e~ne built in India • and ahould 

India manage to shrug-off aa.fogua.rdfl obligations, Paldstan will murcly 

attempt to follow. The interaction between countries who are not potential 

adversaries is less strong and certainly lsss direct. In tho short term, 

an intensification of (say) India's nuclear progra.za will ~bably not 

greatly affect (oay) Gormany 0s, or Sweden's, or possibly evan Japa.n°a, 

Countries fo.r apa.:rt uill not perceivo any aubstantial. danger in tho other 

obtaining nuclear weapons before they do. This weak interaction would be 

particularly evident for s:ta.tes of different potential scope. Where a 

fou bombs might ba sufficient for Israel or Pakistan, thoy would not oo 

so for Gemany or S1feden. It would hardly be sensible for Germany, ooy, 

to manufacture a "bomb-in-the-basement." In the long run, houevor., tho 
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ramifications of~n Lntensification in one region will have a global 

impact. Such inteneifica.tion tdll o.ffoct the otructuro of tho intemal 

debates uithin potential nuclear lreapon ata.tGo and trill uca.Iten tho 

strength of intornationa.l aanctionB. 

~lith rospoct to national dob.:l.too over nuclear policy, any 

intensification of tho ayst<m will weaken most procedential and moral 

arguments against a movement to a mora independent nuelear position, 

At tho moment, domeBtic groupa opposing nuclear uea.pona vithin e. 

specific country can argue tho. t any unohackling of sa.fogu8.1'ds would 

lead to a li'orldvide abandonment of safegua.zd obligations vith consequent 

long term harm to the country uhatevor the short torm advantages which 

may be perceived, Similarly, it may be claimed that a country's moral 

loaderohip agn.inet tho aequisi tion of nuclear weapons ia nocesaa.ry to 

stem what 1rould otherwise bo an irresistible tide toward independent 

national nuclear forcos. Such arguments would obviouoly lose their 

persuasive i"orco onoe other na.tiona ooga.n to intensify their own nuclear 

programs. Under those conditions, national initiatives to secure greater 

nuclear independence would also be technically more practioa.lr tho more 

na.tiono.l programa not under strict intemationa.l aafogua.rds nor dependent 

on assistance from the nuclear ueapon states, the easier it would be 

generally for other nations to secure unsafegua.rded material, 

Just as intomal constraints against an intensification strategy in 

a given country would bo weakened by a general system intensification, so 

also uould tho willingness of tho 1nterna.tiona.l community to invoke 

sanctiona against auoh a country. In such a situation, tho legal justification 

for au intorna.tional response could be severely undoreut. For olW.lllplo, under 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

L.;.;;.-;.---. . 

-253-

the NPI', a nation may withdr&w from the safeguard and other Treaty 

obligations 1f it decidom tha.t "extraordinary evonta" rolatod to the 

subject ootter of the Troo.ty jeopardizes its supreme interests. The 

acquisition of an independent nucloa.r capability by othor sta.teo, oven 

those qui to distant, may plausibly be adduced o.a ouch an oxtrnordina.ry 

event. Apart from euch legal impact, a. general intensification will 

certainly diminieh tho w1111ngnosll of nations, acting unilaterally or 

1n formal or intorma.l intomo.tional groupings, to impooo oanctiona on 

a. neu country apparently striving moroly for some kind of equity. Any 

general proliferation of independent nuclear capabilities would also mako 

such sanctions more difticult to achievoa a multiplicity of possible 

sourcoa of fuel, technical help, etc. nould sovoroly hinder any attempts 

to strangle a nation °a nuclear polier program through onbargoea and 

other export restrictions. 

Crisis instability depends critically on tho intensity of the ayatem 

and especially on the cha.raoteristie lead-times to tho actual deployment 

of nuclear weapons. In general, tho lGas this time, the mo:N dangerous 

would appear the occasion. This effect of telescoped time has been 

illustrated in the preceding soctiona it ham most vividly been ob:Jorved 

1n tho Cuban missile crisis. There aro tuo oopa.ra.te reasons to believe 

the validity of this effect. ~lost obviously, 1n a. regional confrontation, 

if one nation is seen to bo aoving quickly to a nuclear o.apa.bility, ita 

advemariom may fool thoy ha.vo to act quickly bsf'oro the op:pDnont 11a 

nuclear wea.pcnm a.ro a.etua.lly deployOO. and ready to be used. Such was 

the Cuban missile criois ommple. But throat of imminent W3e is not tho 
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only danger requiring rapid response. In several inGtancoa, uhoro it may 

be sonoible for sto.teo to oe<.')k a very small numbor of nueloar ttea.pona, 

a rapid intorna.tl.Gnal or a.dveraa.ry reoponae to a dmatie intonaifioation 

of a na.tion°a capabUity nould bo requirad amply to provent ita 

possel!lsion of trea.pono. That is, even irhon tho nation about to acquire 

nuclear uco.pono had no evident and immediate plane to use thom 0 a rapid 

enforcoment strategy (ouch as destruction of reprocessing facilities) 

might be required to prevent the fabrication (fer example) of illicitly 

obtained ma.teria.l into weapons. Such an enforcement strategy recognises 

the impossibility of finding already fa.brica.tod. nuclear weapona which 

ths possessing nation uishes to concoo.l. 

In a situation in which advoroaries had already deployed nuclear 

weapons, tho potential impact of nuclear w0apona on orioia inota.bill ty 

has a somewhat ambiguous character. On tho one hand, depending on the 

deployment modes of oa.ch aide 0a vea.pona, there may ba misnifiCMt advantage 

to a fimt nuclear otrilco. Howovsr, opposed to this destabilizing effect, 

nations may be deterrGd even from conventionnl confl:onta.tiona by !flheir 

fear of escalation to a devastating nuclear war. 'tlhatovor tho merita 

of th1.a lattor perspective with respect to the consequences of actual 

proliferation, it has loss porauasivo force in regard to latent 

proliferation. For in this case, the factors leading to conflict ar0 

eimib.rly strong uhilo the stabilizing factors for actual proliferation 

have no exact parallel, Thus, in a. crisis, the erletenoe of ve...-y h.1.gh 

intonsi ty latent nuclc;,ar ca.pa.bili tiea lzould appear to havo 11 ttle 

beneficial or ameliorating impact and could have a marked harmful one. 
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Diffusion instability prGsents a moro ambivalent case. On the one 

hand, actual prolif'eration could proceed more quickly the more intense 

the system in general. If a aign1fioru1t number of ato.toa aro very noa.r 

a weapono capability, then the move over the line to an overt uca.pono 

eapaei ty by ono or two countries could triggor a. rapid and confuocd 

nuclear dif.tuaion baforo the international community was able to react. 

Soma states may indeed believe that this period liould represent the 

ideal time to diaplay their nuclear won.pons. Thia is uhat could ha.ppen1 

in terms of capabilities, the more inten.11o tho system, the mora unstable 

it would be with respect to diffusion. However, if one oxa.minea 

intentiona mther t,ban aa~'hilities, the situation 113 less clear. For 

some states, the alternative to an overt, explicit nucloar weapon 

doployment may uell ba a hiehly intense latent capability. In this 

sanae, diffusion instability may oo clhdnished as countries intensify 

their programs or perceive ooya in which they may be intGneif'ied. 
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4. Tho Intarna tional System 

The preceding aootionc foouaod upon apaoific nations and specific 

eauai belli aa a. mcano of trying to srDSP tho aignifioanco of latent 

prolifora.tion. In thia ooction, tho goal is tho sane, but tho emphaoia 

is on tho "international syotom," or as defined horo 11 tho complex of 

lfaya in which nations (governments) 11 international institutiona0 and 

other actoro influence tho ways nationo interact. The international 

system is taken thWiJ am simply "the uayo things are done. " We ask 

tho question• how will tho spread and intensification of peaca1'ul 

nuclear power affect (1) the modes of international politics (tho 

means by which nationo commwrl.ca.te and try to influence each other)' 

and (2) tho global diotribution of power and influence? Pertinent 

to this inquiry will ba investigation not only of the direct impacts 

of peaceful nucloa.r power but also of the control measures it uill 

demandr thus, in part, this aection will occasionally anticipate 

the next 

f.lodes of International Political :Behavior 

At tho most tangible level, nations and intra-national groups 

impj.nge upon othar states and ext:a.-national groups in three fv.nda.mental 

ways. 62 (1) They may through economic policy affect other states' economioa 

and environment. Tariffo, surcharges, embargoes, import quotos, non-

renewable resource ecnsumption, economic aid, and lilte meaoures and 

activities do this more or lose direCtly. Money supply policies, fiacal 

62nooieions by governments can affect ~le citizens of other states directly, 
and converoely, oitizcma of one state can a.ffeot governments of other eountriea 
directly. HowavGr, in much of tho following, it will be convenient to rotor 
simply to the influence of nationo upon nationc, uith the widor possibilities 
not meant to be excluded from this short-hand formulation. Also the evident 
but important fact that government policies and actiono are deootded by _people 
wili not always be reflected in the language except when it bocomeo the essence 
of the argument. 
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measures, river basin manag0lllent, dam conotruotion, otc. could ha.va mora 

indiroct though still potent impa.ctr (2) They ma.y apply military force 

outaide na. tiona.l borders J ( 3) They may "communica. to" with othor na. tionale, 

via. radio propa.gandll 0 through Dut:lio and filmo, by cultural oxobangaa, ate, 1 

national polioioa can encourage or discourago such communication, 

This is not to say that nations do not exert influonce in other uayo, 

for example, through simply tho exaLlplo of their own political system 

(one reason come Soviet loaders no doubt feared the Czech government 

under Dubcok). But for such an oxa.mple to ba made manU'est to other 

countrioa, it must be communicated in some tangible mannc:Jr, economic, 

military, or through other diroct communication or transfer. Indood, 

the moat important way in which nations do exert influence and try to 

achieve their national interest ll.nd aomo atablo world order ia not 

through tho actual a.ppllea tion of economic, military, or propaganda. 

measures. Rather, it is through threat of such measuros. More 

"-CCurately, it is th.mugh the achievement of a system of sanctions 

conguont uith the national interest. This perapective requires elaboration 

for it is central to an understanding of the true impact of nuclear powor. 

A system of aanctiona is :taken hero to mean coordinated expectations 

of indulgences and deprivations meted out in authoritatively expected 

procedures with the ostensible objective of maintaining public order. 63 

These expectations - communicated, reinforced, dovelopad in a variety of 

ways - provide the central constraint to action by nation&l decision-makers. 

63Th is dofini tion 1a from 1f. Michael Rioaman as essay, "Sanctions and 
Enforcoment," in The Fu'!luro of tho International Legal Order. III, 274. 
The following diBcuaoion relies at aoveml crucial points on Rieama.n 'a 
analysis, though sanctions hero are pa:mitted to include a wider sot ot 
factors than is true for Riesman. 
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The task of any intemational actor furthering hia otm interest then is 

to establish a. system of sanetiono that trill confront thase ho ia trying 

to influeneo uhich are as compatible with his true interosto a.s possible. 

Thus he nill uant to develop a. "strategy of sanctions." Ho uill l-Jant 

to sha.po the system of oanctiona a.s he finds it in wya to hio liking. 

A sanction system is not fixed once and for all, but rather is constantly 

baing rearticulatod by a myriad of government and non-government decisions. 

The sya!ltem in tbio aonso ha.a an oxistential er,......:acterJ thoro is no 

unchanging oasoneo or ideal type and the stato of oanctions a.t any 

given time is the product of preceding acts and ata.temonts. 

A given international actor ldll try to oha.po the oyaten of 

sanctions perceived by other deoioion-makera. The full set of influence 

on theae decision-ma.kom is of course broader than this, and would 

include tho followinga 

(1) sanctions 1 tho oyatem of sanctions perceived by the decision

maker at a given moment. 

(2) economic, military, communication capa.bilitiesa these will 

constrain 11hat the nation can get away withJ they underly tho efficacy 

of sanctions. 

(3) ability of nation to forgo alliances, persuade other states 

to unde:rla.Ite actions, etc. 

( 4) internal factors 1 the impact of foreign policy on tho domestic 

policy ~vides a significant constraint on tho national decision-maker. 

(5) pere0ived benefits of the action contemplated. 
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(6) strategy of sanctions.a the international actors to be 

influenced will bo constrained by their ~ conception of an appropriate 

sanction strategy a.nd associated vien of public order. 

However important all those influences, it is nonotholeas more 

fruitful for the preoent inquiry to concentrate on the factors which 

can be moat readily affected, the system of sanctions. The components 

of thia c~~m as conceived by Rieaman include all the factors by which 

the '1coordinated oxpactationa of indulgencies and deprivations" derive. 

First there may ba adduced all the influence on conceptions of an 

international public order (or adversely on conceptions of international 

delicts). 64 These may be explicitly recognized by international treaty 

or convention and in international legal lrritings, or they may be 

implicitly shared by most international actors. For example, there 

is widespread (verbal) agreement on an individual's right to ow property 

and to be protected against willful destruction of his assets r on certain 

(obvious) aspects of national sovereigntyr on the intrinsic dignity of 

all humansr etc. 65 A second set of influences derives from expectations 

of enforcement, or, more generally, of authoritative response ·to deviant 

behavior• perceptions of the enforcement capabilities and intentions of 

various international actors. 66 In general, the Riosman categories 

64 See full definition of sanctions given above. 

6~iosman, "Sanctions and Enforcement," 282-286. 

66 Ibid., 292. 
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include all contributory influencea to sancti~n oxpoctationa including 

thooe which ha.vo bocome internnli~cd uithin tho individual and thooo 

nhich derivo from poreoptiono of poor group approval 0 ate. And all of 

theso factora may potentially ba influencod in one nay or other by 

latent proliferation. But for pr~asent purpoaos 11 it is convenient 

to regroup the Riesma.n categories iJJ.to two large components 1 

(1) Intorna.tional Law. Gonomlly percoivod catalogues of illicit 

behavior and noma of aceoptablo conduct, 

(2) International Enfore0n1ent Capacities. Theoo do not exhauot tho 

Riesma.n taxonomy, bllt do ca.pturo many of the factors moat likely to bo 

influenced by intonoification of nucloar capabilities. 

(1) Law 

Traditiona.lly0 international JD.u has not doalt with intoma.l acta, 

that is acto uithin a country by its non-govommtmtal residents, although 

in certain instanceo, international oonvcmtions ha.va slightly eroded 

this concept - for example, conventions dealing with na.rcotico and health. 6'1 

6'1seo, for example, Ian Bro1mlio, Prinoipi.oo of Public International Law, 
.52-64, 466-4861 Hersh L::.nterpacht, Opponhoims International law, Volume I, 
(le.ntorpacht/Oppenheim) , 981-983• The World Health Organization haG been 
authorized to adopt rogulationm concerning sanitary and quarantine requiremonto 
and other procedures designed to prevent tho international sproad of disease. 
In addition thero oxist nouly a.rticula. ted convontiona and practices concorn
ing tho criminal responsibility of individualo, eopeeially nth respaet to 
crimea against humanity• thoro has boon a gradual evolution of tho principlo 
that statoa have a right to punish toroi~ nationals for crimes against 
humanity. Brownlie 466-486, Lantorpaoht/Oppollhoim, para. 34C)q. 
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Also, laws of piracy ara aimed at indi vidua.ls although hare tho illic1 t 

actions are not generally assumed to occur within national boundarioa. 68 

By and large, however, internal acts are not covered by international 

law. This will havo to chango d.rat.:Jtically ns tho spread of nuclear 

power continues. 

With the oxcoption of certain aspects of biological research and 

development, no internal actions could be as directly unsettling to tho 

entire international community as tho illicit acquisition of nuclear 

weapons by non-governmental groups. Every organized society will have 

a deep stake in the discouragement of such acquisition, far greater for 

comparieon than itm stake in narcotics control. This unde~lying reality, 

once it is fully perceived, will almost certainly bocome recognized in 

international law and convention. That is, individual acts of diversion 

must become characterized as international crimes (such a.s piracy). 

Their suppr0ssion is thus a duty of all states, and a state negligence 

in such suppreooion could consequently bo conaidered an international 

delict, porha.ps justifying intervention by other otatos, 69 

68Piracy rofem to unauthorized acta of violence committed by :private 
vessels on the opon seas. It is a eo-eallcd "international erimo"r the 
pirate is conoidered tho enemy of ovory state and can be brought to 
justice anywhere. Every stato has the duty to prevent such acts of 
individuals 1 Lanterpacht/Oppenheim, para, 272, para, 151. Conventions 
against slave trade afford atill another similar oxamploa Iantorpacht/ 
Oppenheim, para.. 340h. 

69somc writers oven categorizo·:itolora.tion of activities by a state 
upon its territory of the acts of private persons which endanger the safety 
of other at4tes a.s a form of "intervention". La.nterpa.eht/Oppenheim, 
para. 134. 
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Just as intnrnationnl law has traditionally not covered acto of 

individuals within thoir ow countries, it al.Go haG not generally been 

applied to the intornal neto of gove:rni'!lento, 70 Thuo international 

law has had virtually no impact on domeotic legislation covering purely 

domestic activities. Again, recognition of tho potential dangora of 

latent proliferation will oxpa.nd tho nat of' activities appropriatoly 

covered by international law and convention. Tho firat dramatic man

ifestation of' this widened scope may ba parceivOO. 1n the aataguards 

clause ot tho Non-Proliferation Tzeaty. Thi~ clause and pursuant 

national agreements with the IAEA present a mo~ strildng departure 

from normal international paractioe than has generally bean realized, 

Thoy not only give internn.tiona.l inaJ10otors oe~ rights o:£ 

observation and measurement at varioua pointe in tho nuclear fuel oyoleJ 

they also require statea to au~it designs for domootie nuclear 

facilities for international approval.7l Presumably also tho State-IAEA 

agreement wUl requira the state to submit ita entire domestic ea:f'egua.rd 

system for IAEA approval. The recourse available to the IAEA and others 

should this approval not bo forthcoming is unoleart but tho safeguards 

agreement will clearly lend support to those who will want to place 

certain domestic actions or nogligonooe under international legal scrutiny. 

The question of possible enforcement will be considered presently. 

7°Even with respect to organized violence. See for example Rosalyn 
Higgins, "Internal War and International Law" in The Future of the Inter
B!_tiona.l Legal Order, III., erapeoially 81, fn. 

71Tho extent to which safogua%ds agreements pursuant to Article 3 will 
actually require auoh cubmiasion is not yet completely clear. But tho ~~dol 
Agreement (Soo Ch, 3, sootion 2) flooma to incorporate this provision. 
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Latent prolif'axat:ton is likely to have ono othor considomblo impact 

on the scopa of intomationa.l la.u and hou this law is poreoivad by varioua 

1ntemat1ona.l actors, This iopact derives from th9 tclescop3d timo 

frames for docioion 1mpoaod by tho uoo and dovolopmont of nuclear uoapona, 

Although no more momentous docioion by a domoomcy can be imaginod that 

its first commitment of nuclear weapons, such deciaion will in practice 

have to ba made almost entirely by tho highest executive ofticia.l.a - in 

tho United States, easontially by tho President alone, The~ exists 

insufficient time for vidor consultation should a crisia ariae, Nor dooa 

it seem practicable for legislatur0s through 1rider discussion prior to 

any crisis to lay doun oxpllci t contingency guidelines am to vhen nuclear 

weapons lla:f be WJod and when they nay notr it would not bo pcosiblo to 

envision all tho multiple contexte conceivable. Thus nuclear uoapona 

vitiate one of the historic democratic goals, to erodo tho executive 

preroga.tivea to undertake foreign wars. Tho consequent dilemma. "trill be 

increasingly perceived as nuclear capabilities intensifyr iadood, a.t 

very high 1ntens1 ties (very short load-times to weapona) tho decision 

to display nuclear weapons vill in some vays parallel the more drastic 

decision to use thomt that is, oruoial decisions will have to bo made in 

a brief period, in aocrecy, and under pressure, 

The democratic dilemma thuo stated hllla only tuo possible reoolutions. 

The first, and lose oatisfactory, would be the establishment of small 

standing commi ttoes of the Logialatures (Congress in the American case) 

who could ba called into deliberation immediately upon the onset of a 

crisis, such a.o tho Cuban miaaile advooturo. In this manner, a vidor and 

more democratic sensitivity might bo diroctod at tho crucial docioion 
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to diopla.y or to employ nuclear ireapona. Thio rc::loolution, however, has draw-

baclm. Most partinontly, it still docs not pomit a wide public diacuosionJ 

it would merely expand tho immooiate circle of adviaora by a omall number. 

Aloo, in several. countries (the United Sta.tos probably included) 11 tho ooloction 

of the commi ttoo uould have to ba mado l.a.rgely on a narrow political baaio 11 

with the moat analytic membara of tho Logiolaturo excluded in large measure. 

An alternative resolution of the dilemma would bo through explicit inter-

national agreement on uhen nuclear weapons could bo used. Since the conceiv

able contingoncica of such use are numerous and oomplioa.ted, the only basis 

for ouch international agreement would have to be a relatively simple pro

hibition., the simplest being nover to use nuclear weapons (first) under 

any circumatances. 72 Such an agreement would require considerable public 

72other variants, also relativoly simple in form., may be imagineda 
(1) A prohibition on tho firat use of nuclear uea.pona against non-nuclear 
statas (or agai.mlt non-nuclear weapon states signa:tory to the Non-Proliferation 
Traa.ty)r (2) A prohibition on the use of nuclear weapons a~inet non-nuclear 
weapon states that do not have nuclear weapons on their soil• (3) A prohibition 
on tho use of nuclear weapons agairust non-nuclear weapon states that aro not en~ 
gaged in a.n armed attack assisted by a nuclear weapon state, These fb:lme kinds 
of prohibitions, dirstinguii!Jhed by the nature or actions of tho states exempt 
from nuclear attack, essentially dover tho no-nuclear-use w.riants presently 
under international consideration, The complete prohibition remains tho most 
striking and oontroversi.al and 1a the only one that directly relates to :rules 
of combat between nuclear weapon states. For obvious reasons, variant (1) 
is the one moat frequently foxnarded by tho non-nuclear weapon states. The 
second variant, Imown as the "Kosygin Proposal," has been suggootcd by the 
Soviet Union p:robably because it exoludos \test Germany from the oompaas of 
the no-uso commitment. (Doaumonta on Disarmament, 1966, 11) Variant (3), 
similar to tho formula adopted by the United Sta. tea in connection with tho 
Latin American Nuclear Free Zone Treaty, appears to be the version most 
palatable to tho United Sta.tosr it clearly permits wide discretion by parties 
to tho ag:reemont on whon the use of nuclear weapons would ba pormitted. (See 
statement aooo:.npanying signature by the United States to Protocol II to tho 
Treaty for tho Prohibition of Nuclear Weapons in. Latin America, April 1, 1968. 
Dept. of Sta.to Bulletin, LVIII, No. 1,505, April 29, 1968.) Still other va.rianto, 
based on different distinctiona, a.re conceivable. Formulaa that have on 
occasion been considered include (a) prohibi tiona on the uso of nuclear lteapono 
against cities, (Sta:tament by Secretary of Dof'onao l·fcNa.ma.ra at Ann Arbor., 
Juno 16, 1962, found in Documents on Disa.mament 1962 11 622-629). (b) prohibi
tions on the firot uso of nuclear weapons outside one's om territory 
(Thornton Read, "A Proposal to Neutralise Nuclear Wcaponrap II Policy r~emorandum 
No. ~2, Center of Intemational Studies, Princeton Univoreity11 Dec0mbar 1960) 
and {c prohibitions on the use of "high"-yield nuclear weapons. 
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de ba to prior to 1 ts o.ccoptanca, a procesa which 'trould pcrmi t o. wide dis

cussion of the kinda of contingencies that might require first use. Thus 

oven if the adopted prohibition is o.bsoluta 11 tho loo.dorship b::>und by 

tho prohibition logo.lly 'flould have an enhtmood sense of tho type of 

extreme situation in nhieh it might bo broken. Mora important, however, 

such loaderahip would have an increased sensitivity to tho IdndG of 

situationo in uhich the employment of nuclear uoapona would not be 

justified. The guiding norm in any criais uould be not to uao nuclear 

ueaponsJ the guiding assumption uculd be that the o.dveraary would not 

uao them either. In sum, a no-nuclear-use convention would clarify 

the occasioM 11hcm nuclear use might bo contomplatedr nnd it would encourage 

tho widest possible doba.to on thia ir:ll:nU.t at tho only time such a debate 

would bo possible, before any crisis. Such a convention would have tho 

addi tio:nal impact of discouraging the overt display of nuclear weapons by 

sta.tes with highly intense nuclear programs, for it would present their 

leadership 1rith a view of tho limited utility of nuclear weapons. From 

the perspective of this section, the most important point to stress is tho 

increased likelihood of a no-nuclear-use convention, with its dramatic 

impact on the diacration of nations to employ nuclear weapons, due to tho 

spread and intensification of nuclear co.pabilitioa. 73 

?JThe purposo here ia not to undertake an analysis of no-first-use 
policies. For the b0ginnings of ouch analysio, the reader is refereed to 
Richard A. Falk, "On Minimiz~g the Use of Nuclear Weapons 1 A Comparison of 
Revolutionary and Refomist Perspectives" in On I4inimising the Usa of Nuclear 
Weapons, Center of International Studies Monogro.ph No. 23., Mo.roh 1966, and 
11Thoughta in Support of' a No-First-Use Proposal" in Legal Order in a Violent 
Worldr 42.5-440. Proposal for No Firat Uso of Nucloa.r lfea.pona, Cont6r of 
International Studios Polley Hemoranduc. 28, September 1963. Morton Halperin, 
"A Proposal for a. Ban on the Use of Nuclear Weapons," Institute for Defense 
Analyses, Study Memorandum Number 4, October 6, 1961. 
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Along with this heightened cones~ about the internal policies 

of governments, the international community uill ba forced to 

oonaidor uaya to aohiovo univama.lly binding agreements. As 

radical in aomo wnyo as is tho NPT 11 it io also tra.di tiona.l in 

imposing obligations only on states that explicitly accept thorn. 74 

International aa.foguard rightrJ must be secured through explicit 

agroemont by the safoguarded state;;(5 But since tho oxiatenco 

of even a fell maverick states with poor intomal safeguards 

controls could endanger tho entire international community, 

74Thio isn't quito trtteJ soo below. 

75soe Chapter j, section 2. 
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states may oo willing to ontarta.in dmcanio.n enforcement stra:tGgies to 

secure univaroal conpliance, Thoro ia littlo procodont for ouch a 

dovolopmont, but the prospectivo dnngora have nevor boon oo ma.rkod. 76 

(2) Enforcement 

Wo can vioti intCirna.tional enforcement a.o 11colla.bcrativo trans-

national policing of events uhich a plurality or majority of states 

commonly characterise as delictual. "77 This need not mean tho operation 

of an international sheriff, but rather "ito functional equivalents ouch 

that stable patterns of expectations are suata.inodp holding thn.t certain 

typos of behavior will be enjoined. u78 It is crucial to understand 

that ~he ~enational onforce5eut need not ~ accomplished by ota.tes 

acting in concert or by international institutions. Quasi-public or 

private groups, tlhothor in formal organizations or amorphous communities 

76Thore exist already several departures from the general rule that 
treaties cannot validly impose obligations upon states which a.ro not 
partieo to thom (Lantorpacht/Opponheim, para. ,522aa Brownlie, SOO)o For 
example, the United Nations Charter assorts that the Organization shall 
enaure that even states which aro not membem of tho UN act in accordance 
with tho Charter principles insofar as this is necessary for the mainten
ance of peace and security (Article 2(6)). The Opium Convention of 1931 
(Treaty Series, J!, 19JJ) affords another such examploa Article 14 of this 
Convention imposoo obligations upon atateo which are not partiea to the 
Convention inasmuch as the parties are under obligation to atop imports 
of certain drugs by non-parties who havo exceeded the maximum quantity 
of drugs allotted to them (Ianterpaoht/Oppemheim, para. ,522a), See also 
tho ~litioal analysis of universally-binding agreomentm by S, Yutor, 
"l<faintaining Nuclear Peace Through International Law, 51 January 1968 
(unpublished) • 

77Rieaman, "Sanctions and Enf'orcomant," 282. 

7fi:bid. 0 282. 
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(such as "scientistsn) cou.ld and frequently do serve important enforcement 

functions. Intensification of nuclear eapabilities could affect inter-

national enforcement in several respects including in particular through 

(i) an increased enforcement role for certain non-governmental groupo1 

(ii) an a.ltorad international concept of intervention• and (iii) an 

increased willingness by nations to fozce univoraally binding treaties 

on recalcitrant states. 

As the roa.liu.ation spreads tha.t tht:) national security is throa.tened 

as much by a common wlnerabili ty to internal acts of violence and a 

general diffusion of weapons of mass destruction as it is by more 

traditional threats, non-governmental organizations and communities uill 

doubtless become increasingly willing to participate in enforcement 

procedures. The recent air hijacking events provide an instructive 

illustration• while nations and international institutions appeared 

frozen in indecision and debate on how to handle the political hijacldnga, 

one of the strongest impulses to drastic action came fl.'Om the intoma tional 

Air Pilot's Association and froa the airlines, The sanction (here 

expectation of penalty) was imposed on the hijacker indirectly by the 

airline associations, whose direct impact ws on the national govemmenta 

who might have tended to be hospitable to the hijackera. ?9 The 

Associations weN able to act quicklyr they assexted the dominance of the 

interests of all world travellers (and the airline industry) over tho 

interests of particular states. In this senoe, the functional interests 

overcame tho purely diplomatic, 

79see Riesman, "Sanctions and Enforcement," 283-284r Netr York 'l'imes 0 

February 15, 1969, May 25, 1969. 
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~lith rospact to the dif'f'usion of nuclear po-aer0 tho into:mationa.l 

nuclear industry and the s:oiontific community in general could in 

principle pl.a.y an important :role in tho development of an offootivo 

system of aanctiono. Industry could apply sanctions in mony ua.ya 9 moat 

notably by providing severo economic ponaltioa to groups and ota.toa 11ho 

do not cooperate uith an intorna.tiono.l safeguard offort1 a community goal 

ought to be to givo economic stake to powerful g:roupa ui thin each 

country in tho maintonanco of strong aafegunrda. Some atich po::~sibill tiea 

a.ro raised in section ,5. Tho point of emphasis ho:ro is tho increased 

opportunities and prospects for "ama. t~ur" transna. tiona.l sanctioning 

because of latent proliferation. Simil.ll:rly, for scientists and other 

essential technologiata. The simple theft or diversion of nuclear 

material 11111 require scientific advico of high quality1 and tho fabrication 

of such material into weapons will require still more high quality 

technical input. Neither criminal groups nor govo:mmonts could engage 

in substantial clandestine nuclear activities (raprocesaing, metal 

fabrication, isotope separation, testingr oto.) lfi th.out alerting 

significant numbers of nationa.l scientists. The vigilance of these 

scientists would be oapocially valuable in discouraging criminal activity. 

And this vigilance would strongly discourage tho kind of trick discusamd 

in Chapter 3 uhara a national divoraion is masked as a criminal theft. 80 

Unloss larse numbars of parsons are lot in on the secret, sta.tos uill 

find scientists who might ooopera.to if' they kneu lfha.t was going on 

instead of :roveallngqinforma.tion to an intama.t:l..ona.l inspectorate. Put 

80chapter 3, section 1. 
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another way, states uill genuinely want to encourage acicmtiata to 

detect and report any unauthorized uaes of nuclear energy. .But once 

they do this, their ow flexibility becomes inevitably diminished. 

The scientific community could cora generally induce expectations of 

censure in members who violate internationnl convention oven at thQ 

bank of tho state. That ia, the community ma.y apply sanctions to 

its individual meaoo:ro. 

As has been repeatedly stroaaed here, tho internat!<i.na.l coiall1Ul11ty 

could ocarcely parmit oven a. single state, whether through carelesano!ZlB 

or deliberation, to allow plutonium to .come into the possession of 

terrorist groups, oapecia.lly those based outside the particular nation. 

There can likewise be little toleration for an erbitrazy unshackling 

of internatio~l aa:f'eguards by some state if such action were likely · 

to precipitate a chain reaction of safeguard renuncia.tions. This implies 

an increasGd. willingness by the international comnninity to organize 

multilateral intervention or to countenance and authorize unilateral 

intervention. Intoma.tional Law already recognizes the right of 

unilateral or collective intorvention in instances when states tolerate 

certain types of 1llicit activity harmfUl to other sta.tes. 81 Dereliction 

of safeguards obli~tions must eventually prove gxounda for such intervention. 

81tanterpacht/Oppanhe1m, paras. 127, l27a, 134-140. "States aro under a 
duty to prevent and suppress such subversive activity against foreign 
Governments as assumes the form of amed hostile expeditions or attempts to 
commit common crimoa a.ga.inst life or proporty." (parae l27a). It may oven 
be hold that failure in this duty itself constitutes a fom of illegal 
intervention (para. 1)4). 'Intervention' is taken throughout this discussion 
to mean "dictatorial by force or threat of force interference by a. state 
in the affairs ot another state for the purpose of maintaining or altering the 
actual condition of things," (par.a, 134) 
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Distribution of Fower 

DisOUGBion of tho i.cpaot of latent proliferation on tho intorna.tiono.l 

di.Dtribution of power has in largo mGa.auze al.roady ba0n nnt1oipatod. 

Hovevor, it aoono uorthuhile to ropriovo oome of tho earlier idcna in a. 

more concentro.tod manner by foauming on particular Mpocto or idoaliza.

tiona of tho intemo.tional oyatema tho role of intomationo.l 

institutions, tho viability of tho na.ticm-state, aphores-ot-infiuonoe 

and p()la.rity. 82 

l·lith respoclt to intoma.tional inmtitutiona, tho most dramatic 

impa.ct will be loss from the spread of nuclear power directly than fmm 

tho implementation of measures to control tho opraad.. One cl.e.aa of 

auoh mcasuros vould ineludc intoma.tiona.l ownomhip and mana.goment of 

some of the key olemoota of tho nuol0ar :fuel cycle, for oxamplo, 

reprocessing plants. Such uintomationaliza.tion" whether under tho 

auspices of tho IAEA or under a ncmly-oreatad organir.a.tion created 

subsequent to an intoma.tiona.l a.grooment, vould if actually implemented 

constitute an unprecedented developaent in international relations. A 

significant part of a sta:to•s power capacity would be entrusted to an 

intema.tional bodyJ no country tfould be able to doviae ita ow energy 

policy indepondent of other ata.tos. 83 

82By "power" we mean hera simply the ability to inf'luonce th13 
actions of individuals (singly, in groups, as govomments, etc.). 

83seo section S this chapter fOr a. discussion of tho kinds of 
intorno. tiona.l inati tutional changes that may be envisioned. 
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f·7oro ~~Spocifieally, tho da.ngars of latent prol.Umation rlll a.lmoat 

certainly a.ltor tho trorld.ngo of tho IAEA and th@ United Na.tiono 

Security CounoU. Tho enforcement procedures to bo folloucd after a. 

oaf'ogwu:da obligation aro currently unclear, a.nd uill ovcmtually ho.vo 

to be tmdo explloit. This rrill probably require sol'!lo non oxooutivo 

committee attached either to tho OonnoU or to tho IAEA l3oa.rd of 

Governors which could react rapidly upon suapicion of a aafoguard 

viola.tionr tho pace of tho Security Council at present, not excepting 

oituationa (such as tho six-day ua.r) 1:1hon apacd Boomed absolutely 

neceesa.ry11 appears hamly capable of a. rapid responae thnt requires 

action rather than resolution. Tho security @lllra.nteee attached to 

tho Non-Proliferation Treaty a.loo suggeato a proopoetivo evolution in 

Council procedures. Ono may roeall tho relevant Seourity Council 

Resolution in tlhich the Cotmcil ''welcomed the intention exproseod by 

certain states that they will provide or support 1mm0dia:te aaaistanco, 

in accordance ui tb tho Charter, to any non-nucloa.r•wea.pon ota to pn'ty 

to the NP!' that 1a a victim of an act or a.n object of a threat of 

aggression in which nuclear weapons are used. "84 Although implementation 

of thia resolution apparently need not require fUrther action bf tho 

Council a.a a whole, the Council or a. special eommittoo of it would 

doubtless want to take at least verbal action prior to any actual 

implementation. This will require nw procedures. 

SLJ.S/RES/2.5.5, 1968. Adopted by tho Soourity Council at tho 1433rd 
mooting, Juno 19, 1968. 
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Aside from ita role in saf'ogulU'da enforcement, the IAEA uill 

increasingly have to develop an native role in tho direct control of 

nuclear pouor. This may bo accomplished through tho international 

ma.na.gene;,nt or ownamhip of nuclear fa.oilitioa ns alroa.dy suggested, or, 

for oxamplo, through tho institution of a plutonium brokorago at tho 

IAEA. 85 The orl.gina.l IAEA charter permitted tho ovolution of tho 

Agency in thii:J manner, a development so far aborted, but ce.rta.in 

to be encouraged again under tho influence of latent pxolif'oration, 

and the inexorable aeemnula.tion of plutonium stockpiles. 86 It is 

interesting to note in this connection that in tho fields of narcotics 

control and health regulations, a fen spaeialim0d UN agencies, notably 

the World Health Organization, have a.aaumed remarkable regulatory potters' 

indeed the World Health Assembly ha.a been givon the authority to adopt 

directly regulations conceming sanitary and quarantine requirements 

and other pmcedureo designed to prevent the inte:rna.tiona.l =Pl:""'...ad of 

disease, without offooting theme :regula.tioni'!J through intorna.tional 

conventions and treatieo. 87 

85see section s. 
86Tbe IAEA Charter states in part that the Agency shall "requiro 

doposit with the Agency of o.ny exceao of any fiaeionable ma.terio.lo rccovorod 
or produced as a by-product ovor what is needed for atated-peaoefUl uses 
in order to prevent atockpiling of these ma.teriala, provided that the:a:-eaftor 
at the request of the momber or members eoncemed apecial fissionable 
materials ao doposi ted vi th the Agency shall oo retumcd pxomptly to tho 
member or members concerned. 11 IAEA Statute, Article XII, 5. 

87Lantorpaoht/Oppenhoim, 981. See also fn 67 above. 
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Tho nuclear age hatJ already eroded any pristino notion of national 

sovereignty. This is manifaatod most fundamCZllltally in the inability 

of governments, even of tho moat powerful nations, to protect thoir 

populations from tho moat gdovoua attacks (except by threat of retaliation). 

But tho availability of plutonium derived from peacefUl nuclear programs 

renders old conceptions of sovereignty altogether inappro~te. Modern 

urbanized states are extrao::rdinarily wlnora.blo to terror and dieruptionr 

they cannot tolerate intimidation by nuolaa.r throat, a danger which will 

bo created by any significant la.pso of sa:f'ogua.zd effectiveness virtually 

anyHhere in the world. The most dramatic impact of latent proliferation 

will probably thus ba to quicken people's perceptions that nations 

can no longer g-.mranteo their eeeurl ty and peace-of-mind! they will hl!.vo 

to look elsc:mhore :f'or such guarantors - to international and regional 

institutions and to transnational actors. As sugger3ted earlier, 

individuals tdll increasingly have to act as international actors, 

with thoir primary allegiance to an intoma.tiona.l polity. Thia ia all 

the more true given current conceptions of national leadership, which 

hold tha.t the governmental roproaentatives of the citizenry owe primary 

allegiance to that citizenry, not to a wider community. Of course, 

in principle the two perspectives need not divergea what's good for 

the world ma.y be good for tho nation. But, in practice, a national 

leader will often have to choose bettleen some ehort te:rm and clear 
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advantage to his otm nation and a 'tJid.or and ~saibly vaguor interest 

in world order. 88 Thus national loaders muot ba oxpacted to diopcoo 

their countries 0 nuclear lleapons and capabili tics in a narrou and 

selfiab fashion, advancing national influence and power over intorosts 

of domestic tranquility. 

Nuclear wca.p::mo ought in theory to have vastly altered national 

perceptions of sphercs-of-influenco, which may be taken hera as::zones 

or regions in which pouer.f'ul otatoo t:ey to oxorcis0 special influence 

88.rbe AmGrica.n decision to drop the atomic bomb on Hiroahima. 
a:f'fords an interesting lllustration. Firat, did President Trtunan oven 
have the "right", given his charge by the American pooplep to docid~ 
tlmt Ja.panesa civilian livas were to be saved 1n preference to 
American combat oa.aua.lties? That is, did Truman have a moral oblisation 
tc protect Amarican lives at virt.ually whatever cost to the enemy 
(assuming of coume tha.t this was the manner in which tho usauo 
presented itself)? Secondly, could the President reasonably decide 
that the adverso procedential impact of tho bomb in tho long run 
outweighed its (perceived) short texm utility? Hovev0l!', one may 
now wish to answer these questions, in tho abstract, it 1a clear that 
national leaders believe their moral responsibility requires their 
pursuing a. fairly na.rrow nationB.l interest. On tho atomic bomb 
controversy, sao G. Alpemvitz, Atomic Diplomacy• R. Batchelder. TI'lo 
Irrevorniblo Deoisionr H. Fcis, The Atomic Bomb and the End of WWII1 
H. Stimson, 1'1'ho Decision to Uoe the Atomic Bomb, 11 in Grodzins and 
Babino itch, ads., The Atomic Agel R. Waaoerat::rom, ed. 11 War and Morality, 
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over other state's domestic and foreign polioiea. 89 Before the advent 

of nuclear pouer, a nation's aeeurity depended (or appeared to depend) 

both on tho economic resources it coilll!lO.llded and on tho degree to uhich 

it controlled ita border regions and beyond. But the current realities 

of tho nuclear ago it may have been thought would have changed this 

perception. The security of the United Sta.toa and Soviet Union would 

no longer appear to depend very much on the rest of the world or on the 

uea.lth or terriroty theso ota.tea command outside their national borders. 

Rather11 the security of tho two auparpowers now derives predominantly 

from their ow national nuclear arsenals and parlun.pa more importantly 

from their relative ability to avoid any direct confrontations. If 

valid, thio perspective uould suggest for oxa.mple that a growing Soviot 

influence in the l1iddle East uould provide a t.hreat to Soviot security, 

not a :raa.saurance. Moreover, as the large nations have increasingly 

89Toda.y, the power£111 t:§tates of significance are only tho United 
States, Soviet Union, and (p0rhaps) China. In general, the special 
infl.uence 1a deployed joa.lousln a principal objective is to minimize 
to the extent practical other powerful statoa• influence. FJ:om this 
perspective, the main targets of influence are the foreie;n policies 
of the States within the given sphere. But, as with the United States 
in Latin America and the Soviet Union in Eastern Europa, tho domestic 
policies of nations within tho sphore are also of concern. Foreign and 
domestic policies are in any case r.alated, dirootly in many instances 
or indirectly through the oxamplar influence of a do~cstic system (one 
reason tho Soviet Union doubtless opposed tho liberal Csech regime). 
Spheres-of-influence haG alae a more narrow logal definition, describing, 
(1) territory exclusively reserved for fUture occupation by a power 
11hich had effectively occupied adjoining territories, (2) territory 
in a weak state enjoyed by tvo stronger stataa by agrooment botwoen 
themselves, or (3) territory in a weak stato onjoyed by a strong state 
by virtue of agreement between tho two. Lanterpa.eht/Oppcmheim, 
para. 22?. 
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learned to exploit their orm uealth and have rootwnded to tho rising 

uelfa.ra demands of their populaces, tho economic wluo of aphoroa-of

influenco would have been expected to uane.9° Thus for all theao 

reasons ono might ha.vo axpoeted that ''near" places would have booome 

as irrelevant as "distant" onot~ to tho nuclear ~uem. 9l But suoh 

does not appear altogathar to luwo ooen the case. 

The Soviet invaaion of CEechoolovakia and the Cuban miaaile 

crisis provide merely the tuo most dramatic manifestations of tho 

endurance of spherea-of-influance. Other evidence is provided by 

Soviet incursions in tho Middle .liaSt, con·l;inued oppressive Soviet 

influence in Eaotorn Europe, tho Domini~iiu. landbgs, and tho spacial 

na.tchful.ness of the United States eleotihare in Latin America. Why 

this endurance of what should be an outmoded concept? One reaoon 

derives from tho polarising American..Soviot idcologies.l conflict 

after ~lliii. Any advnnce in intluC:.lllco by one of tho tuo powora was 

vle1fed as a grievous loaa by the other. Any Communist gain in Latin 

America, for eltl!lmple, trould inevitably bo doplorod by tho United 

States nhatever tho actual ensuing aecurity implications. Similarly~. 

--------------~·~-

9°certa.inly a. oontrovorsial issue, howevor. Lee R. Cooper, .!!!! 
Economics of Interdepondon.co J K. Deutsch, et al, , Fra.nce9 Germany 
and the Western Alllance1 and espocia.lly, E. Morae, 11The Politics of 
Interdependence, n in Intemational Orp;nnization, XXIn, No. 2 (1969). 

9lAn inversion of Wohlstetter•s idea that distant places are now 
as relevant as near ones. See Albert liohl.Btotter, "The nluoion ot 
Distance," Foroip,n A:f'faira, Volume 46, Number 20 January 1968. 
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tho Soviet Union lw.fl opPDacd any turn towrd tho West by the countries 

of Eaotorn E-a1r0pa. A bipolar vicu of tho u·orld strongly bolstoro the 

validity of ophoros-of-influonco. 92 Another argument for tho endumnce 

of spheres-of-influence htl.a boon advanced by some American "ravioionist" 

historians, 611oh aa G. Kolko. Kolko, for oxamplo, a.rguoa that a 

crucial determinant of American foreign policy has been the conocious 

quest by ~vernmont deoiaion-makora for assured sources for raw 

matorialo a.nd for foreign markets. 93 There seems, houever, no 

porsuaaivo ovidenco to support th1a contention. 94 Whatovor ita degroo 

of truth, hovevor, the moat important contriblltion to tho Glldurance 

of spharas-of-influonce may simply be a kind of bureaucratic inertia, 

a.n inability of bureaucrats and national security managers to tum 

away from old na.tional goals. 

Whatver the :f'oroe of these arguments in tho past, it 1a likely 

that latent proliferation will further support the idea. of ap.1-terel3-of-

1rd1.uence. Firat, the great powers trill see increasing importance 

to tho control of certain resources outside their borders, notably 

92r-Ioro accurately, a concept of zones of influonce uhich encompass 
not only traditional spheres-of-influence but more distant rogions aa well. 
See Richard Fal.k, "The Leg! tima.cy of Zone II a.s a Stmcturo of Poll tical 
Domination," The Center for Advanced Study in Behavioral Science, August 
1969 (unpubllihoo). 

93Ga.briol Kolko, The Roots of American Foreign Policy. 

99-see, for example, Richa.rd Barnet, Intervention and Revolution. 
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uranium. This 1d.ll not be becawJa a! thor tho United States 11 Soviet 

Union, (or China) naods ouch uranium, but rather to p:t'Gcludo othor statGa 

from obtaining it. In pa.rtioulnr, it must bo expected tha.t tho Soviet 

Union uill oppose any dovelop:m.onto in Central or Ea.ctom Europe uhioh 

might eventually provido tloot Gom£llly with an independent supply of 

umniUI:l. Aside trom uranium, hoNowr, thoro ora various ator1alo 

nooded for a fluor!ahing nuclear industry whieh are not found in high 

abundance uithin tho terr!torioo of tho nucloor pouers. 9S In those 

cases, the important nuclear powers will soak asi'JUred sources of tho 

critical ra.n ma.torials. Far moro important to sphoroa-of'-influonco 

than these conaidara.tions, though, is tho powerfUl interest of tho 

nuclear pouero in d.imem.zmging intonsification of nuclear aa.pa.bilitios 

in oountrioa w! thin thoir ow geographic region. The chief' roaaons 

for this have boen omphasised above a tho da.ngora associated ~i th 

actual nuclear pxolifara.tion within tho region, tho risks that the 

nuclear powers will bocomo cm(;lgod in interventioM to prevent 

proliferation, and the dangero that mtb-national. terroristic groups 

11! th tar~t goals within the terri tory of tho nuclear po1rer will bo 

able to acqtd.ro nuclear material in adjoining toxrltorl.ea. 

Aaeoeia.ted uith sphores-of-influenco ia tho concept of polarity -

tho degreo to whioh puvor !a distributed ovenly throughout thG world. 

As suggested in aootion 3, aovoral analysts have mado much of the 

95.For example, a raaont atudy at the Oak Ridge National laboratory 
(M. J, Boll, "Availability of Natural. Rosoureos for Molton..Salt Breeder 
Roa.ctom," ORNL-Ti-t-3.563) haa identif!od several materials uhich uould 
be needed for a widespread deployment of molten salt brooder reactors 
and nhich aro not plentiful uithin tho United States. 
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il:lpact of ~lifomtion on polarity and consequently on stability. 

Their arguments auggeat that (o.ctual) nuclear prol.if'omtion will 

produce a. multipolar uorld (mora than tuo states uiU be a.blo to exert 

significant influence outside their oun borders) and that thio uould 

b<::l either stabilizing (Ma.aters) or destabilizing (Hof:f'ma.n). 96 L!l.tont 

proliferation pushes the ambiguity to an earlier otase. Tha.t ia, 

it 1s not clear oven that it would oro".o bipolarity. Indoed11 on 

balance, it a.ppea.z"S probablo that tho spread of civilian nuclear power 

will reinforce a. bipQl.a.r oyatom (or tri:pola.r11 with Chi.wl) a.nd 

eventually even lead to a kind of American-Soviet hogemony. This 

for tho Bail(i) fundamental renaon that latent p.rolif'ora.tion ie llkoly 

to incroa.so tho validity of ophoroo-of-lnf'lu~mcoa the great pouora 

cannot tolerate tho dangoro 1nhoront in an uncontrolled oxpanoion 

of nuclear po'h-er ca.pa.bWtiosJ it will bo in the interost of all 

current nuclear powora that any suoh thrca.t0ned. uncontrolled oxpanaion 

be quashed, by almost whatever means. 

96see section 3, thio chapter, ospocia.lly the discussion of stability. 
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5. Toward a Strategy of Control 

Introduction - Ganer.al Objectives and Characteristics of a Control Regime 

The central conclusions of the preceding analyses are these• 

(1) Under current trends, civilian nuclear power programs will 

become incroasingly intenaer that is, they will be ever more readily 

convertible to weapons purposes, This intensity will be characterized 

predominantly by an increasing national independence over the nuclear 

fuel cycle. International safeguards alone will not provo sufficient 

to prevent this intensification nor the consequent conversions to 

weapon programs. 

(2) Such conversions will be the more probable, the more intense 

the civilian nuclear programer and in ganeral, the instabilities introduced 

by latent nuclear weapon capabilities 1rill become more pronounced as the 

intensity of the capabilities increase. 

The crux of the problem is that safeguards are following technology 

rather than the reverse. Civilian nuclear power is developing more or 

less on its own terms with ita own economic rationalization. Those 

wishing to institute controls do the best they can consonant with the 

already determined technology .97 A proper control effort will reverse 

gr 
For example• "Whatever the outcome regarding isotope separation 

in Japan may be • • • I cannot agree that people looking at the problem 
from the intornational security point of view should regulate the 
encentives and actions of industry, Whatever comes out of enrichaent 
technology development for an inudstrial application must bo looked at 
as reality, The means to cope with this reality, ba it safeguards or 
otherwise, must be found." (R. Imai in Civilian Nuclear Power and 
International Security, 3?). 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

-282-

this idea1 nuclear power programs cannot be permitted to develop under 

simply economic and technical guidelines without the safeguard interest 

being recognized early and persistently. Moreover this interest must 

be internationally manifested. As Leonard Beaton has observed, statesmen 

do not notf possess any convincing world image for the longer term making 

it difficult for them to construct policies whose "point and purpose is 

to defend the character of the longer term. "98 

A strategy to control latent proliferation must have as object a 

dimunition in the intensity of the system through the discouragement of 

any significant degree of independent national control of nuclear material. 

Key nuclear facilities ought to be distributed in such a way that no 

single non-nuclear country be able to produce nuclear material independently 

on a substa.n~ial basis, and so that any nation wishing to subvert the 

agreed system would pay grievous economic penalty. In terms of the 

preceding section, this goal may be sought by the inculcation of an 

appropriate sanction system - a set of expectations and enforcement 

procedures combining both political and technical constraints on 

national behavior. The technical factors will be those which physically 

deny a nation complete access to all requisite parts of the fuel cycle. 

The political f~etors will be ones which discourage nations from even 

seeking such access. The two types of factors interact. The teclmical 

measures described below will have little chance to be implemented if 

nations are not simultaneously per3uaded of the folly and disutility of 

98Bea.ton, in Civilian Nuclear Power and International Security, 81. 
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nuclear treaponry. Thus although· political measures such a.a no-first-usa 

agreements, teat bans, strategic a.:rms limitations, etc. a.re not 

discussed here, it should be emphasized that a.ny control strategy must 

eventually encompass such elements. 

Whatover specific and detailed schemes are considered, a. control 

strategy must givo ~~e non-nuclear states strong political and economic 

incentive to cooperate, a requirement which demands various degrees of 

participation by the nuclear weapon states in any intemationa.l control 

arrangelllents that might be agreed upon. The central political 

imposition on such arrangements would be a. fairness or equality of 

obligation among the participants -- an acceptance by both nuclear 

a.nd non-nuclear atates of similar intemationa.l obligations, and of 

comparable access to the aut.hori ty overseeing the creation and 

implementation of these obligations. This is not an obvious or 

immediately compelling proposition, since·~control of peaceful nuclear 

programs quito clearly has distinctly different purpose and impact 

1n nuclear weapon states than in non-nuclear countries. Nevertheless, 

deapite such asymmetries, non-nuclear countries have insisted on 

equality of obligation 1n regard to safeguards 1n connection with the 

Non-proliferation Treaty and may ba expected to continue to do so 

in the future. 

Tho concern of the non-nuclear states is not ima.ginaryJ they have 

a. legitimate reason to fear that were they excluded from various 

commercial nuclear activities and the nuclear weapon states not similarly 

constricted, a. severe asymmetry in industrial developmont, parallelling 

the currant asymmetry in weapons development, would arise batueen the 
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nuclear and non-nuclear states. Moreover~ were there such an asymmetry, 

the non-nuclear participants in any international control arrangements 

would possess little protection against increasingly stringent inter

pretations by an international control authority uhich trould inevitably 

ba heavily represented by tho nuclear atateor that is, by the states 

which 1-rould not fool tho brunt of severer control mechanisms. Whatever 

the strength of such direct (though imprecise) economic concerns, 

it is also evident that habits of sovereignty will lead non-nuclear 

states to demand reciprocal limitations on the sovereign prerogatives 

of the nuclear states, if they themselves are forced to accept such 

restrictions, even if tho limitations imposed on the nuclear coun:triea 

are essentially meaningless at least trith respect to proliferation 

concerns. Thus, in sum, the first requirement of a successful control 

effort would appear to be an equality of obligation among the 

participants. 

Similarly, any control scheme must ensure the non-nuclear 

participants a. fair ahara in future peaceful nuclear developments 

devised in the industrialized nuclear-weapon statesr and it must 

persuade the non-nuclear countries that they need not search for energy

aecurity at the expense of other objectives. With respect to advanced 

developments, a spacial burden of control must be placed on the United 

Sta tea, which is by a large margin the lender in the development of 

nuclear energy for peaceful purposes. The United States along with 

other important industrialized countriea (notably the United Kingdom, 

Cana.da, tho large Nestom European countries 0 and Japan) could help 

enouro stringent controls on key futuro developments, oapecia.~ty 

breeden~, by raising the prospect that other nations would share the 
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fruits of the developments in retum for their cooperation :1n such 

control. Eoono:aic advantages altmya appear mora compelling at a time when 

tho political and escurity repercussions of a given couraa of action 

seem distant. Thus it uould lie hoped that nations could ba found to 

tight controls on broedero and othor prospective developments before 

these developmsata progress to a :point uhere the d.raubacka of such control 

become moro manifest. The principal way to persuade nationa to accept 

less energy-security than they could otherwise obtain is through tho 

development of institutions, procedures, and expectations that 

encourage the prospact that the contl:ol of commercial nuclear prog:rams 

uill be administered fairly and narrouly~ In tho long run, nations 

uill forego national isotope soparat.ion facilities, reprocessing plants, 

otc, only if their access to such facilities are assured through 

international or regional convention, not through the continued good 

will of a single nation. Since expectations ta.lte time to develop, this 

internationalization of nuclear commerce will have to proceed gradually, 

in a variety of functional steps. Given the prospective importance of 

nuclear energy and the uidespread. desire for energy-security, states 

will give up energy independence only slowly as they gain assurance 

that secure accese to nuclear power is ensured by the international 

community. 

Equality of obli~tion and full participation by non-nuclear 

states in civilian nuclear commerce pzovide incontrovertible guidelines 

to the establishment of any control scheme. However, Ibbst other 

conceivable overall objective cl~ctoristics of a control strategy 

raise serious dilemmas, ~o in particular may be mentioned. Should 
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states be given economic incentive to participate in ·international 

control measures? Should the nuclear fuel cycle be contr.alized? 

In the first inotancet lt is reasonably cloa.r that reductions in cost, 

through for Oltample th~ provision of free fuel reprocessing, minimal 

interest charged to fuel inventories, toll-enrichment services, etc., 

provide a powerful lever to persuade nations to accept concommitant 

control arrangements. For nations determined to pursue a nuclear 

weapons program, such savings would of course be ineffectiver their 

value lies in encouraging appropriate response in countries at the 

moment not committed to nuclear proliferation. At the same time 

one would wish to effect these economic incentives, t~ere exists 

the contrary pressure not thereby to subsidize nuclear power and 

consequently cause a wasteful and rapid expansion of nuclear 

activities where conventional fuels would do as well or better. 

Thus a central problem inherent in moat conceivable schemes to 

internationalize nuclear energy will be to devise arrangements which 

will on the one hand appear economically attractive compared to 

national approaches to nuclear power development, but no unduly 

attractive compared to conventional power alternatives! 

A similar dilemma is raised by the issue of centralization. 

Centralized and cloaed fuel cycles, llhera the fabrication, reactor, 

reprocessing, and metal finishing facilities are coterminua at a 

single location minimize drastically the transportation of fissile 

material with its consequent vulnerability to illicit diversion. 

Such centralization lfould also (probably) ease the safeguard task, 
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and especially that of prociding physical security. There exist 

potential disadvantages to cent:mliza.tion, however. Above all, 

centralization would tend to givo states complete physical control 

over the fUll cycle. It discourages the idea of internationally 

owned regional fabrication and reprocessing facilities which could 

service reactors in several countriesr it in a sense encourages 

nuclear antarchy. 
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Potential Controls 

In this soction are altetched a fov technical elements of a 

potential control strategy to restrain latent proliferation. 

"Technical" rofara hero simply to effocts on tho actual operation of 

tho nuclear fuel cyelo, in dis tinction to "political" measures et:f'foc~ing 

national security perceptions. Tho purpose of the sketch is to provide 

some picture of the kind of institutional changes that can, and in the 

long run, must be eff~cted. It does not provide any detailed definition 

or analysis of the potential measures. 

It is natural in beginning a search for international arrangements 

to control nuclear power to concentrate on critical points of th~ 

nuclear fuel cycle, that is, those pla.cea 'tlhero the diversion of 

fiasile material might most easily be accomplished or whero an inter-

national authority would be able to exert the moat leverage if a nation 

chose to ini tia·te a nuclear weapons program. Tho firat such point 

that suggests itself is at the source, the uranium mine and mill. 

Uranium though not rare by any means is nonetheless so far found in 

relatively few areas, and found in accessible quantity only in the 

United States, Canada, South Africa, and Sueden (among the non

Communist nations). As indicated in section 2 above~ uranium and 

reactor suppliers are now in competition to provide recipient states 

as secure a supply of uranium as possible.99 From a safeguards 

99The case of the Australian tenders as desoribsd in section 2 
is particularly illuminating. 
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perspective, this competition is undesirable, That is 0 nations 

'~<rishing to establish energy security tdll inevitably increaflo their 

independence over the nuclear fuel eyclo by forcing bidding among 

the uranium suppliers. What is uanted are agreements among uraniut1 

suppliers not to undercut one another 1n the safeguard terms under 

uhieh they Hill sell uranium, and among both suppliers and receivers 

which will assure the recipient state of a continuing supply of 

uranium (as long as it accepts BB.feguards) without :permitting the 

state independent access to uranium regardless of ita adherence to 

safeguards. The goal of agreement among both buyers and sellers, 

uith perhaps the establishment of an international clearing-house 

for uranium sales, would be simultaneously to reassure buyers that 

uranium flows will not be arbitrarily cut-off and to permit cut-off 

if the buyer flaunted safeguard obligation, To prevent uranium 

transfers outside of such agreement, the agreement might need to 

require the extension of safeguards to the uranium mine and mill.100 

A second critical point in the nuclear power cycle occurs at 

the isotope separation plant. It clearly would be desirable that no 

such plant be constructed unilaterally by a non-nuclear country, 

partly because it could be used directly to produce fissile material, 

and partly because a country without an isotope separation facility 

100 
There are at present no international safeguards applied at 

the uranium mine or millr safeguards do attach to transfers of 
uranium of significant amount. 
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but depending on enriched uranium reactors would be vulnerable to 

international sanctions if it violated an international safeguard 

agreement. That is, because enriched uranium reactors could not be 

rna.de to operate on a. complete natural uranium loading, the suppliers 

of enriched fuel Hould be i~ some position to compel compliance with 

international safeguards. Also, as indicated in Chapter 2, even a. 

relatively small enrichment facility could rather easily enhance 

the Pu-239 content of dirty plutonium thus providing a cheap "a.y to 

produce high qua.li ty weapons grade ma torial from ordinary reactor-

discharged plutonium. 

With present technology utilizing the gaseous diff\,sion concept, 

isotope separation plants must ba relatively large, expensive, po'H'er-

consuming and technically sophisticatedr there is probably no economic 

rationale for any single non-nuclear country to construct one no1<1. 

However, centrifuge technology may change this, permitting smaller 

and less expensive facilities. Moreover, for reasons put forward 

in detail in Chapter 1, centrifuge plants are inherently much more 

flexible than gaseous diffusion plantsJ they allow a. relatively 

easy conversion from the production of low enrichment fuels to 

production of lfea.pons grade materials. An object therefore of an 

international eontrol strategy ought to be the discouragement of 

national centrifugo plants. This will probably require a willingness 

by the United States to cooperate in the establishment of regional 

gaseous diffusion plants outside of its borders. Indeed, in July 

1971, the American government formally proposed to provide technical 
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info:t'l"..a tion, heretofore classified, on gaseous diffusion to any 
101 

multinational group of non-Communist states. As alternative to the 

encouragement and subsidy of multinational gaseous diffusion plantsD 

safeguards benefits uould accrue also to subsidy of multinational 

and large centrifuge plants in preference to smaller dispersed ones. 

For example, it has been suggested that restrictions could be placed 

on centrifuge manufacturers through international agreemen·~ whereby 

cen·trifuges would not be sold to plants smaller than a certain size, 
102 thus inhibiting acquisition of small facilities by several countries. 

Fuel fabrication facilities provide a third potential focus for 

control efforts because a relatively small number located a distant 

point from the power stations themselves could sarvice the entire 
103 international nuclear polfer program. At the same time, there 

will be little to actually safeguard at fabrication facilities during 

the next few years since the facility throughput uill contain very 

small amounts of fissile material. Once plutonium recycle becomes 

prevalent, though, strong safeguards on fabrication facilities w~ll 

become necessary. Nevertheless, the value of these facilities to a 

101 
Nuclear Engineering International, (November 1971), 933-935. 

llilliam Hart, "The Proliferation of Uranium Enrichment" Woodrotr ~Iilson 
School, Princeton University, January 1972 (unpublished), i, 22. 

102 
Comments by V. Gilinsky in Civilian Nuclear Power and 

International Security, )4. 

10~-
lSee Chapter 1, section 2. 
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control effort resides not in their vulnerability to diversion or 

seizure but in tho potential of the international community using 

them to deny essential services to a country violating an inter

national control agreement. This suggests that fabrication plants be 

constructed as large regional facilities under international 

management. 

This idea, however, may be better illustrated by reference to 

perhaps the most critical part of the nuclear fuel cycle, the 

chemical reprocessing plant. Here is where all discharged reactor 

material with contained plutonium must be sent, and where the 

plutonium is separated into a form suita"ble for weapons purposes. 

Since, moreover, a relatively small number of reprocessing plants 

could service the world demand, arrangements to place these plants 

under some kind of international control and to keep them out of 

non-nuclear countries, to the extent practical, s~em highly attractive. 

As observed in section 2 of Chapter 1, a 1000 ~e light water reactor 

requires a reprocessing capacity of JO MTU per year. The three 

commercial plants already built or under construction in the United 

States have combined capacity of over 2700 MTU per year, 

sufficient to service 90,000 Ml·Je capacity. Three other plants of 

greater total capacity are plarmed. Combined, these six plants could 

cover essentially all u.s. reprocessing requirements until at least 

1985. Capacity of foreign :raproceasing plants already constructed 

or planned, now totals about 700 HTU per year (enriched uranium) 
104 

and over :3:300 MTU per year (natural uranium). The addition of 

104 
See Chapter 1, Table J. 
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only three a.ddi tional plants the size of the American Allied Chemical 

facility no"'' under constructio:a (1500 t1TU par year) could meat 

all foreign reprocessing requirements up to 1985 and beyond. Not 

only can a very feu plants meet the total world demand, but it 

should be able to do so at no significant extra cost. The small 

transportation charge differential entailed by the use of large 

regional facilities instead of smaller dispersed plants is probably 

at least compensated by an increased economy of scale~05 No doubt, 

economic incentives could be offered reactor operators to have 

plutonium sent to the regional facilities dispersed throughout the 

world and managed by international civil servants or by a regional 

organization. But a more sure way to ensure full cooperation would 

be through international agrcementr all discharged fuel would have 

to be sent to these plants. By virtue of such an agreement, states 

would not be deprived substantially of energy securi ty1 for they 

oould always construct their own reprocessing plant relatively 

quickly and cheaply if they ever became convinced that the inter

national group managing the regional facil1 ty lrere acting against 

their legitimate interests. 

Although not a critical point of the fuel cycle 1n the sense 

of the preceding, the fi~sile material 1tDelf could be subject to 

105 
See Chapter 1, section 2 and 31 especially Tables 6 and 7. 
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additional controls beyond the mere a. ttachment of safeguards. In 

particular, attention should be given to the establishment of a 

"plutonium brokerage u in which the !AEA uould play a central rolo in 

the disposition of plutonium (and U-235) used and produced in 

commercial programs. During tho next several years, raac~ •r 

operators will confront a complex economic decision on whether 

to recycle discharged plutonium or store it in anticipation of 

initial breeder reactor fueling. In the United States for example, 

plutonium availability from light water reactors ia expected to 

exceed plutonium demand for breeder development for about a 15 year 

period after 1973-1974. Annual plutonium quantities thus available 

for recycling or storage will increa.se from about 2 tonnes in 19?4 

to 80 tonnes by 1986 with a cumulative total during this period of 

roughly 450 tonnea. Outside the United States, roughly similar 

106 
amounts of plutonium will be available. For reasons outlined in 

Chapter 3, it is undesirable from a safeguards perapoctivo to have 

state:. stockpiling large quantities of plutonium. It would be 

well to require states not wishing immediately to recycle plutonium 

to sell or loan the plutonium to a central brokerage. Such a. brokerage 

could then eithar stockpile the plutonium itself or sell it to states 

demanding plutonium for recycle and research purposes. The state 

initially providing . th~ !llutonium to the brokerage uould maintain 

106 
Fred Hittman and f.farvin Raber, "The Importance of Plutonium 

Recycle" in Nuclear News, November 1968, 48-56, 50. 
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credit for tho provisiona 11hen it needed the plutonium 0 the 

brokerage would return or resell it as appropriate. Such return should 

probably bo strictly required by the state-brokerage agroement if 

the state can assure the brolcemge of the immedia.te and peaceful 

destination of the plutonium. In this manner, the brokerage could 

provide financial inducement for states not to stockpile, and 

provide additional safeguards over illicit use of plutonium. The 

financial incentive could it may be hoped help secure the initial 

willingness of states to enter an agreement which invested the 

broicerage ldth suitable potters and resources, and which gave elements 

ui thin the states some stake in the persistence of the brokerage. 

However, it is probably not prudent to rely (unless necos13a.ry) on 

the financial incentives afforded by the brokerage to attract the 

voluntary cooperation of states and reactor operators. Alt.hough even 

this type system would have advantages in reducing national control 

over stockpiles, it is not likely to secure tho universability of an 

imposed agreement whereby all plutonium not in use must be sent to 

the brokerage. 

As mentioned in section 4, the IAEA Charter parmi ts the Agency 

to adopt the brokerage function outlined here. Under the Charter, 

the IAEA could require deposit with the Agoncy of any excess fissile 

material over what is needed for stated peaceful uses, provided that 
107 

such material be returned promptly at the request of the member concerned. 

107 See fn. 86, this chapter. 
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How feasible is the economics of such an undertaking by the IAEA? 

If the reactor operator stored the plutonium himself, he would 

typically incur a carrying charge of 10 to 12 percent per yoar 

108 
on the price of tho plutonium plus some storage cost. Tho 

price of the plutonium until breeder introduction is imminent 

would be roughly $10 per gram based on recycling 'lfOrthJ storage 

costs may be taken as approximately $0.20 per gram;o9 l•lith a 

10 to 12 percent carrying cho.rge, this suggests that storage 

for more than a couple of years would be uneconomic unless a very 

rapid rise in the plutonium price were expected. Plutonium will 

in fact rise in value as breeders are introduced and uranium becomes 

more expensive, rut probably by no more than a factor of t'lfo during 

110 
the next decade. Even a tuo-fold increase would justify storage 

for only 4-5 years. Thus reactor operators ought to be willing to 

sell plutonium for roughly the "recycle price" of $10 per gram 

unless they expect to find both use for the plutonium relatively 

soon and a very rapid increase in the plutonium market value. 

Indeed, if the plutonium supply exceeds the recycle d6llland, operators 

might be willing to sell plutonium to a brolterage at still a lower 

figure. In any event, a brokerage willing to buy plutonium at some 

108 
Hittman and Raber, 52-.53. 

10q_ 
'Ibid., 53. 

110 
Ibid., 53-54. 
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price roughly equivalent to its recycle value uould a.Pilcar econ-

omically attractive to plutonium producers. 

Such plutonium could be resold to the producer under many 

different terms1 for examplo, a.t the then mar!cet prica or at the 

initial purchase price plus some nominal interest charge less than 

the aforementioned 10-12 percent per year. The cost of such an 

operation to the brokerage need not be excessive. (Conceivably, 

of course, it could even operate at a profit). As a very crude 

approximation the cost (under the second-mentioned term above) might 

be calculated as the difference in the carrying charge on the reactor 

operator and the rate of return on its funds that could otherwise 

be obtained by the brolterage if it invested the money it instead 

paid out for the plutonium. Assuming this differential at (say) 

2t percent, the cost to the brokerage over the next 12-15 years might 

'baon the order of $200 million, if the brokerage purchased (and 

eventually resold) all the plutonium produced in the non-nuclear 
111 

countries. This is not a trivial amount, but neither does it 

appear impracticalJ it is equivalent to an extra charge of less than 

0,1 mill/kw-hr. 

Finally , should the differential be large enough to compensate 

for a rise in the plutonium price due to an increased recycling 

value, plutonium recycling itself could be discouraged by the brokerage, 

111 
A crude calculation, assuming an averags 2 year storage period 

before resale and a cumulative plutonium production in the non-nuclear 
countries of about 350 tonnes. 
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This would be a safoguards bGnefi t, for recycling parmi ts as part 

of the normal fuel cycle the finishing and fabrication of plutonium 

metal such aa may be useful for lfeapons. 

Tne reactor itself docs not seem a useful place to concentrate 

on initially, 0.! the one hand, it is the single most important 

part of the power cycle -- the place where the power is generated --

and the one part which must indisputably be located in or near the 

communi ties whose power needs it is serving. 112 On the other hand, 

the reactor does not contain (compared to other parts of the cycle) 

a large amount of easily accessible fissile material, This is not 

to say of course that reactors should not be subjected to stringent 

safeguards, but rather that nations will at once probably strongly 

resist undue international controls on them and not however find 

them ideal places to effect fissile material diversion. Finally, 

it seems imperative to develop controls on advanced developments, 

notably fast breeder reactors, partly because they l'lill involve 

extremely large and concentrated inventories of fissile material, 

and partly because the prospect of being able to sharo in these 

developments in the future could produce a powerful incentive to 

non-nuclear countrio~ to join in various cooperative arrangements 

not:, such that they and the nuclear wea.pon statoa as well will ba 

found to highly interconnected progr.ams not suited to national 

co-optati~n at the time breeders and ~~~er advanced developments 

112There is one important caveat to this statement. The development 
of oxtra. high voltage power tranomiseion lines, along the extensivo inter
conn.acted grids, might permit nuclear power stations to ba located at 
regi~nal centero wh~re they could send electric power to several nations 
ove~ consid~blo distances. 
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become operational. 

The critical parts of the fuel cycle 11 uranium 11 fuel fabrication 

plants, reprocessing plants, isotope aepara tion fa.cili ties, and the 

discharged fissile material, oach suggest a potential component of 

an internationalization strategy. Givan tho scope of present national 

nuclear programs, the sum of the indicated measures represents a 

fundamental upheaval in normal international aonduct. Nevertheless, 

the program called for L!3 not utopian. Indeed, one purpose of this 

last section has been to make the internationalization schemes seem 

at least within the possible despite their unsettling and radical 

character. A purpose of the study as a whole has baen to impress the 

necessity of such schemes ho~ever unsettling and radical thoy may be. 
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ABSTRACT 

The technology, scientists, and technicians required to produce 

nuclear warheads are widely diffUsed; and for the most part nations 

or sub-national groups wishing to acquire nuclear weapons already 

possess or could obtain the necessary delivery systems appropriate 

to their purposes. Acquisition of fissionable material thus provides 

the salient obstacle to the production of nuclear weapons. But 

fissionable material is also precisely what is used and accumulated 

in quantity in any civilian nuclear power program; and the 

intensification and spread of these programs thereby creates management 

and control problems of colossal proportions. 

Confronted vTith this conversion potential, the international 

community has instituted systems of national, regional, and inter

national safeguards, the formal and legal procedures that attempt to 

ensure that nuclear material is not diverted from civil use to vreapons 

or other illicit purposes. But these inspection and control procedures 

will not be sufficient in the long term to prevent the diversion of 

nuclear material to weapons purposes. So long as nations have sovereign 

control, both legally and practically, over their nuclear programs, 

safeguards, albeit indispensable, will face an impossible task. A 

system of inspection superimposed on an othervrise uncontrolled exploita

tion of atomic energy by national governments will not prove an adequate 

safeguard. 

The situation today is therefore characterized by a continuing 

intensification of civilian nuclear power programs whereby nations 
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increasing~ gain independent and autarkic control over the nuclear 

fuel cycle and move ever closer to a nuclear weapons capability. 

This intensification of civil nuclear capabilities unimpeded by new 

control measures 'ldll raise grave threats to international and dan.estic 

security, lllany or them aJ.together unexampled. A cont:rol strategy 

beyond the present safeguard effort is thus required. Such a strategy 

would most probably ba.ve to include some form of international control 

of fabrication and reprocessing facilities and the establishment of 

a plutoniUin brokerage under the auspices of the International 

Atomic Enet-gy Agency. 


