










directly affect monitor sensitivity), and (2)
NRC or ERDA initiate a study to assess costs
and benefits which might derive from low-
level spiking of highly enriched uranium. It
should be noted that the large amounts of
highly enriched uranium in military and
naval programs are presently the most attrac-
tive targets for an adversary who wants
material to use in a nuclear explosive.

Spiking is unlikely to be used except for
domestic safeguards, but the subject of radia-
tion monitors for surveillance of nuclear
facilities is of considerable interest to the
IAEA.

Denaturing of Plutonium

The concept of denaturing Pu239 with Pu240

or some other isotope of plutonium also has a
long history. It has long been believed that a
high content of Pu240, because of its h i g h
spontaneous fission rate, renders plutonium
unsuitable for use in a nuclear weapon. This is
not true. A high content of Pu240 is a com-
plication. Given a free choice, a designer
would prefer low Pu 240 material, but all
plutonium isotopes can be used directly in
nuclear explosives. (See chapter VI.)

Storage and Transport of Plutonium in
Dilute Mixed-Oxide Form

Plutonium oxide stored and transported in
a mixture containing large amounts of
uranium oxide (i.e., dilute mixed-oxide form)
would present  a  s igni f icant  (but  not
insurmountable) obstacle to the non-state ad-
versary. This technique would be a much less-
effective deterrent against national prolifera-
tion than against the non-state adversary. The
dilute mixed-oxide material might be pro-
duced in the following ways:

(a) Plutonium would not be separated at all
from uranium at the reprocessing plant
(coprecipitation)

(b) Plutonium would be incompletely sepa-
rated from uranium at the reprocessing
plant (partial coprecipitation)

In alternate (a), the concentration of
plutonium in uranium would be approx-

imately 1 percent. The machinery for separat-
ing plutonium and uranium would not exist,
so plutonium could never appear in concen-
trated form in the fuel cycle. However, the in-
creased costs of both a larger nitrate-to-oxide
conversion facility, and a larger plutonium-
uranium mixed-oxide fuel fabrication facility,
plus the necessity for over-enriching addi-
tional uranium, could more than outweigh
savings in the solvent extraction process and
in eliminating conversion of recovered
uranium to UF6. If so, this option would not
be economically attractive compared to (b)
with more stringent safeguards. ERDA plans
to consider option (a), at least in the prelimi-
nary stages of its Alternate Fuel Cycle Study.
(See chapter VII “Diversion From Commercial
Power Systems.”)

Alternate (b) appears to provide significant
improvement in safeguards without undue
economic penalties. In effect, it moves one
processing step from the fuel-fabrication plant
to the reprocessing plant.

The major contribution of scheme (b) is
elimination of transport of concentrated
plutonium. A potential non-state embezzler
or national diverter could still tinker with the
separation system at the reprocessing plant to
produce pure plutonium. Materials account-
ing in a large plant could not provide timely
detection of the removal of 10 kg of pure
plutonium, thus the physical security and
material control subsystems (or the contain-
ment and surveillance systems in the case of
IAEA safeguards) would be crucial.

As far as this report has determined, the
only study of the deterrent effect of diluting
plutonium with uranium was done as part of
the NRC Special Safeguards Study. The study
investigated the effort required by a non-state
adversary group to separate plutonium from
uranium. It concluded that an ion-exchange
operation, operated in a 10 kg batch mode
with 5-percent-plutonium content, would re-
quire $5,000 in chemical costs alone. The time
per batch was not explicitly stated, but
analysis of what is presented suggests 40 to 80
hours processing time per batch, or 30 to 60
days of round-the-clock operation to obtain
10 kg of plutonium. The process as described
is clearly not a laboratory operation; it is a
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small pilot-plant operation, and as such re-
quires the supervision of someone with practi-
cal experience in chemical engineering or
larger-than-laboratory scale chemistry. The
time required for the operation, during which
the adversaries are immobile, significantly
enhances their chances of being discovered.

It is not clear whether any additional work
on this subject has been done. It would be
valuable to have a clearer idea of the actual
time-delay granted by this technique.
Although a month or two may be too long, at
least several weeks sounds extremely plausi-
ble. It would also be useful to examine what
new search and recovery techniques could
take advantage of the fact that the adversaries
would be carrying on a pilot-plant scale
chemical operation.

The following proposal for collocating
reprocessing and fuel fabrication facilities is
closely related (in its potential effect on
safeguards) to the above proposal for diluting
plutonium oxide with large amounts of
uranium oxide,

Collocation of Reprocessing Plant and Fuel
Fabrication Plant

If reprocessing plants were sited adjacent to
fuel fabrication plants, the transportation of
plutonium in concentrated form would be
eliminated. However, although the NRC
N u c l e a r  E n e r g y  S i t e  S u r v e y - 1 9 7 5
(NUREG-001) concluded that “. . . . colloc-
ation might have a beneficial effect on
safeguards effectiveness; however transporta-
tion safeguards considerations do not
preclude dispersed siting,” all the advantages
and disadvantages of collocation have not yet
been assessed in any systematic way. This
question cannot be separated from the pre-
vious question—that of complete or partial
coprecipitation of plutonium oxide and
uranium oxide at the reprocessing plant. If
some form of coprecipitation is used, then the
added advantage of collocation would seem to
be small.

Advanced Material Accounting Systems

There are unavoidable limitations on
material accountancy because of statistical
measurement errors. These errors will trans-
late into an inability to detect diversion of sig-
nificant quantities of weapons material in
future large commercial facilities unless the
sensitivity of material accountancy can be sig-
nificantly improved.

No substantial and economical improve-
ment in the sensitivity of materials account-
ancy can be expected unless real-time material
control can be achieved. Two such systems are
being developed: DYMAC at Los Alamos
Scientific Laboratories (LASL) and RETIMAC
by NRC. (See appendix VIII of volume II for a
description of these systems.) These two R&D
programs have the same goal: to provide con-
tinuous or nearly continuous measurements
of all materials being stored, transferred, or
processed.

The LASL safeguards group is developing
instrumentation and online computer systems
for DYMAC. This system is being imple-
mented at LASL in three phases. In phase 1,
the present LASL plutonium processing
facility is being used as a test bed for compo-
nent development and operator training,
Phase II is the design and installation of a
DYMAC system for the new plutonium proc-
essing facility (TA-55) presently under con-
struction at LASL. This is a small facility with
a typical throughput of tens of kilograms per
month of plutonium. It does not handle spent
fuel. Installation of DYMAC/TA-55 is
scheduled for June 1978. Phase III is a
program to evaluate the performance of
DYMAC at the TA-55 facility.

Operation of DYMAC/TA-55 in the new
LASL plutonium processing facility is in-
tended to investigate:

●

●

●

the reliability and operational feasibility
of online nondestructive analysis instru-
mentation in a production environment,

the timeliness and sensitivity to missing
nuclear material that can be achieved,

the accuracy and efficiency of data collec-
tion that can be achieved,
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● the operation of common data base
management, and

. the capability for production control,
quality assurance, and financial manage-
ment.

Another task is to design on paper and
evaluate the cost effectiveness of such systems
for future commercial facilities. The most
useful of these studies has been done by LASL
and Sandia as part of a project to develop an
integrated safeguards system for a mixed-ox-
ide fuel fabrication facility. The report gave
estimates of costs and sensitivities for the real-
time measurement and analysis system.

LASL and Sandia based their designs on a
mixed uranium-plutonium oxide fuel fabrica-
tion plant planned by Westinghouse for con-
struction at Anderson, S.C. (Throughput 8000
kg/year of plutonium. ) They contacted
Westinghouse for assistance in defining plant
parameters and providing cost estimates.
Although this is a paper study, plant data are
realistic and the online measurement and
computer systems are conventional or state-
of-the-art.

The report states that capital safeguards
costs for this system are less than 5 percent of
the total plant cost and the total safeguards
staff (excluding guards) is about 8 percent of
the total staff of 300. At a false-alarm rate of
0.1 percent, a single theft of the order of 0.1 to
().2 kg of plutonium could be detected with a
50 percent probability. With a 16 percent
false-alarm rate, a dribble theft of approx-
imately 1 kg over 1 month could be detected
with an 85 percent probability of detection.
These results should be compared with pres-
ent NRC requirements for a fuel fabrication
facility which are: a 50 percent probability of
detection of removal of 0.5 percent of
throughput with a material balance every 2
months and a false-alarm rate of 2.5 percent.
For the case above, this corresponds to a 50-50
chance of diverting 7 kg of plutonium in 2
months, without being detected by the
materials accounting system. (Note that this
does not mean a 50-50 chance of diverting 42
kg of plutonium per year.)

Although considerable development work
and in-plant demonstration is required before

the effectiveness and costs of real-time
material control can be reliably assessed, the
studies indicate that improvements made
using DYMAC will be greater for fuel fabrica-
tion facilities than for spent-fuel reprocessing
plants. DYMAC is batch-oriented, as is the
operation of a fuel fabrication plant, whereas a
reprocessing plant is a continuous operation.

The R&D Office of the NRC has been sup-
port ing  work a t  Lawrence  L i v e r m r e
Laboratory (LLL) on systems studies of
material control and accounting techniques,
which include automated online measure-
ments systems for nuclear production
facilities (RETIMAC). These are purely soft-
ware studies, and are not advanced enough to
give sensitivities or costs.

One thing that is clear is that even real-
time, online materials accountancy systems
cannot do the entire safeguards job. Physical
security, containment, and surveillance will
still have crucial roles to play in any effective
safeguards system.

Research on Physical Security Systems

Work on physical security systems for new
facilities is being performed by Sandia
Laboratories under contract to ERDA, The ap-
proach is to design for specific nuclear
facilities, either existing ones such as the
Allied General reprocessing facility, or specific
engineered designs such as the Westinghouse
fuel fabrication plant proposed for construc-
tion at Anderson, S.C.

On the assumption that credible threat
characteristics may change in the future, the
researchers postulate a spectrum of internal
and external threats, and various combina-
tions of the two. Combinations of barriers,
alarms, and guards are chosen to provide
multiple impediments to an intruder, or to
authorized insiders attempting to perform
unauthorized acts. A spectrum of divisionary
scenarios, including emergency situations, are
considered. The physical protection design is
coordinated with the Los Alamos design of
fully automated online nuclear material
measurement and control of all nuclear
materials in the facility. Capital and operating
costs for a given system configuration are
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determined with assistance from the designers
of the particular facility. (Compare with the
preceding section on “Materials Account-
ancy,”)

Sandia and Brookhaven have developed
computer-based models to assess the com-
parative effectiveness of alternative combina-
tions of safeguards elements to protect nuclear
materials against postulated overt attacks on
the facility with or without the aid of one or
two insiders. Sandia is also in the process of
developing models  for  assess ing the
safeguards systems against covert diversion
attempts by a trusted employee or by several
employees in collusion. This is based on the
National Bureau of Standards analytical
method called “Diversion Path Analysis. ” The
overt-attack model is presently in use. The
covert-diversion model is still in the early
developmental stage. The assessment experts
emphasize that their analytical tools give
qualitative rather than quantitative assess-
ments of effectiveness.

ERDA safeguards system designers believe
that the strategy and performance of both ad-
versary and defender personnel are very
difficult to predict in any satisfactory manner.
Hence, special attention is paid to physical
barriers and devices which will delay  the ad-
versary, whatever his skill and dedication,
without requiring heroic behavior by the on-
site guard force. Another aim is to design a
safeguards system that will be adaptable to
changing design threats with economically ac-
ceptable modifications in plant equipment or
changes in the size of the guard force.

The most effective safeguards system will
be one in which the various safeguard ele-
ments are balanced against each other and are
integrated into the design of the facility. At
this time, it appears to be at least as important
to develop a methodology for evaluating the
effectiveness of a safeguards system as it does
to work on the development of equipment and
computer ized controls .  In  order  for
safeguards assessments to give useful results,
reliable input data on the individual elements
of the safeguards system is necessary. It is also
important, therefore, to continue the experi-
mental program to provide better information
on the penetration resistance of barriers,

reliability of alarms, and efficacy and safety of
techniques, such as foams and reactive sensors
that delay and confuse the adversary.

The object of designing a safeguards system
to delay attacking adversaries has been
described by de Montmollin and Walton:

“The effect on the design against forcible theft
is heavy reliance on passive barriers, the restric-
tion of material accessibility, and protected
defensive positions for guards. It is not necessary
for the safeguards system to capture or kill ad-
versaries; it is only necessary that control of the
material be maintained. The system should be
designed to withstand a protracted siege, and the
sequence of actions necessary for an adversary to
gain ultimate control of the materials should be
attacked at many points. Delay should be ex-
ploited, and the uncertainty of success as per-
ceived by the adversary should be enhanced
wherever possible. Increased delay of the adver-
saries will correspondingly increase their proba-
bility of failure. Given sufficient delay, police
support will be ultimately decisive; first, by seal-
ing off the general area to maintain contact as
adversaries attempt to break out, and eventually
to overcome them. The mission of the safeguards
systems must be to provide decisive delay rather
than to overcome adversaries in a direct, armed
confrontation.”3

Interaction of U.S. Research and IAEA Re-
quirements and Research

The ERDA safeguards systems develop-
ment, and complementary NRC work on
developing methodologies for safeguards
systems assessments, hold forth a good deal of
promise for both U.S. and international
safeguards. ERDA is aiming for a 1980–82
demonstration of a integrated safeguards
system for IAEA safeguards. A discussion of
IAEA research programs, and US. and foreign
research related to IAEA needs is given in ap-
pendix VIII of volume II.

Long-Term Safeguards Effectiveness

A subject which is of concern to some in
NRC and ERDA, and which is receiving some
preliminary attention, is the question of how

sJ,M, de Montmollin and R.B. Walton, The Design Of
Integrated Safeguards System /or Nuclear Facilities, Nuclear
Materials Management Vol V, No. III, p 317 (Fall 1976).
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safeguards effectiveness can be maintained
during long periods of quiet. The safeguards
system, as described early in this chapter, is
designed to deter, detect, prevent, and re-
spond. A safeguards system will effectively
deter only if it is perceived as being able to
very effectively detect, prevent, and respond.
Functions must be exercised to remain effec-
tive, and if the object is to never give the
safeguards system, and the people who run it,
real exercise, then sufficiently challenging
substitutes must be designed to maintain the
quality of the safeguards system and attract
good people to run it.

Physical Security Outside
the United States

Primary responsibility for the application
of international safeguards has been assumed
by the International Atomic Energy Agency
(IAEA). Euratom, an agency of the European
community, has regional safeguards respon-
sibilities which are being coordinated with
IAEA. Neither of these agencies has the power
to provide or require physical protection, or to
pursue and recover stolen material; nor do
they have the authority to detect clandestine
weapons facilities or purchase/theft activities.
As stressed in the introduction, international
safeguards are aimed at detection of diversion
by a nation from its own facilities. Physical
security of the facilities is the responsibility of
the nation.

IAEA does advise on physical security, and
has published a discussion of physical security
procedures in an IAEA manual, INFCIRC/225.
In a brief discussion in the IAEA Bulletin of
possible future IAEA actions on physical
security, IAEA envisages its role as advising,
organizing training courses and conferences,
and acting as a clearinghouse for information.

The United States has also tried to en-
courage greater physical security on nuclear
facilities worldwide, as it recognizes that
nuclear material obtained in one nation may
well be used in another nation, In a Presiden-
tial message dated May 1975, it is stated that
the United States has adopted a policy of no
longer issuing licenses for the export or
retransfer of more than 5 kg of highly

enriched uranium, or 2 kg of plutonium or
U233*, unless the government of the recipient
country “has an established system of physi-
cal security measures acceptable to the United
States.” This report is unaware of any detailed
standards of acceptability beyond a statement
that they should be “comparable to those im-
posed domestically. ”

To implement this policy, physical-security
review teams were dispatched by ERDA to 18
countries in 1975–76. Visits to an additional
21 nations were planned for 1976, ERDA
stated that by the end of 1976, “the United
States will have made reviews of the physical-
security measures of all major recipients of
strategic quantities of U.S. nuclear materials
and intends to cover all nations with whom it
has Agreements for Cooperation, as well as
other nations that might receive trigger quan-
tities through the U.S.–IAEA Agreement. ”
This report has not assessed physical security
in other countries, nor has it been able to
assess the ERDA review of foreign physical
security, because ERDA has classified its
review citing the following reasons: “. . states
continue to keep their specific physical-
security measures classified and/or under
proprietary restrictions. The results of the
US. visits are therefore classified, at the re-
quest of the nations involved, and the United
States cannot divulge results of the review.
Furthermore, the laws and regulations of the
various recipient nations as well as the factors
peculiar to each recipient nation make it
difficult to present even general observa-
tions.” (Some additional material is presented
in volume 11, appendix VIII.)

IAEA Safeguards

The Statute of IAEA states that the objective
of Agency safeguards is to assure, so far as it is
able, that the nuclear assistance provided by
it, or at its request, or under its supervision or
control, is not used in such a way as to further
any military purpose. As a result, IAEA
safeguards differ in one vital respect from
those of U.S. domestic safeguards. Domestic

*These respective amounts of highly enriched
uranium, plutonium, and UZSS are sometimes called
“trigger quantities” because they are the amounts that
will set safeguards into effect.
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safeguards are concerned with the non-state
adversary. International safeguards (i.e., IAEA
and Euratom safeguards) focus on the detec-
tion of national diversion.

The word safeguards is generally under-
stood to be a collective term comprising those
measures designed to guard against the diver-
sion of nuclear material from uses permitted
by law or treaty, and to give timely indication
of possible diversion or credible assurance
that no diversion has occurred. The difference
in  ob jec t ives between U.S .  domest ic
safeguards and international safeguards is
reflected in the different measures encom-
passed in the word “safeguards.” As discussed
in the preceding section, U.S. domestic
safeguards include physical security, material
control, and material accounting. For IAEA,
the use of materials accountancy is considered
to be the safeguards measure of fundamental
importance, with containment and sur-
veillance at present considered only as com-
plementary measures. The following defini-
tions for these three measures have been
derived from the IAEA Safeguards Technical
Manual.

Material Accountancy .—Those safeguard
measures which provide the essential
knowledge on the identity, composition,
quantity, and location of nuclear material. The
basic source of data for the Agency’s account-
ancy system is the facility operator’s measure-
ment system, records, and reports, and the
State’s system of accountancy for, and control
of, all nuclear material subject to safeguards.
For each material-balance area within a State,
the facility operator must record, and the State
report, the initial inventories of nuclear
material and subsequent inventory changes to
IAEA. Periodically, the operator’s book inven-
tory is compared with a physical inventory
taken by the operator and independently
verified by an Agency inspector.

Containment. —A safeguards measure
which uses physical barriers to restrict or con-
trol access to, or movement of, nuclear
material. Examples include process tanks and
piping, transport casks, building walls, and
fences.

Plant operators use containment primarily
to provide physical protection of nuclear

material, for reasons of health, safety, and/or
operational necessity. If safeguards require-
ments are included in the earliest planning
phases, containment can significantly enhance
the effectiveness of safeguards. Failure to do
so may result in an inherently unsafeguard-
able nuclear facility.

Surveillance. —A safeguards measure
which uses instrument or human observation
to detect access to, or confirm movement of,
nuclear material.

Surveillance devices and instruments are
used 1) during the absence of an inspector to
indicate that access to or movement of nuclear
material has not compromised the integrity of
prior measurements made by the IAEA, and
2) to provide the inspector with a continuity
of knowledge of specific inventories and
material flows at key points in the fuel cycle.
Surveillance devices include cameras, televi-
sion, seals, and radiation monitors.

The Evolving Role of Containment and Sur-
veillance in IAEA Safeguards

Nuclear material accountancy has con-
tinued to be the safeguards measure of funda-
mental importance in the implementation of
IAEA safeguards procedures. The role of con-
tainment and surveillance, however, has
evolved at a relatively rapid pace within the
last few years and is now assuming greater
significance. It is now generally accepted that
there are unavoidable limitations on material
accountancy because of measurement errors.
For nuclear facilities with very large
throughputs, cumulative measurement errors
on nuclear material will introduce uncertain-
ties in the material balance which exceed by
several times the IAEA’s own limits on signifi-
cant quantities of diverted plutonium or
uranium which it must detect. The dictum
“what one cannot measure one must watch”
underscores the urgent necessity for fully
operational, reliable, tamper-resistant sur-
veillance equipment.

In addition, renewed emphasis is being
placed on the NPT objective of timely detec-
tion. Material accountancy, with its de-
pendence on independent verification of
physical inventories and material flows, is
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confronted, as above, with an exceedingly
difficult problem. For manpower as well as
economic reasons connected with facility
downtime, physical inventories may be
limited to one per year in some facilities, and
possibly not more frequently than four per
year in the largest facilities. Under the IAEA’s
own requirements for timely detection, the
deterent value of a material balance may be
seriously degraded. New surveillance equip-
ment which is just now being designed may
be able to meet many of the Agency’s require-
ments for timeliness and holds forth the
promise of eventually being able to provide
IAEA headquarters in Vienna with real-time
surveillance.

Initially, self-monitoring surveillance
devices will require frequent communication
between the facility operator and/or the host
government and IAEA headquarters in Vi-
enna. Within a period of 3 to 5 years,
however, certain of the Agency’s surveillance
devices may be able to provide encrypted real-
time status reports, first to IAEA regional
safeguards offices and finally to the Vienna
headquarters. This capability will place excep-
tionally stringent requirements on the long-
term reliability of equipment and on the
necessity for a very low false-alarm rate. The
consequences of even a small number of false
alarms would be so counterproductive that it
seems probable that, like the space program,
IAEA’s equipment will be designed to meet a
zero defects requirement and will be corre-
spondingly expensive.

There have been substantial increases in
money and manpower, both in the United
States and within the IAEA, to develop sur-
veillance equipment. In order to implement
the increases in funding which Congress
authorized under the Gifts-in-Kind Program
to strengthen IAEA safeguards, ERDA has
established an International Safeguards Proj-
ect Office at Brookhaven National Laboratory.
The draft program plan for Technical Assist-
ance to IAEA Safeguards, Task E, Assistance
for Containment and Surveillance, includes 22
separate projects. For FY 77, approximately
$990,000 has been allocated to fund these
projects. Funding by the United States, which
is scheduled to continue over a period of 5
years, the increased support within the IAEA

for surveillance equipment, and the greater
willingness on the part of the nuclear sup-
pliers to support improved measures for
physical security and safeguards research in
general, all should provide the Agency with
reliable and effective surveillance equipment
within the next few years.

Effectiveness of IAEA Safeguards for Power
Reactors

On December 21, 1975, the IAEA had 43
nuclear power stations under safeguards, 10
of which were onload* refueled reactors of the
CANDU or Magnox type. Most of the re-
mainder were light water reactors (LWRS).
(See annex L to appendix IX of volume II.) The
Agency has fully developed model Facility At-
tachments and Safeguards Implementation
Procedures (SIPS) for both classes of power
reactors, including an analysis of potential
diversion paths and possible means of coun-
tering diversion strategies. Evaluating the
effectiveness of the Agency’s safeguards on
power reactors is rendered difficult because
information about critical IAEA procedures
and policies are either not available outside
the Agency or are classified by the Agency as
Safeguards Confidential. For example, no in-
formation is available on the Agency’s site-
specific diversion analyses, the allocation of its
inspection effort, the reliability and perform-
ance of its surveillance and nondestructive
analysis (NDA) equipment (much of which is
in the early stages of development), the effec-
tiveness of the different State Systems of Ac-
counting and Control and, in a few instances,
the inclusion of special conditions in the
Safeguards Agreements with those states that
restrict the nationality of acceptable inspectors
or the normal use of safeguards equipment
and procedures. It is hoped that in at least
some of these areas the Director General’s
proposed Special Safeguards Implementation
Report to the Board of Governors will remedy
these shortcomings. This report is believed
due in September 1977, after several delays
totalling over a year in extent.

*I.e., reactors that are refueled without being shut
down. See chapter VII “Diversion from Commercial
Power Systems, ” and appendix V of volume II.
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Of all the types of nuclear facilities on
which the IAEA must apply safeguards, the
light-water power reactor (LWR) presents the
fewest problems. Safeguards on these facilities
are based on an item accountability of fuel ele-
ments, a procedure which in principle is free
of measurement error. Light-water reactor
fuel is relatively large in size and involves a
relatively small number of fuel elements in
either the core or storage pond. The reactor is
usually refueled only once a year; the re-
mainder of the time the reactor vessel is closed
and may be sealed by the Agency. The fresh
fuel, containing low-enriched uranium, is ex-
pensive to fabricate, and tight fuel specifica-
tions at the fabrication plant mean that the
amount and enrichment of the uranium in the
fuel is known within the narrowest limit of
any point in the fuel cycle. The intense
radioactivity of the spent fuel severely limits
the diversion possibilities. Even under IN-
FCIRC/153 (the document issued in 1971 to
govern NPT safeguards arrangements), the
Agency is permitted adequate inspection
effort for effective safeguards for this type of
facility. Finally, secure surveillance equipment
(such as cameras) is available, although a fair
amount of development and testing remains
to be done in order to assemble a fully reliable
system. Nondestructive analysis techniques
required to minimize the threats of fuel
substitution have been demonstrated, but
have not been routinely applied.

The Agency has the knowledge both in
principle and in practice to provide effective
safeguards on LWRS and implementation is
proceeding.

The safeguarding of ordoad refueled reac-
tors, such as the CANDU, is substantially
more difficult. Nuclear fuel for such reactors is
small in size, while the number of fuel ele-
ments in the core and in either the fresh or
spent-fuel storage is very large. The onload
refueling feature and the possible use of un-
safeguarded natural uranium in the fuel
greatly expand both possible diversion
scenarios and the IAEA’s task of devising and
implementing effective countermeasures.
Since 1968, the IAEA, Canada, and the United
States have been engaged in joint R&D
programs specifically directed at surveillance
and containment problems of CANDU reac-
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tors. More recently, the Canadians signifi-
cantly increased the level of effort of their
R&D programs.

Sufficient information is not available at
this point to evaluate the effectiveness of the
new surveillance instrumentation in combina-
tion with the traditional review of the power
stations records and reports. If the IAEA con-
cludes at the end of its testing that credible
and effective safeguards procedures for
onload reactors cannot be achieved, it may re-
quest, and the States probably will grant it, the
right to station inspectors at such facilities on
a continuous basis. Such a move would
greatly increase IAEA costs and workload.

IAEA Safeguards for Enrichment Plants
(Comparison of Domestic and International
Safeguarding Problems)

To date, the IAEA has not safeguarded any
type of enrichment facility, including pilot
plants. However, it may have to undertake
such a task in the near future as a result of its
recent agreements with both Euratom and
Japan. The proposed safeguards procedures
for enrichment plants, contained in the IAEA
Safeguards Technical Manual, are currently
being revised and have not yet been officially
released or published. Enrichment plants are
not specifically covered in either of the two
I A E A  b o o k s  o f  r e g u l a t i o n s  ( I N -
FCIRC/66/Rev.2 or INFCIRC/153), except for
one provision in the latter which states that a
small plant producing uranium enriched to
less than 5 percent in U235 need not be subject
to continuous inspection.

In view of this lack of experience, and the
preliminary nature of plans for safeguarding
enrichment plants, only a very limited assess-
ment of IAEA safeguard procedures can be
made at this time. However, a few general
statements about the difficulties in safeguard-
ing enrichment plants and a few crucial points
can be made.

An enrichment plant is the only nuclear
facility besides a reprocessing plant that is
capable of generating separated weapons
material. However, a significant difference ex-
ists in that a reprocessing plant is designed to
routinely handle material suitable for use in



weapons (i.e., separated plutonium) either
directly or after a simple chemical step. A
commercial enrichment plant normally pro-
duces only 3 percent to 4 percent enriched
uranium, which is impossible to use in
nuclear-fission weapons without further
enrichment. Therefore, the output of an
enrichment plant is of use to the non-state ad-
versary only if a criminal black market in low-
enriched uranium develops. Portions of an
enrichment plant can be reconfigured to pro-
duce highly enriched uranium. This is a credi-
ble scheme for a national diverter, but a
scenario in which management and workers
of a US. enrichment plant conspire to produce
highly enriched uranium is not credible.
Moreover, such a proceeding could not be
kept secret from NRC inspectors who have the
right of unlimited and unannounced access.

The case is different for IAEA inspection of
enrichment plants. At present, IAEA inspec-
tors are not permitted access to the cascade
area of an enrichment plant (i.e., the portion
of the enrichment plant where the actual
enrichment takes place). Inspection tech-
niques that are presently proposed for enrich-
ment plants treat the cascade area as a black
box with a number of inputs (e.g., people,
uranium feed, and new equipment) and a
number of outputs (e.g., people, low-enriched
uranium, and old equipment). If a recon-
figuration of a portion of the plant to produce
a small highly enriched uranium loop oc-
curred, IAEA would have to deduce its exist-
ence from input and output measurements.
In the first place, materials accountancy in a
large plant is not accurate enough to provide
assurance that a significant diversion has not
taken place. More important, new equipment
is an undeclared path; IAEA is not permitted
to monitor new equipment going into the
plant. This path could be a route for clan-
destine feed for a small highly enriched
uranium production loop.

For input-output monitoring to be effective,
all streams need to be monitored. Physical in-
ventory and surveillance methods need to
complement  cont inuous  input-output
monitoring. Other complementary inspection
techniques would include enrichment
monitoring (particularly checking tails
enrichment) and the use of the isotope ratio

technique to check the ratio of U235 and U234

in the product and tails.

These inspection techniques are still in the
developmental stage and have not been ap-
plied in an integrated way to an enrichment
plant.

Allowing inspectors access to the cascade
area upon demand would greatly enhance the
effectiveness and credibility of the inspection.
Inspection accessibility to the cascade area
would certainly not ensure that the plumbing
changes required for a highly enriched
uranium loop would be detected in the maze
of cascade area piping. However, it would
most likely act as a significant deterrent to any
country wishing to conduct a covert opera-
tion. In addition, undeclared feed, product, or
tails takeoff would also have a higher proba-
bility of detection.

There are two reasons given for restricting
inspector access. The first, and probably the
reason preceived as the most important, is
that of protecting commercial secrets. The sec-
ond is to prevent the dissemination of enrich-
ment plant technology via the inspectors, i.e.,
to make nuclear proliferation less likely. This
reason creates an interesting situation where,
in the name of nonproliferation, inspectors
are denied access to an area to which, in the
cause of nonproliferation, they should have
access.

IAEA Safeguards for Reprocessing Plants—
Comparison With Domestic Safeguards

The eventual effective safeguarding of a
large reprocessing plant presents the greatest
technological uncertainty of all safeguarding
problems facing the IAEA, because of the com-
plexity of the operation, the inaccessibility of
large sections of the plant due to high radia-
tion levels and difficult analytical problems.

Although the IAEA has somewhat more ex-
perience safeguarding reprocessing plants
than enrichment plants, it has not undertaken
the routine application of safeguards to any
commercial reprocessing plant on a long-term
basis. It has conducted safeguard experiments
and exercises at the Nuclear Fuel Services
Plant ,  West  Val ley ,  N.Y.  (plutonium
throughput of 300 kg/year), and at the
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Eurochemic plant in Mel, Belgium (plutonium
throughput 500 kg/year). Operation of both
these facilities has been suspended in-
definitely. Currently, IAEA has experimental
safeguard projects at the two Italian pilot
plants at Sallugia and Itrex (plutonium
throughput 64 kg/year). The proposed
Safeguards Technical Manual procedures for
spent-fuel reprocessing have been drafted but
have not yet been published. The safeguarding
of reprocessing plants is treated in a very
general way in INFCIRC/66/Rev. 2. IN-
FCIRC/153, paragraph 80(b) states that for
any facility involving more than 5 kg of
plutonium, the Agency may expend at least
1.5 man years of inspection effort. This insures
almost continuous inspection, even for very
small reprocessing plants.

Table 6 in appendix V of volume II lists ex-
isting and planned reprocessing facilities
worldwide. It can be seen that there is only
one commercial facility in operation, and that
most of the facilities to be subject to IAEA
safeguards in the next 5 years or so have
design capacities of no more than 2,500 kg of
plutonium throughput per year. However, the
Allied General (AGNS) plant at Barnwell,
S. C., has a design capacity of 15,000 kg of
plutonium throughput per year, and cost
studies indicate that plants of this size or
larger are the most economical. Therefore, this
discussion will be referenced to a plant with
plutonium throughput of 15,000 kg per year.

NRC requirements call for a 50 percent
chance of detection by the materials account-
ancy system of a diversion of 1 percent of the
throughput, with a materials balance taken
every 6 months. This means that a diverter
would run a 50 percent chance of being caught
by the materials accountancy system if he
diverted 75 kg of plutonium in 6 months from
the reference plant. One might argue that 50
percent is too high a risk for the diverter; in
that case he could content himself with 10 kg
in 6 months with only a 5 percent chance of
detection by the materials accountancy
system. (The numbers are slightly different for
the IAEA.)

For the IAEA, the expected accuracy of
material balance is lower; the allowable false-
alarm rate, although not yet set, may be lower;
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and the frequency of inventory is higher.
These differences will not qualitatively change
the conclusion of this analysis. Looking at the
situation from the operator’s point of view, he
can be 95 percent confident of detecting a
diversion of over 120 kg from the reference
plant within a 6 month period. That is, if the
materials accountancy system does not call a
theft, all the operator can say is that he is 95
percent certain that a theft, if it did occur, was
less than 120 kg.

Moreover, as one industry reviewer noted:
“The conclusions regarding the probability of
‘calling’ a discrepancy fail to take cognizance
of efforts to resolve the discrepancy prior to
‘calling.’ Since the ‘calling’ would undoubt-
edly entail added cost and inconvenience to
the operator, there would be significant effort
to resolve the discrepancy with the possibility
of introducing an unsuspected bias. ”

The above discussion reveals that the detec-
tion of diversion from a large reprocessing
plant by the present materials accounting
systems is not very sensitive to quantities of
the order of tens of kilograms, nor, more im-
portant, is the detection timely. That is, detec-
tion would occur weeks or months after the
diversion.

Both NRC and IAEA therefore require a
variety of surveillance and containment
systems. These, coupled with physical security
systems and personnel (for domestic
safeguards) and resident IAEA inspectors (for
IAEA safeguards), would make diversion (a)
more difficult, and (b) enhance the probability
of timely detection. The development, installa-
tion, and prosecution of such systems is one of
the most important safeguarding tasks to be
accomplished.

An important distinction should be made
between the non-state diverter and the na-
tional diverter.

Although a better understanding of the
likely behavior of the white-collar embezzler-
adversary and advances in the state-of-the-art
in evaluating safeguards systems against
covert insider actions are necessary, a national
safeguards and physical security system can
probably be designed which, if competently
implemented, would make it very difficult for



a non-national diverter to covertly remove
kilogram quantities of plutonium from a
reprocessing plant. For example, portal moni-
tors are presently capable of detecting gram
quantities of plutonium through a moderate
amount of shielding.

The safeguarding problem is more difficult
in the case of the national diverter. Although
resident inspectors may be able to independ-
ently verify materials balances to the ac-
curacies discussed above through promising
techniques such as isotopic correlation, diver-
sion from the process stream undetected by
the materials accounting system of the order
of tens of kilograms per year would still be
possible. It would be very difficult for IAEA
inspectors, who have no physical security
function, to detect covert removal of this
material by a nation from its own reprocess-
ing plant. In effect, the inspectors would have
to rely on a prompt-reporting, tamper-in-
dicating leak-proof perimeter containment
and surveillance system. Such systems have
yet to be demonstrated, but are in the early
conceptual design stage.

Future of Safeguards on Enrichment and
Reprocessing Plants

In contrast to IAEA’s limited experience in
safeguarding enrichment and reprocessing
plants, Euratom has had some experience in
safeguarding small enrichment facilities. After
many delays, the IAEA-Euratom Safeguards
Agreement is now expected to come into force
within the next few months. The staffs of the
two organizations have worked together for
many years in anticipation of this event, but
differences in safeguards approaches and the
IAEA requirement to independently verify that
diversion has not taken place will present
many problems. For example, it seems certain
that IAEA inspectors will be denied access to

the Almelo centrifuge cascade during their in-
spections.

The potential diversion scenarios directly
related to measurement errors in the
throughput of large plants will place a heavy
burden on the use of surveillance and contain-
ment as supplementary safeguard measures.
In general, the United States has taken the ma-
jor role in the development of unattended,
tamper-resistant surveillance devices for both
enrichment and reprocessing plants. Unfor-
tunately, integrated systems tests have not
been undertaken in either case.

A major U.S.-IAEA effort to test installed
safeguards surveillance equipment at a
reprocessing plant (General Electric Com-
pany’s Midwest Fuel Recovery Plant in Mor-
ris, 111. ) was frustrated by a G.E. decision
not to place the facility into operation. In the
absence of a suitable U.S. enrichment facility,
strong but unsuccessful efforts were made to
persuade Urenco management to test U.S.
enrichment plant surveillance equipment at
Almelo. The United States is now considering
a comprehensive perimeter safeguards system
test at the Centrifuge Test Facility at Oak
Ridge, Term.

IAEA and Euratom will not be immediately
confronted with the safeguarding of very large
enrichment or reprocessing plants. Given ade-
quate manpower and technical and financial
support, the safeguards systems should be
able to evolve and improve as the size of
facilities under safeguards increases. It is not
possible to conclude at this time that this
effort will be successful. There are a number of
unresolved technical and political problems,
any one of which might preclude credible
safeguards against covert national diversion
for these types of plants.
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INTERNATIONAL CONTROL OF PROLIFERATION

International
Atomic Energy Agency

The IAEA was formed under the auspices of
the United Nations in 1957 to promote atomic
energy for the benefit of mankind without
contributing to any military purposes. Its
safeguards functions arose from the latter
constraint, The agency is authorized to
establish and administer safeguards on fis-
sionable and other materials, services, equip-
ment, facilities, and information, but only
with the consent of the safeguarded nation.

The statute establishing the agency granted
explicitly limited powers. No authority to
recover diverted material or to conduct in-
telligence activities was included, and the
agency’s role in combatting non-state adver-
saries by physical security is advisory only,
Thus police powers were not conferred upon
the IAEA, and none have been granted since.

Initially, safeguarding activities concerned
only research and test reactors of less than 100
MW thermal. Procedures were outlined in In-
formation Circular 26 (INFCIRC/26), ap-
proved in 1961. This document is reproduced
in annex D to appendix IX of volume II. It is
interesting chiefly because of its role in setting
the pattern for subsequent activities. In par-
ticular, the Agency’s interest was to develop a
facility-specific safeguards system that would
evolve with experience and technological
developments. Two items later caused
difficulty: only first generation fissile material
was safeguarded (i.e., plutonium produced in
a safeguarded reactor was not covered), and
the safeguards agreements had an explicitly
limited duration. Both these weaknesses
offered a legal route for the acquisition of
safeguarded fissile material.

The next major step occurred in 1964, as the
emergence of large power reactors became im-
minent. IN FCIRC/66 was approved to
describe the necessary safeguards system. It
was later revised to include enrichment and
reprocessing plants. INFCIRC/66 is still in
effect for nations which have not ratified the
NPT. The concepts embodied in INFCIRC/26
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are apparent in its successor. The general in-
tent is still to safeguard specific facilities. The
desirability of safeguarding derived special
nuclear material is recognized, but not to the
degree of the original statute which allowed,
" . access at all times to all places and
data. . .“ The concern of some states over the
intrusions safeguards might inflict on normal
operations was addressed by a number of
clauses restricting activities. Protection of
commercial secrets is explicitly handled, but
in a manner that has since been a source of
concern in evaluating the effectiveness of the
Agency. The inclusion of features which
would enhance safeguards as a facility design
parameter was not required, an omission
which has substantially increased the
difficulty of effectively applying safeguards.
Most U.S. bilateral safeguards agreements
have been transferred to the IAEA under these
procedures. The IAEA had agreements with 20
states as of December 31, 1975, for this type of
safeguarding arrangement. These are shown
in annex F to appendix IX of volume II.

The NPT caused a major shift in the Agen-
cy’s operation when it came into force in 1970.
The salient feature is the shift from facility-
specific arrangements to a full-fuel cycle
system based on the flow of material at certain
strategic points. Article III of the NPT (the
safeguards article) is reproduced in appendix
IX of volume II. In essence, it requires the non-
nuclear weapons states to accept IAEA
safeguards in verifying that no diversion had
taken place. These safeguards were to be ap-
plied to all special fissionable material under
control of the member state or transferred to
another nonweapons state. Article III further
stipulated that these safeguards were to be ap-
plied in a manner that would not interfere
with the economic operation of the subject
facilities. The NPT considerably strengthened
the role of the IAEA by assigning it the
responsibility for implementing NPT
safeguards, and mandating acceptance of
these safeguards on all nuclear activities by
the non-nuclear weapons states. Another sig-
nificant feature was the ban on the develop-
ment of any nuclear explosive, thus removing
the PNE loophole described in chapter VI



“ P e a c e f u l  N u c l e a r  E x p l o s i v e  s , ”  T h i s
strengthening, however, came at the cost of
losing unlimited access for inspection.

INFCIRC/153 was issued in 1971 to govern
the NPT safeguards arrangements. The key
sections of this document are reproduced in
annex I of appendix IX of volume II. The
emphasis is on the timely detection of material
diversion, and the chief reliance is placed on
material accountability with containment and
surveillance as supplements. The material ac-
countability is to be provided by the state with
verification by IAEA inspectors. This verifica-
tion is to be done by independent measure-
ments and observations. The section on design
information was considerably expanded over
that in INFCIRC/66. In order for the Agency
to determine the system needed for monitor-
ing the material flow, it is required that suffi-
cient information be presented. This involves
the establishment of material balance areas,
and timing and procedures for taking physical
inventories. This section leads to the impor-
tant observation that IAEA can refuse to
safeguard a facility if it feels it cannot do so
effectively. Since an NPT member cannot
legally have an unsafeguarded activity, this
gives the Agency considerable leverage. There
is still a strong emphasis on minimizing the
safeguards intrusion, which led to the
material balance area concept. The inspectors’
limited access however, is compensated for in
part by the new requirements of accounting
and the redundancy that is inherent in the
safeguards of the full fuel cycle.

The present membership of 110 nations is
shown in figure VIII-1. The Department of
Safeguards and Inspections (DSI) is one of five
major departments reporting to the Director
General as shown in figure VIII-2. DSI has
been the fastest growing department for 10
years, and its total manpower is scheduled to
increase from 138 in 1976 to 161 in 1977.
Budget information is presented in figure
VIII-3. At present, DSI accounts for 18.6 per-
cent of the total IAEA budget. The 34 in-
dustrialized states bear 95 percent of the
safeguards cost.

A key factor in the effectiveness of the
IAEA’s safeguards is the quality of the inspec-
tors. Political pressure can be brought to bear

on the hiring and retention of inspectors, and
long-term contracts are not available to en-
courage career decisions. Even the best inspec-
tors must grapple with morale problems
when away from home for long periods, and
face difficult and sometimes dangerous work-
ing conditions. Every effort must be made to
ensure a high level of professional competence
by providing equitable salaries, promotion
opportunities, training programs, and a
general understanding that the inspector role
is a critical element and a matter of vital im-
portance to the peace and security of the
world.

A Safeguards Technical Manual (STM) is
now being prepared to form the basis of the
procedures and techniques of the safeguards
system. Two parts have now been released (as
described in appendix IX of volume II) and
offer insight into the expectations and inten-
tions of the Agency. Potential diverters and
the means to diversion are candidly defined.
The function of safeguards to these threats is
then developed. The technical requirements of
the system are described in the safeguards sec-
tion above.

Each safeguarded facility will be the subject
of a Safeguards Implementation Practices
(SIP) document. These will be classified confi-
dential because they are facility specific and
contain the Agency analysis of the diversion
possibilities and the means to detect them.
One of the more important functions of SIPS is
formalizing the Agency’s analysis of the
limitations currently experienced in its
safeguarding activities, and identifying im-
provements which should be made. Both these
documents reveal an understanding of the
necessary adversary nature of international
safeguards.

Noncompliance can take many forms, rang-
ing from simple inadequacies of accounting to
outright diversion, encompassing large unex-
plained losses, and denial of access to critical
strategic points. The response would begin
with an inspectors’ report within DSI. This
would be followed by a report from the Chief
of the Regional Section to the Inspector
General and Director General stating that the
inspectors had been unable to verify that a
diversion had not taken place. The Inspector
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Figure VIII-1.
Organizational Chart

I

I DIRECTOR GENERAL I

I Nuclear Power
and Reactors I

Nuclear Safety
and  Environmental

Protection

SOURCE=lAEA

i

I Languages Research and
Laboratories

General and Director General would be faced
with a necessity to evaluate both the quantita-
tive and qualitative information. Many techni-
cal as well as subjective factors would have to
be weighed. These would include the effec-
tiveness of the state system of accounting, pre-
vious history, the magnitude of the suspected
diversion, throughput of the facility, the preci-
sion and accuracy of the measurements by
both the facility operator and the IAEA, the

availability and reliability of the containment
and surveillance devices, the magnitude of the
inspection effort, the performance of inspec-
tors themselves, and, perhaps, questions of a
political nature.

If still unresolved, the matter would be
brought to the attention of the Board of
Governors. Both the Agency and the Board are
required to afford the state every reasonable
opportunity to provide whatever necessary
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Figure Vlll -2

IAEA Member Nations
June 22, 1976
— —.-——.—.

Afghanistan
Albania*
Algeria*
Argentina*
Australia
Austria
Bangladesh*
Belgium
Bolivia
Brazil*
Bulgaria
Burma*
Belorussian Soviet

Socialist Republic*
Cambodia (Khmer Republic)
Cameroon
Canada
Chile*
Colombia
Costa Rica
Cuba*
Cyprus
Czechoslovak Socialist

Republic
Denmark
Dominican Republic
Ecuador
Egypt, Arab Republic of
El Savador
Ethiopia
Finland
France*
Gabon
German Democratic

Republic
Germany, Federal

Republic of
Ghana
Greece
Guatemala

“Member nat!ons that are not party to NPT
In addltlon,  Taiwan IS parly to NPT but IS not an IAEA member

Haiti
Holy See (Vatican City)
Hungary
Iceland
India’
Indonesia
Iran
[rag
Ireland
Israel*
Italy
Ivory Coast
Jamaica
Japan
Jordan
Kenya
Korea, Democratic

People’s Republic of*
Korea, Republic of
Kuwait
Lebanon
Liberia
Libyan Arab Republic
Liechtenstein*
Luxembourg
Madagascar
Malaysia
Mali
Mauritius
Mexico
Monaco*
Mongolia
Morocco
Netherlands
New Zealand
Niger*
Nigeria
Norway
Pakistan’
Panama

Paraguay
Peru
Philippines
Poland
Portugal*
Qatar*
Romania
Saudi Arabia*
Senegal
Sierra Leone
Singapore
South Africa*
Spain’
Sri Lanka

Sweden
Switzerland
Syrian Arab Republic
Thailand
Tunisia
Turkey
Uganda*
Ukranian Soviet

Socialist Republic”
Union of Soviet

Sociatist Republics
United Arab Emirates*
United Kingdom of

Great Britian and
Northern Ireland

United Republic of
Tanzania*

United States of America
Uruguary
Venezuela
Vietnam
Y@slavia
Zaire, Republic of
Zambia*

SOURCE: IAEA
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Figure Vlll -3.

Safeguards Costs in Relation to Total Agency
Expenditure Under the Agency’s Budget 1971-76

Safeguards Total Safeguards Costs
Year Budget in percent of

(us $ 000) (us $ 000) Regular Budget
— . —.

1971 1636 14010 11 .lO/o

1972 2035 16532 12.3°/0

1973 2564 19881 1 2 . 9 %

1974 3441 25064 1 3 . 7 %

1975 4802 29675 16.2%

1976 6443 34702 18.60/0

See Working Papers Appendix IX.

reassurance is required. If the Board of Gover-
nors is unable to resolve a question of non-
diversion brought to its attention by the
Director General, it is instructed by statute to
report the noncompliance to all members, to
the Security Council, and to the General
Assembly of the United Nations. Under
statute, the Board may also “direct curtail-
ment or suspension of assistance being pro-
vided by the Agency or by a member and call
for the return of materials and equipment
made available to the recipient member or
group of members.” As a final act, the Agency
may suspend the membership of the state or
states from the exercise of the privileges and
rights of the membership. There has not yet
been occasion to exercise or test the in-
terpretation of these powers, none of which
are likely, in themselves, to give pause to Nth
countries. If, however, the phrase “or by a
member” is interpreted to include the supplier
states, the return of this material and equip-
ment at the “demand” of the supplier states
should considerably strengthen the Agency’s
position. The immensely more difficult
problem of the actual application of sanctions
would have to be the responsibility of the in-
dividual member states and more particularly
of the supplier states acting individually or in
concert. As has already been noted, the Agen-
cy cannot prevent diversion nor does it have
the power to recover diverted material. It has
no police powers.

In general, the Board of Governors operates
by consensus. Votes are taken only when a
state feels that its vital interests are at stake.
Decisions of the Board as well as the action of

the General Conference have been unique in
their absence of the political discord which
has characterized the deliberations of many
other international organizations. In spite of
this record, it is difficult to predict what the
actions of the Board of Governors would be if
it were confronted with a report from the
Director General stating that he could not
verify that there had been no diversion of
nuclear material in a specific state. Although it
should not be the case, the response of the
Board to such an announcement might be con-
ditioned by the identity of the state and
whether or not it was a member of the Board.

Under some conditions of political
pressures, the Board might find a majority
vote on noncompliance very difficult to ob-
tain, Nevertheless, the response to a proven
case of diversion is so crucial to both the
future effectiveness of safeguards and the
willingness of would-be proliferators to test
them that a majority of members of the agency
are likely to insist that the Board take the ac-
tions authorized by statute. The truly difficult
decisions will come when the evidence of
diversion is somewhat ambiguous.

There are several political and institutional
factors which may be expected to have a
marked impact on the IAEA’s ability to effec-
tively carry out its safeguards responsibilities
over the next few years. In the safeguards area
the question of the attitude of member states is
probably the most crucial factor. In spite of in-
creased recognition of the need for effective
and credible safeguards, there remains an
urgent need to enlarge the perceptions of in-
dustrial and developing states to the dangers
which proliferation presents to all. A coopera-
tive attitude by most member states will
establish a pattern of behavior difficult for
other nations to flout. This in turn will
strengthen the effectiveness of the technical
safeguards and provide reasonable assurance
that the diversion of nuclear materials for
weapons purposes can be detected. Failing
this, and confronted with inadequate funding
and overriding concerns for either national
sovereignty or the protection of industrial
secrets, the success of the Agency’s safeguards
activities will be placed in serious doubt.
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The most pressing near-term
Institutional nature, directly
operations of the Agency as a

problem of an
affecting the

whole and its
safeguards efforts in particular, is the matter
of the retirement or imminent contract expira-
tion of many key management people at the
highest Agency levels. The Director General is
66 years old. If he is to be succeeded in an or-
derly manner, the nomination must be sub-
mitted to the Board of Governors in June 1977.
Many of the members of the Director
General’s immediate staff are his contempor-
aries and are also approaching mandatory
retirement. Of immediate concern is the fact
that the contract covering the services of Dr.
Rometsch, the Inspector General, must be
renegotiated or a replacement recruited by
September 1977. The Agency has recently cir-
culated a request for nominations for the posi-
tion of Director, Division of Operations,
Department of Safeguards and Inspections. As
a result of the proposed reorganization of DSI,
Directors will have to be nominated for the
new Division of Operations and the Division
of Information. Finally, the Head of the Sec-
tion for Methods and Techniques, Division of
Development, is also approaching mandatory
retirement and a replacement for this position
will be required. The staffing of these posi-
tions will have a marked and long-range effect
on the Agency, as well as on the performance
and morale of DSI.

The reorganization of DSI (noted above)
was planned to meet the major increase in
safeguards activities resulting from the imple-
mentation of the IAEA-Euratom and Japanese
Safeguards Agreements, and application of
Agency Safeguards under the United States
and United Kingdom offers. This substantial
increase in the operational activities of DSI
will place new and exacting demands on the
Department and on the management of the
two operations divisions. At the level of In-
spector General there will be an even greater
need for strong leadership and effective, imag-
inative management to meet this challenge.

It is too early to evaluate the impact of the
very large increases the U.S. Congress has
authorized to strengthen and support IAEA
safeguards. In FY 1975, approximately
$200,000 was made available in gifts-in-kind
through the Foreign Assistance Act, In FY

1977 a total of approximately $1.6 million will
be available through the Foreign Assistance
Act of 1977 for similar gifts-in-kind. It was the
recommendation of President Ford that ap-
proximately $5 million should be made
available to the IAEA over the next 5 years.
The effective use of this money will require a
careful and realistic assessment of the Agen-
cy’s needs.

If the United States does not actively strive
to broaden this type of support among all of
the nuclear supplier states and the Soviet
Union, there is danger that the United States
will find itself carrying a disproportionately
large part of the burden. The report of a Ger-
man decision to contribute approximately
$300,000 in similar support for IAEA is heart-
ening and should be encouraged.

The IAEA can also be assisted in political
and technical ways as well as economic. Politi-
cal support can be indicated by full backing in
arguments, such as the present dispute with
Euratom over the IAEA’s oversight role, or by
manifestations of faith in the Agency’s ability
to competently fulfill its functions. Technical
assistance has been provided for many years
by the United States and other nations. This
has consisted of instrumentation and security
hardware development, safeguards applica-
tion, training of inspectors, and assistance in
data management systems development.

Euratom

The European Atomic Energy Community,
created by the Treaty of Rome in 1957 along
with the European Economic Community,
was the first multinational safeguards system.
The original members, Belgium, West Ger-
many, France, Italy, Luxembourg, and The
Netherlands were later joined by the United
Kingdom, Denmark, and Ireland. All Euratom
nations except France have since then ratified
the NPT.

Euratom inspection rights are broader than
those of the IAEA, and are in fact exercised by
the inspectors. This includes “. . access to all
places and data and all persons who by reason
of their occupation deal with material, equip-
ment ,  or  ins ta l la t ions  sub jec t  to  the
safeguards. . .“ The Commission may also re-
quire that all fissile material not immediately
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needed be stored by the Commission. Com-
mercial  sensitivity does not restrict  the
Euratom inspectors. The safeguards approach
is similar to that of IAEA in that verification of
material accountancy is the key element. In
general, reports are required monthly to indi-
cate both inventory changes and the final in-
ventory.

Euratom at present has about 60 inspectors
for 400 safeguarded facilities. It is Euratorn
practice that the inspectors specialize in cer-
tain types of installations and are responsible
for these installations wherever they may be
found within the European community. The
inspector proposes the inspection methods to
be used for specific facilities, examines the
records and reports of the facility, reviews the
differences between the operator’s declara-
tions and his findings, and makes the first
recommendation on the admissibility of losses
and wastes reported by the facility operator.
The final decision on this latter matter is made
at the level of the Directorate. Responses
available are stronger than the IAEA’s, includ-
ing temporary administration of the facility
and sanctions by member states.

The non-nuclear weapons states are fulfill-
ing their NPT responsibilities by an agreement
between Euratom and IAEA which incorpo-
rates the essentials of INFCIRC/153. Euratom
will continue its own inspections which will
be verified by IAEA. Several significant
differences remain to be resolved and the
agreement is not yet in force, although con-
siderable cooperation does already exist. One
complication introduced by Euratom is the
perception of it by other nations as essentially
a self-inspection operation, since it is small
and cohesive.

The Role of Sanctions in
Nonproliferation Strategy

Sanctions already play a role in the non-
proliferation regime. Article XII of the IAEA
Statute provides that, in the event of a viola-
tion of safeguards, the Board of Governors is
empowered to suspend nuclear assistance
provided the offending country by the Agency
or a member state. The Board may also require
the return of materials or equipment pre-

viously provided and suspend any non-
complying member from continued participa-
tion in the Agency. Similarly, under bilateral
American Agreements for Cooperation, non-
compliance gives Washington the right “. . .to
suspend or terminate this Agreement and to
require the return of any materials, equip-
ment, and devices. ” The Symington Amend-
ment to the Foreign Assistance Act provides
for a cutoff of American economic or military
assistance to any state exporting or importing
unsafeguarded reprocessing or enrichment
capabilities.

The purpose of sanctions is three-fold: to
dissuade potential proliferators, to prevent the
erosion of safeguards effectiveness which
would follow a successful violation, and to
reinforce international political norms against
proliferation.

Sanctions might be triggered by a variety of
events, including violations of safeguards
agreements; violations of bilateral Agree-
ments for Cooperation; sudden withdrawal
from the NPT; nuclear gray marketing; and
movement, though not in violation of any
legal obligation, towards a nuclear weapon
capability. However, the specific context with-
in which these events occur could influence
the feasibility and/or desirability of invoking
sanctions. Under some conditions (e.g., where
other foreign policy interests are involved)
there may be compelling reasons not to
threaten or apply sanctions. Consequently,
any sanctions strategy should permit some
degree of flexibility.

This can be accomplished by a strategy of
combining two postures: one threatening
automatic imposition of sanctions where a
clear violation of a legal obligation is in-
volved; a second designed to create a strong
presumption that sanctions might be imposed
even following more ambiguous violations.
Failure to respond strongly following viola-
tion of a legal obligation would have serious
adverse effects upon nonproliferation efforts.
In this case, the risks of inaction are likely to
outweigh those of action. On the other hand,
t h e  p r e s u m p t i v e s a n c t i o n s  p o s t u r e
acknowledges that in some cases the costs and
risks of taking action may be too high and that
flexibility may be desirable.
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The historical record concerning the threat
or imposition of sanctions is not one to insure
confidence. Major targets of international
economic sanctions have included Mussolini’s
Italy, China, Cuba, and Rhodesia. In none of
these instances did sanctions achieve the
desired results. Canada’s recent termination of
nuclear assistance to India did not greatly
slow India’s nuclear program. But to extrapo-
late from past ineffectiveness into the future
may be inappropriate. Instead, detailed assess-
ment of the degree of existing leverage over
specific Nth countries is needed. Within the
framework of automatic and presumptive
sanctions, a broad set of levers might be
utilized. These include manipulation of
nuclear assistance, economic and military
assistance, U.S. influence over the lending
policies of international financial institutions,
trade, investment, and security guarantees.
Ultimately it may include the threat and/or
use of military force.

Different Nth countries are more vulnera-
ble to some sanctions than to others; deterrent
impact varies from case to case. At the same
time, nearly all prospective near-term
proliferators would be vulnerable to one or
more of these levers. Recent American
pressure upon South Korea to forgo acquisi-
tion of a reprocessing plant illustrates that
sanctions can be effective, at least in a situa-
tion where the target state is highly vulnera-
ble. Whether the threat of sanctions will be as
effective under less optimal conditions (e.g.,
Pakistan and Brazil) remains to be seen.

Multinational Fuel Cycle Facilities

Multinational control of enrichment and
reprocessing facilities has been proposed in
order to reduce the opportunities for diver-
sion by proliferators. In addition to the ob-
viously greater difficulty one member would
have in diverting strategic nuclear materials
from a multinational facility as compared to
diverting from a plant under his sole control,
multinational fuel cycle facilities (MFCF)
would have other advantages. They would
generally be bigger than plants serving a
single nation and therefore offer economies of
scale. Fewer large plants are also cheaper to

safeguard and protect. The expertise of an ad-
vanced member nation could benefit the
operability of the plant, while participation by
the less advanced nations will serve to mollify
their sense of discrimination under the NPT.

Opposing these are several notable disad-
vantages. The primary one is that MFCFS
threaten to spread the very disease they are
designed to control, both by weakening the
arguments against all reprocessing and by dis-
seminating the technology so that nations
could later build their own facilities. In addi-
tion, multinational reprocessing plants would
still make plutonium accessible. This would
necessitate possibly discriminatory burdens of
heavy safeguarding of mixed-oxide fuels sent
to potential Nth countries, or fuel-cycle
schemes which send only enriched uranium
to them and reserve the mixed oxide for exist-
ing weapons states.

Several important issues will have to be
resolved before the concept will become prac-
tical. The details of the control of each facility
will have to be spelled out in some detail
before nations will feel secure in forgoing
their option to build domestic plants. Too
much control by individual members,
however, will interfere with commercial
operation when it conflicts with national ob-
jectives. Accessing the technology will have to
be controlled, possibly by members renounc-
ing the right to build their own facilities. The
IAEA role in technical assistance and
safeguarding will also have to be resolved.

Multinational fuel cycle facilities have prec-
edents for both enrichment and reprocessing
plants. Two enrichment plants and one
reprocessing plant have been built in Europe
by different groups of governments and pri-
vate companies. The primary motivation was
economic, and the partners were mostly ad-
vanced countries which are not generally con-
sidered prime proliferation threats. Neverthe-
less, the examples demonstrate that the con-
cept is feasible at least under some conditions.

Alternatives to MFCFS are national facilities
and abstinence, at least on the part of the
target nations. A concensus appears to be
developing among supplier nations that na-
tional control is undesirable. Abstinence can
only be secured by guaranteeing substitutes
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for the services these facilities would have
provided. This appears relatively straightfor-
ward for enrichment. A clear commitment by
the United States to construct the necessary
enrichment capacity could eliminate the need
for other national facilities. Reprocessing is
more difficult, as present or planned capacity
cannot handle the spent fuel being produced.
The spent fuel is simply being stored, and
therefore demand for some sort of disposal is
growing. In addition, as the technology of
reprocessing is simpler than that of enrich-
ment many nations could bypass export bans
by building their own facilities. Some means
of relieving potential proliferators of their
spent fuel is therefore both necessary and
desirable. This could be done by storing the
spent fuel in nuclear weapons countries or in
MFCFS designed only for fuel storage. The lat-
ter approach would have the advantage of
beginning the MFCF concept for reprocessing
without a full commitment to it, and the rela-
tive simplicity of the approach would ensure a
greater chance of success.

The IAEA is presently conducting a major
study of MFCFS. The first report on institu-
tional and legal aspects has been issued, and
others are expected in 1977. Preliminary in-
dications are that the concept will be found
beneficial in most respects.

The main impetus behind the concept is
concern over proliferation. Even if the
economics and fuel-cycle convenience prove
useful, however, MFCFS will be contributors,
not barriers, to proliferation unless access to
the technology, and therefore to the
plutonium, is controlled. Hence, implementa-
tion must be approached with caution. Spent-
fuel storage facilities are one way to jointly
test the concept and relieve the pressure for
reprocessing.

The Suppliers’ Conference

The First Suppliers’ Agreement

On August 22, 1974, Australia, Denmark,
Canada, the Federal Republic of Germany,
Finland, The Netherlands, Norway, the Soviet
Union, the United Kingdom, and the United
States filed identical memoranda with the

Director General of the International Atomic
Energy Agency concerning “procedures in
relation to exports of (a) source or special fis-
sionable material, and (b) equipment and
material designed or prepared for the process-
ing, use, or production of special fissionable
material. ” As stated by all these states, except
the Federal Republic of Germany and The
Netherlands which had at the time not yet
ratified the Non-Proliferation Treaty, these
memoranda were intended to coordinate the
fulfillment of “commitments under Article III
paragraph 2 of the Treaty on the Non-
Proliferation of Nuclear Weapons not to pro-
vide such items to any non-nuclear-weapon
state for peaceful purposes, unless the source
or special fissionable material is subject to
safeguards under an agreement with the Inter-
national Atomic Energy Agency.” The docu-
ments relating to this agreement were dis-
tributed by the IAEA in INFCIRC/209, a copy
of which is provided as annex S to appendix
IX of volume II.

The agreed procedures and so-called Trig-
ger List was the result of several years of
negotiation, and represented the first major
agreement on uniform regulation of nuclear
exports by actual and potential nuclear sup-
pliers. It had great significance for several
reasons. It was an attempt to strictly and
uniformly enforce the obligations of Article
III, paragraph 2, of the Non-Proliferation
Treaty. It was intended to reduce the likeli-
hood that states would be tempted to cut cor-
ners on safeguard requirements, because of
competition in the sale of nuclear equipment
and fuel-cycle services. In addition, and very
important in the light of subsequent events, it
established the principle that nuclear supplier
nations should consult and agree among
themselves on procedures to regulate the in-
ternational market for nuclear materials and
equipment in the interest of nonproliferation.
Notably absent from the list of actual partici-
pants or potential suppliers, as from the list of
parties to the NPT, were France, India, and the
People’s Republic of China. By 1974, however,
French policy had changed to one of respect
for the agreed-upon Trigger List, and in all
other matters related to nuclear exports began
to act as if she were a party to the NPT.
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The 1976 Agreement

Within a year of the delivery of these
memoranda a second series of supplier
negotiations were underway, This round, con-
vened largely at the initiative of the United
States, was a response to 1) the Indian nuclear
test of May 1974, 2) mounting evidence that
the pricing actions of the Organization of Oil
Exporting Countries were stimulating Third
World and other non-nuclear states to initiate
or accelerate their nuclear power programs,
and 3) recent contracts or continuing negotia-
tions on the part of France and West Germany
for the supply of enrichment or reprocessing
facilities to Third World states. The initial par-
ticipants in these discussions, conducted in
London under the veil of official secrecy, were
Canada, the Federal Republic of Germany,
France, Japan, the Soviet Union, the United
Kingdom, and the United States.

Two major issues were discussed in the
series of meetings which led to a new agree-
ment in late 1975. The first was if, and under
what conditions, technology and equipment
for enrichment and reprocessing, the most
sensitive parts of the nuclear fuel cycle from a
weapons proliferation perspective, should be
transferred to non-nuclear states. The United
States, with support from several other par-
ticipants, was reported to argue in favor of
both a prohibition on such transfer and a
commitment to reprocessing in multinational
facilities. France had already signed contracts
to sell small reprocessing plants to Pakistan
and South Korea, and West Germany had
agreed to sell technology and facilities for the
full fuel cycle to Brazil. They successfully
resisted the prohibition proposed by others.
The second issue was whether transfers
should be made to states unwilling to submit
all nonmilitary nuclear facilities to IAEA
safeguards, or whether total industry
safeguards should become a condition of sales.

On January 27, 1976, the seven participants
in the negotiations exchanged letters endors-
ing a uniform code for conducting interna-
tional nuclear sales. The major provisions of
the agreement require that before nuclear
materials, equipment, or technology are
transferred the recipient state must:

1.

2.

3.

4.

5.

6.

pledge not to use the transferred
materials, equipment, or technology in
the manufacture of nuclear explosives;

accept, with no provision for termina-
tion, international safeguards on all
transferred materials and facilities
employing transferred equipment or
technology, including any facility that
replicates or otherwise employs trans-
ferred technology;

provide adequate physical security for
transferred nuclear facilit ies and
materials to prevent theft and sabotage;

agree not to retransfer the materials,
equipment, or technology to third coun-
tries unless they too accept the con-
straints on use, replication, security, and
transfer, and unless the original supplier
nation concurs in the transactions;

employ “restraint” regarding the possi-
ble export of “sensitive” items (relating
to fuel enrichment, spent fuel reprocess-
ing, and heavy water production); and

encourage the concept of multilateral
regional - facilities for reprocessing and
enrichment.

There is of course a problem in trying to im-
pose such constraints on the diffusion of tech-
nology. Technical advances made by the recip-
ient country may alter the initial technology
to the point where it can reasonably be
claimed to be different technology. Such am-
biguities are handled by specifying an arbi-
trary time period—reported to be 20 years—
within which all related technology will be
unambiguously considered as transferred
technology and after which differing in-
terpretations may be possible. The basic
obligation, however, is not limited in time. A
copy of the U.S. Arms Control and Disarma-
ment Agency news release of February 23,
1976, a discussion of these provisions is found
in appendix volume II.

Evaluation of the 1976 Agreement

It is important to recognize what this sup-
pliers’ agreement does and does not do. It does
not ban transfers to nonparties of the NPT or
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to states that refuse to place all nuclear
facilities under IAEA safeguards.4 It also does
not ban the export of reprocessing and enrich-
ment facilities and equipment, but it attempts
to render such exports benign through the im-
position of safeguards and government
pledges.

It requires IAEA safeguards be applied, and
a no-explosives-use pledge be associated both
to facilities that are actually exported and to
facilities the recipient may build based on the
same technology. This is a significant
strengthening of the provisions previously ap-
plied to Trigger-List equipment. The
retransfer provision not only precludes states
acquiring technology with fewer constraints
by retransfer, but also gives the exporter a
veto over what countries may receive
retransfers. In this way any countries thought
to be particularly high risk, can be prevented
from obtaining help via an intermediary. The
provisions also explicitly recognize the impor-
tance of physical security protection of
nuclear materials and facilities, and will
strengthen the IAEA role as advisor on physi-
cal security matters to interested states.

Beyond the agreement’s provisions them-
selves, its very existence and the process of
negotiation that produced it have some sig-
nificant implications. The most important
benefit is perhaps the strengthening of the in-
ternational norm prescribing the acquisition
of nuclear weapons by non-nuclear states. The
importance that nuclear supplier states attach
to the prevention of proliferation is indicated
and symbolized by their agreement on
uniform standards. Agreement is made
despite the rather considerable opportunities
and incentives for each state to compete for
sales in a rather tight and lucrative export
market by demanding less stringent anti-
proliferation requirements than other ven-
dors. In addition, the process of negotiation
and the publicity associated with it were in-
strumental in causing the issues of nuclear
proliferation and nuclear exports to be raised
to the highest political levels within the

~Ratification  of the NIT or acceptance of international
safeguards on all nuclear facilities has now been adopted
unilaterally by Canada as a condition for the supply of reactors
or uranium. Canada has also called on other suppliers to adopt
comparable conditions of export.

governments of all participants. Considerable
pressure could therefore be brought to bear on
France and West Germany to adopt a policy
more closely in line with other major expor-
ters.

While producing only partial (although still
quite significant) changes before major agree-
ment was achieved in January 1976, subse-
quent statements by both governments indi-
cate continued movement closer to the
American position and away from insistence
of their right to export sensitive facilities.
Progress is evidenced by a French decision to
avoid any future export agreements involving
reprocessing technology and facilities. Presi-
dent Giscard has also announced the forma-
tion of a cabinet-level committee to coordinate
and supervise French nuclear exports. Presi-
dent Ford announced a toughening of U.S. ex-
port criteria in line with the London agree-
ments, calling for a 3-year moratorium on the
export of reprocessing and enrichment tech-
nologies. In the meantime, Canada has gone
further than other suppliers by declaring that
its nuclear exports would be confined to coun-
tries that have ratified the NPT or that accept
full fuel-cycle safeguards. Finally, the exist-
ence of the supply negotiations aided the ap-
plication of American pressure on South
Korea and Pakistan to abandon their plans to
build reprocessing plants, and increased the
political cost for other states that might be
contemplating acquiring reprocessing
facilities. As of this writing (May 1977),
the French-Pakistan deal may be canceled and
implementation of the West German-Brazilian
agreement is in some doubt.

On the negative side is the fact that the
negotiations have involved only actual and
potential nuclear suppliers. Having conducted
the negotiations in official secrecy and totally
outside the IAEA context, the parties have left
themselves open to several criticisms by po-
tential purchasing states. The first is that the
suppliers are in violation of their obligations
under Article IV, paragraph 2 of the NPT “to
facilitate. . . the fullest possible exchange of
equipment, materials and scientific and tech-
nological information for the peaceful uses of
nuclear energy,” and to “cooperate in con-
tributing. . . .to the further development of the
application of nuclear energy for peaceful
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purposes, especially in the territories of non-
nuclear-weapons states party to the Treaty,
with due consideration for the needs of the
developing areas of the World.” The second
possible criticism is that through the sup-
pliers’ agreement a group of industrialized
states have formed a nuclear cartel and are
conspiring to promote the continued de-
pendency of developing countries prevented
from acquiring industrial capability, the im-
portance of which for building modern in-
dustrial economies is demonstrated by the
suppliers’ own pursuit of such capability.

If such interpretations gain favor among
potential recipients states, the suppliers’
agreement could contribute to a weakening of
the sense of bargain on which the acceptability
of the NPT to many non-nuclear states rests. It
could also weaken the American argument in
international forums that cartelization is an
inappropriate mechanism for organizing com-
modity markets. In addition, it could become a
symbolic issue of contention in the context of
North-South negotiations over the distribu-
tion of the world’s resources, wealth, tech-
nological capabilities, and power.

Current and Future Issues

A s  o f  N o v e m b e r  1 9 7 6 ,  B e l g i u m ,
Czechoslovakia, East Germany, Italy, The
Netherlands, Poland, Sweden, and Switzer-
land were reported to have adopted the sup-
pliers’ guidelines and joined the suppliers’
discussions. This raises the number of partici-
pants to 15 and omits only Argentina, India,
and South Africa of those states potentially
able to enter the nuclear equipment or services
export market in the foreseeable future. By
adding three members of the Soviet bloc in ad-
dition to Russia, the suppliers’ conference has
become a joint East-West enterprise-a fact of
considerable political significance. There is
still no indication that the IAEA will become
involved, even to the extent of serving as a
communications medium to other states as it
did in the case of the 1974 Trigger List agree-
ment, Possible items for future agendas of the
suppliers’ group include reopening the ques-
tion of reprocessing and enrichment exports,
establishing uniform nonproliferation provi-
sions in Agreements for Cooperation and con-

tracts leading to the supply of enrichment or
reprocessing services, and multinational fuel
reprocessing or spent-fuel storage facilities.

The Non-Proliferation Treaty
(NPT)

The NPT evolved from the concern over the
increasing access to nuclear material from
commercial powerplants that emerged in the
late 1960’s. The intent was to restrict this ac-
cess by safeguards and gain a formal commit-
ment by the non-weapons states to remain
weaponless. These considerable intrusions
into national sovereignty were obtained by
guaranteeing access to peaceful nuclear tech-
nology and obligating the weapons states to
pursue disarmament. The treaty, which went
into effect in 1970, is reproduced in appendix
IX of volume II.

The status of nations relative to the NPT is
noted in figure VIII-2. The great number of
signers is encouraging, but included in the
almost 50 nonsignatories are Argentina,
Brazil, Chile, Peoples Republic of China,
France, India, Israel, North Korea, Pakistan,
Portugal, Saudia Arabia, South Africa, Spain,
and North Vietnam. That lack of participation
is a serious weakness of the NPT. The mem-
bership could be expanded if participation
were made more attractive, possibly by offer-
ing members preferential treatment in the ex-
port of nuclear technology or security
assurances.

The asymmetry between the nuclear and
non-nuclear states has caused some discom-
fort. The non-nuclear states surrendered con-
siderably more sovereignty than did the
weapons states, in that the major obligation of
the latter was only to pursue negotiations
towards arms control. Most states are ap-
parently willing to accept the separate status
accorded the present nuclear weapons states,
provided that their access to imports is not
impaired and that the arms control negotia-
tions are conducted in good faith. Of particu-
lar interest are the views of the non-nucIear,
nonaligned states of Africa, Asia, and Latin
America. These nations have been opposed to
the imposition of stricter new controls and
limitations on their nuclear imports in light of
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the nuclear powers’ refusal to accept such con-
straints and controls for themselves as regard-
ing nonweapon aspects of nuclear energy.5 In
their viewpoint, controls regarding the
peaceful utilization of nuclear energy should
be applied equitably to both nuclear and non-
nuclear energy.

The major concern of these nations,
however, was focused upon the large political
issues rather than upon technical matters. Led
by Mexico, Nigeria, Romania, and Yugoslavia,
a number of specific demands for action by
the superpowers were presented:

an end to underground nuclear tests;

a substantial reduction in nuclear ar-
senals;

a pledge not to use or threaten to use
nuclear weapons against non-nuclear
parties to the Treaty;

concrete measures of substantial aid to
the developing countries in the peaceful
uses of nuclear energy;

creation of a special international regime
for conducting peaceful nuclear explo-
sions; and

an undertaking to respect all nuclear-free
zones.6

Some movement towards meeting these de-
mands will have to be visible for these nations
to feel that the NPT is a partnership and not
just a constraint on them. The bitter reaction
of the nonweapons states during the 1975
NPT Review Conference and the threat of
Yugoslavia to withdraw from the Treaty
because, in its view, the United States and the
Soviet Union in particular had not fulfilled
their solemn obligations under Article 6, are
clear evidence that the non-nuclear weapons
states do not take lightly their understanding
of the balance of obligations undertaken by all
parties to the NPT.

The NPT by itself clearly does not solve the
proliferation problem. As noted above, some
of the key countries have not signed the treaty,.

sWilliam  Epstein, “Retrospective on the NPT Review Con-
ference: Proposals for the Future,” Congressional Record, p. S.
19558 (Nov. 10, 1975).
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and hence, are not legally bound from
developing their own weapons. Further, any
member can, upon justification of extraordi-
nary circumstances, withdraw with only 3
months notice. Members can also legally make
all preparations except final assembly of
weapons. Hence, a fully armed nuclear state
can spring forth, leaving a rather surprised
world little time to formulate a response.

Despite these weaknesses, the NPT was a
momentous achievement and remains a sig-
nificant deterrent. There are strong reasons
why a nation could find it very difficult to
abrogate the NPT, even though it is techni-
cally easy to do so. Few nations can afford to
flaunt international public opinion so
flagrantly, especially if their justification is not
convincing. This would be construed as reneg-
ing on a commitment to nonproliferation, as
well as a violation of an international consen-
sus, and could provoke a strong international
response. Nor would most nations take lightly
the possible unraveling of the fabric of non-
proliferation,

The NPT is useful, at least in the short-term,
in slowing down or deterring proliferation,
but it should not be viewed as an end in itself.
It has been observed that even if the NPT were
suitably strengthened and extended by the ac-
cession of states not now party to it, it would
not be a perpetual assurance that nuclear wars
would be prevented.7 That lack of assurance is
attributable to the dynamic nature of compet-
ing interests, goals, and objectives. The fate
and effectiveness of the NPT will depend upon
the actions undertaken by the nuclear
weapons parties to fulfill their obligations to
the non-nuclear parties, as well as upon the
preference or benefits the non-nuclear parties
to the treaty accrue as compared to the treat-
ment received by non-nuclear states not party
to the treaty. In the long term it is important to
recognize that the NPT is merely a part,
although a central part, of a more extensive
strategy aimed at inhibiting proliferation.8

7John Maddox, “prospects  f or

Ade/phi  Papers, No. 113, p. 1 (London:
Studies, 1975).

MIbid.,  p. 2.
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Conclusion and Prognosis

The basic purpose of the control mecha-
nisms discussed above is to supplement erod-
ing technological barriers to proliferation
with institutional and political constraints.
These include the Non-Proliferation Treaty,
IAEA safeguards, Euratom safeguards, the
Suppliers’ Conference, various bilateral and
other export controls, and unilateral or
multilateral sanctions. The achievements to
date have been considerable. Thev include:

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

an improved but still inadequate com-
prehension of the nature of the problem
and the requirements for a solution;

the creation of a broadly endorsed inter-
national norm against further prolifera-
tion;

the bridging of the East-West gap in in-
ternational politics with regard to this
issue;

the voluntary relinquishment by non-
nuclear weapons states of certain
sovereign prerogatives in the interest of
nonproliferation (e.g., forswearing the
right to obtain nuclear weapons, per-
mission for international civil servants
to inspect national nuclear facilities, ac-
ceptance of controls and restrictions on
nuclear imports);

the creation of at least rudimentary in-
stitutions for a coordinated interna-
tional approach to the problem;

the establishment of national govern-
mental  machinery  to  implement
bilateral agreements;

identification and utilization of a
variety of policy instruments designed
to contain proliferation (e.g., security
guarantees, international safeguards,
nuclear-free zones, etc.);

the elevation of proliferation to near the
top of supplier/state agendas and to the
attention of the highest level of govern-
mental authority; and

the agreement on a broad quid pro quo
between nuclear weapons states and
non weapons states involving the

reciprocal obligations delineated in the
NPT.

Although still inadequate, these achieve-
ments can provide the basis for the develop-
ment of a truly effective nonproliferation
regime. Whether that promise will be ac-
tualized depends largely on two master varia-
bles: technological change and political will,

Assuming that the pace and configuration
of technological advance (e.g., new enrich-
ment techniques or fast breeder reactors) can
be managed or accommodated and that the
political will is present, what does the future
agenda regarding nonproliferation look like?
In broad terms the task will be to:

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

achieve a clearer understanding of the
issue in all its complexity, particularly
the linkage between its technological
and nontechnological dimensions;

identify priorities for action in terms of
importance, urgency, feasibility, and
time required for implementation;

reinforce the international norm against
proliferation;

strengthen the IAEA by improving its
capabilities (e.g., budget) and expand-
ing its responsibilities (e.g., regarding
international fuel repositories);

improve international safeguards and
export controls by expanding their
scope, standardizing their requirements,
etc.;

develop institutional innovations (e.g.,
multinational fuel-cycle facilities);

redefine or clarify the bargain between
nuclear weapons states and non-nuclear
weapons states underlying the NPT to
place the nonproliferation regime on a
firmer international political founda-
tion (i.e., bridge the gap between in-
dustrialized and less developed coun-
tries on this issue);

develop comprehensive sanctions along
with an enforcement capability in sup-
port of the nonproliferation regime; and

improve coordination between bilateral
and multilateral nonproliferation con-
trols.
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Chapter IX

Comparison of Routes
to Nuclear Material

The previous two chapters described three routes for obtaining the fission-
able nuclear material suitable for weapons, and the restraints on those routes.
The route that would be selected by a particular nation or non-state adversary
will depend on many individual factors:

1) Technological Capability: If its ability is high, a nation can consider any
route. A low capability limits the proliferator to purchase or theft.

2) Availability of Nuclear Facilities: The ability of a proliferator to divert
nuclear material depends on the type of facility it owns or can readily ac-
quire.

3) Urgency of Need: If the proliferator must have the weapons on a short
time-scale, it may have to openly abrogate safeguards on its own nuclear
facilities or obtain weapons by purchase or theft.

4) Critical Resources: If a nation has large quantities of uranium, it would be

5)

6)

less vulnerable to sanctions if caught- diverting and less liable to be
detected if it constructs a dedicated facility.

Political Relationships: Acceptance of safeguards or vulnerability to sanc-
tions will force a nation to travel a route with the least chance of detec-
tion. On the other hand, alliance with a more advanced nation may pro-
vide an Nth country with the technology or resources for a dedicated
facility.

Perceptions of Controls: If a nation perceives safeguards to be effective, it
will be less likely to attempt diversion.

The interaction of all these factors with the Nth country’s objectives will
determine the optimal path.

One categorization of objectives, as identified in chapter VII, under “Diver-
sion From Commercial Power Systems, ” is as follows:

a) Nations desiring a major weapons force.
b) Nations satisfied with a smaller, perhaps less-sophisticated force.
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c) Nations wishing the option of rapid development of nuclear weapons
in the future.

d) Non-state adversaries limited to a few crude devices.

A major weapons program might be defined as one that produces at least 10
high quality weapons per year. Only a nation with a relatively sophisticated
technological base can realistically consider such a program. That nation would
not select a route as unreliable or intermittent as an illegal nuclear market. It
could pursue either of the other two routes, but would probably be unable to
keep its intentions secret for long. The diversion of sufficient quantities of
nuclear material from a commercial nuclear power program would necessitate
open abrogation of safeguards, unless the nation already had an unsafeguarded
facility. Sanctions such as nuclear embargoes might effectively hamper a nation
from continuing along this route unless it had its own uranium reserves and a
natural uranium or fast breeder reactor. Construction of a plutonium production
reactor dedicated to production of weapons material might have more appeal, in
that it would be legal for a nation that is not a party to the NPT, and its produc-
tion capabilities can be kept secret even if the existence of the facility could not.

The nation that wants a small number of unsophisticated weapons might
procure the material from any of the three routes. If it needed the weapons
quickly it could purchase the required goods on a black or gray market, if availa-
ble, or might consider overt diversion from a reprocessing or enrichment plant. If
its needs are not urgent, a country might be able to obtain the nuclear materials
secretly. If it owned a reprocessing plant it could attempt to covertly divert suffi-
cient material. The country might be unwilling to risk detection if it perceived
safeguards to be effective. In that case it might construct a plutonium production
reactor, especially if uranium were available. The reactor would be on such a
small scale that it might easily escape detection. A final alternative, for a country
that possessed a centrifuge enrichment plant would be to rework a portion of it
into a high enrichment loop or to build a small “add on” to the existing plant.

The nation wishing only an option for future nuclear weapons development
might build or acquire commercial nuclear power reactors. A reprocessing plant
would be essential for it to extract the weapons material from spent reactor fuel.
If it could not obtain such a facility, it might build one of its own to hold in
reserve. A small reprocessing plant for weapons is far easier to design and build
than a commercial plant.

The non-state adversary can obtain nuclear material either by black market
transactions or by armed attack on shipments or stockpiles of plutonium from
commercial power program. The non-state adversary would probably not be
able to use material from other points in the fuel cycle because construction of
the facilities required to convert the material to weapons grade would be most
likely beyond the group’s capabilities.
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This brief analysis indicates that all three routes are plausible under some
conditions. The least predictable is purchase/theft. If such a route comes into
existence, it could satisfy three of the four categories of proliferators. It might
also serve the major force nation wanting a few bombs in hand to forestall the
preemptive attack that might occur if its intentions became known before its
program was complete. Hence, a high priority must be given to controlling this
type of transaction. Diversion from commercial power systems can be largely
controlled if Nth countries do not have their own reprocessing or enrichment
plants. A reprocessing plant in particular provides instant access to any nation
willing to abrogate its safeguards agreement and many opportunities for covert
diversion by those that are not. The dedicated facility route is the least subject to
control. Many nations are capable of this route because of ready access to suffi-
ciently detailed plans and the availability of the modest resource requirements.
One of its few disadvantages is that its cost which, while lower than that of a
commercial power system, does not produce an economic return. More attention
should be directed to possible means of detecting the efforts of nations who have
embarked upon a dedicated facility route, and international responses prepared
to deter them.

Control—including the manipulation of incentives and disincentives to
proliferation —have been discussed in previous sections of this study (see chapter
IV). Figure IX-1 summarizes the relationship between the routes available to the
would-be proliferator and the major controls most appropriate to each route.
Figure IX-2 describes three hypothetical Nth countries. Those national charac-
teristics that would govern the choice of a preferred route and the controls most
likely to be effective in each case are identified.
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Figure IX-1 Control
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Figure IX-2

Country Case Study I

Salient Characteristics

1) Technological capability: Large, economically strong coun-
try with moderate to high technology.

2) Nuclear facilities: LWRs on stream providing high fraction of
total power supply. No reprocessing or enrichment
facilities.

3) Urgency of need for weapons: No specific, critical need, so
an orderly sustained program is feasible.

4) Critical resources: Significant deposits of uranium and other
materials used in nuclear fuel cycle.

5) Political relationships: Relatively independent—no patron,
but also no immediately threatening rival. Not a party to
the NPT, but safeguards agreements on imported reac-
tors.

6) Perception of control: Safeguards believed to be effective
and international response to illegal diversion expected
to be strong.

Objective

This nation would probably not be satisfied with less than a
major weapons force: perhaps 50-100 deliverable weapons.

Route

The dedicated facility route — a large plutonium production
reactor and reprocessing plant — would probably be the most
probable. Covert diversion is very unlikely, and overt diversion
would necessitate the construction of the full commercial fuel
cycle, which would be more expensive than the dedicated
facilities. The international response to the Iegal construction of
dedicated facilities is likely to be less severe than to covert or
overt diversion, even if the tatter is technically legal.

Controls

Control over the acquisition of nuclear weapons by such a
country will be difficult. There are no obvious, effective levers
should it decide to build dedicated facilities. Influencing incen-
tives and disincentives and gaining a nonproliferation commit-
ment by the nation maybe the best hope. Export controls and
sanctions may have some utility particularly if the country is still
dependent on some nuclear imports (e.g., reactor fuel), but it
would be difficult to maintain supplies units in the face of legal
proliferation,

Country Case Study II
Salient Characteristics

1) Technological capability: Small country with low to moder-
ate technology.

2) Nuclear facilities: Two LWRS on stream and several more
expected. High economic dependence on availability of
nuclear power. No reprocessing or enrichment facilities.

3) Urgency of need for weapons: Looming security threat im-
plies urgent, but not frantic, program.

4) Critical resources: Small, noncommercial deposits of urani-
um. High dependency on imports for many resources,

5) Political relationships: Party to the NPT: patron of uncertain
reliability.

6) Perception of control: Safeguards effective, and intern-
ational response could be overwhelming.

(cue study II contlnued)
Objective
A small force of about 10 weapons and an unsophisticated
delivery system would suffice.

Route
Secrecy and cost would be overriding considerations. The
purchase/theft route would be most desirable. If this is not
available, a small dedicated facility would be the next choice.
Covert diversion of spent fuel would be possible, but quite
difficult and would still require the construction of a reprocess-
ing facility.

Controls
incentives and disincentives provide the most effective means
of control. Improved physical security for materials and
weapons can limit puchase/theft opportunities. Enhanced
safeguards and intelligence work can improve the chances of
detection. The threat of sanctions can at least limit the nation to
routes most Iikely to be kept secret. Tecnological measures,
international management of the fuel cycle, or multinational
fuel cycle facilities can limit opportunities for diversion.

Country Case Study Ill

Salient Characteristics
1) Technological capability: Medium size country with moder-

ate technology.
2) Nuclear facilities: Several LWRs on stream and more under

construction which will constitute a high fraction of total
power supply. Centrifuge enrichment plant and small re-
processing facility.

3) Urgency of need for weapons: Sudden crisis introduces
very urgent need.

4) Critical resources: Small commercial deposits of uranium.
High dependency on imports.

5) Political relationships: Party to the NPT patron of uncertain
reliability.

6) Perception of control: Safeguards effective. Subject to con-
siderable non-nuclear international influence.

Objective
The primary goal would be to obtain several weapons quickly
and more later. Sophistication of weapons and delivery sys-
tems is not a major consideration.

Route
Since speed is the prime requirement, overt diversion would be
most attractive. Purchase/theft also offers a quick route but is
unlikely to provide weapons in the required quantity. Plutonium
stockpiles from the reprocessing plant would be rapidly as-
sembled into crude weapons. The enrichment plant would
allow independence from international nuclear embargoes in
the long term.

Controls
Little can be done to deter a country in such a situation. Any
plausible sanctions would appear less dangerous and further
removed than the immediate threat, and the means are aleady
at hand to procure the fissile material. The most effective
controls would have been to previously defuse the political
situation, provide credible security guarantees, and prevent the
acquisition of sensitive facilities. SOURCE: OTA
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Chapter X

The International

Nuclear Industry

The concern over proliferation has emerged largely as a consequence of the
growth of the peaceful use of nuclear energy. Measures to control proliferation
will therefore interact with several aspects of the nuclear industry: the real or
perceived need for nuclear power to fill future energy demand, the means by
which this need will be fulfilled, and the economic interests of nuclear corpora-
tions and their parent countries. This chapter begins by discussing the need for
nuclear energy and its appropriateness for advanced and developing nations. It
then presents a plausible projection of the growth of nuclear power worldwide
by the year 2000. This projection leads to an estimate of the spread of facilities
and movement of materials created by the nuclear industry. Finally, the value to
the United States of nuclear exports is estimated. All these subjects are treated in
greater detail in appendix IV, volume II.

THE NEED FOR NUCLEAR POWER

The extent to which various nations may
rely on nuclear power will depend on their
total energy demand and the alternatives
available to meet that demand. One difficulty
in assessing the energy demand of a nation is
that  the relationship between a nation’s
economy and its energy use is still not well
understood. Obviously, energy consumption
is in someway connected to a nation’s stand-
ard of living as measured by the accessibility
of goods and services: Highly industrialized
countries use much more energy per capita
than the less developed countries (LDCS).
Nevertheless, different nations accomplish
similar functions with very different require-
ments for energy. The per capita energy con-
sumption for a variety of nations is related to
the per capita gross national product in figure
X-1. This comparison between nations is only
a rough one, because both energy and

economics are measured differently by
different nations. For instance, the numbers
do not include noncommercial energy such as
firewood, which can amount to half an LDC’S
total energy consumption. Nevertheless, it
does indicate that the United States might
maintain economic growth with substantially
less than historic - e n e r g y
possibility is less apparent
dustrialized nations and quite
the LDCS.

The explanation for these

growth. This
for other in-

improbable for

differences lies
partially with the patterns of historical
development of natural resources. The United
States was endowed with vast supplies of
energy resources and showed an increasing
casualness towards them as its primary
energy dependence shifted
coal to oil and gas. This
figure X-2, was engendered

Preceding page blank

from fire-wood to
shift, depicted in
chiefly by the low
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Figure X-l.

Relation of GNP and Energy Consumption
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cost and convenience of resource extraction
and use. Other nations, constrained by limited
resources and high costs, have developed
more frugal patterns of use. Most other na-
tions have also been shifting towards increas-
ing use of oil and gas as energy sources, Even
though few industrialized nations outside of
the United States have substantial reserves of
cheap oil and gas, most have been relying in-
creasingly on imports of these fuels rather
than on coal. Most LDCS do not have signifi-
cant reserves of either oil or coal (part of the
reason for their lack of industrialization) and
are still in the early stages of a shift from non-
commercial fuels to imported oil, at least for
use in industries and cities where the tradi-
tional sources are impractical. In most cases,
foreign exchange considerations have led
governments to impose high fuel taxes to
minimize consumption. A graph of the world-
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Energy Consumption Per Capita (Kilograms of coal equivalent)

wide use of commercial energy resources,
shown in figure X-3, illustrates the rapid rise
in oil consumption since 1945. Figure X-4
details this trend for several groups of nations.

Even if the energy consumption growth rate
can be reduced, these patterns of energy use
will have to change. In particular, the use of
oil is not a long-term solution. The United
States has been increasing its purchases of this
fuel on the world market because of increas-
ing consumption and declining domestic pro-
duction. It now appears likely that U.S. pro-
duction will continue to decline, and by the
year 2000 it will certainly be much lower than
it is now. Some OPEC members could produce
at a substantially higher rate than at present,
but they generally will not find it to their ad-
vantage to do so. Even at present rates of pro-
duction, oil-rich lands such as Saudi Arabia



Figure X-2.

U.S. Energy Consumption Patterns
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could find their production declining in about
20 years. Thus oil prices are very likely to
become much higher than they are now.
Figure X-5 shows estimates of the proved
world reserves and estimated ultimate
recoverable oil resources. The latter figure is
especially subject to error, but the important
points are that there is a limit which could
easily be much lower and that most of the
very cheap oil has already been discovered.
The U.S. Geological Survey, for instance, has
recently sharply lowered its estimates of U.S.
resources. At present consumption rates, the
estimate of ultimate recoverable oil in figure
X-5 will last 83 years. If consumption in-
creases at 3 percent per year, it will last only
40 years.

A partial return to coal is therefore inevita-
ble despite a considerable aversion to its use.
Major problems center on the inconvenience
and expense of extracting and using it in an
environmentally acceptable way. World coal
reserves are shown if figure X-6. The known
recoverable reserves provide an energy
resource not much greater than that of the es-
timated total recoverable oil. The addition of

the estimated recoverable reserves of coal
raises the energy value to over five times that
of oil, and improved mining techniques could
recover much more. Production in Europe is
not expected to change significantly over the
next 10 years and the cost of extraction there is
high l. Large amounts could be exported by
the United States, Australia, South Africa,
Canada, and the U. S. S. R., but in the United
States at least there would be considerable op-
position to the domestic environmental
damage incurred for exports. Among the
LDCS only India and South Korea have sub-
stantial coal production.

Nuclear energy has been widely considered
to be the only viable alternative. Unlike coal, it
is not readily suitable for, uses other than pro-
ducing electricity. This is not felt to be a disad-
vantage by its promoters. Electricity is the
most convenient form of energy, and is ex-
pected by many to become the dominant
mode of consumption. It can be generated
from a variety of sources simultaneously and
used efficiently. Most countries have seen
their electricity consumption grow faster than
their overall energy use, and they expect this
trend to continue. The biggest drawback to
electricity is its expense. The equipment to
generate it is costly and the fuel to produce it
is used inefficiently: because of the ther-
modynamic processes involved in a steam-
electric plant, about two units of fuel are lost
as low-grade heat for every one that is con-
verted to power.

The major uses of electricity are to produce
heat and light, perform work (operate
machines), operate electronic equipment, and
perform certain tasks (such as electrolysis)
which depend on the unique nature of
electricity y. When tasks such as low-tem-
perature space heating can be performed as
well by the combustion of fossil fuels,
electricity can seem very expensive and ineffi-
cient. As oil and gas are depleted in the future,
the only choice may be between electricity and
the direct use of coal with all the difficulties it
entails. Even though technology may produce
more attractive direct-use options such a s

I World l+cr<~l~  OIItlook, Organizat ion  for  Economic
Cooperation and De~elopment,  Paris, 1977.
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Figure X-3.

Changing Use of Energy Resources
in the Twentieth Century
Annual Energy Production and Consumption (Quadrillion Btu ‘s)
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solar energy or synthetic fuels, significant
growth in electricity consumption is probable.

Electricity can be generated from water
power (hydroelectricity), steam-turbine
plants (fossil fuel, nuclear, solar, or geother-
mal), photovoltaics or open-cycle engines (gas
turbines or diesels). The trend has been to in-
crease the size of plants and to centralize

generation in a relatively few sites thereby
allowing the use of equipment that can
achieve higher efficiency and economies of
scale, and easing management by the utility. It
also necessitates the transmission of power
over long distances and makes each plant a
substantial fraction of the entire grid capacity,
Nuclear power marks the culmination of this
process (except possibly for hydroelectric
plants which are even larger, generally require
remote siting and are not well suited for other
purposes).

Although eventual fossil-fuel resource
depletion is one of the major elements behind
the desire for nuclear power, the present
generation of reactors use uranium so ineffi-
ciently that this nuclear-resource base is com-
parable to that of oil. Nevertheless, the advent

Figure X-4.

Oil Consumption
for Selected Groups of Nations

18

16

14

- — — Industrialized Countries
(Except U. S.)

U . S .
Communist
Communist-Bloc Countries

Emerging Countries

● ● ● ● ● . Less Developed Countries

1940 1960 1960 1970
Year

SOURCE: “Survey of Energy Resources,” World Energy Conference, 1974.

240



Energy Value
Quads (1015 Btu)

2529
777
470

Figure X -5

World Estimated Ultimate Crude Oil Recovery, January 1, 1975*
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of breeders would transform this uranium
into an effectively inexhaustible energy
source. Another major factor in the desire for
nuclear power is the promise of relatively
cheap energy. This claim is considerably
harder to substantiate. Capital costs have risen
dramatically over the past several years and
the price of uranium has risen faster than that
of petroleum. Even with these higher costs,
however, most countries will still find
electricity generated from nuclear power
cheaper than that from imported oil.

fueled with imported coal could be
cheaper than nuclear plants in some
cases, and much cheaper than those fired
by imported oil in many others. New
sources could be emphasized as they
become available, including wind power,
solar electric, and combustion of trash.
Cogeneration could be implemented (a
steam turbine is coupled with industrial-
process steam boilers or district-heating
plants in such a way that additional heat
energy is nearly 100 percent converted to
electricity y).Assumptions that high electric growth rates

must be maintained and that nuclear power is
the only way to fulfill that demand are not
universally accepted. Alternatives proposed to
reduce the need for nuclear power are:

. Non-Electric Replacements: Fossil fuels
and new energy sources used directly as
heat sources would in some cases be
more efficient than electricity produced
from either nuclear energy or these fuels
themselves.

. Electricity from other sources: The use of
coal could be greatly expanded. Plants
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.  Conservation of Electricity: Strict
measures (such as increased insulation
and use of heat pumps) could free
enough existing generation capacity so
that new plants would not be needed for
a period. Alternatively, a nation could re-
ject the energy-intensive, high-consump-
tion society now generally accepted as a
goal.

The desirability and feasibility of these
alternatives have to be weighed against those
factors both favoring and opposing nuclear
power. Factors that suggest nuclear energy be
considered are:

1.

2.

3.

4.

5.
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Lack of cheap alternatives. Even oil-rich
nations may opt for nuclear energy if it
appears to be cheaper than the world
price of their own oil;

Expectation of continued fuel price
escalation. A nuclear powerplant that is
only marginally economical now may
become very attractive in a decade,
because nuclear power economics are
much less sensitive to fuel prices than are
fossil plants;

A large and growing electricity demand;

A desire to diversify the energy supply;

The need to guarantee a fuel supply by
storage or rapid procurement, both of
which are impractical for fossil plants

6.

7.

8.

because of the cost and quantity of the
fuel;

A desire for the prestige which comes
from demonstrating the ability to handle
high technology;

The hope that nuclear power will help
provide a shortcut to technological ad-
vancement;

The feeling that there will be no alterna-
tives to nuclear power in a few decades
and that massive deployment will then
be impossible without a long learning
period.

The absence of one or more of these factors
will reduce the desirability of nuclear power.
In addition, there are several arguments
against a nation choosing nuclear power:

1. The high initial cost for nations with a
capital shortage (especially LDCS). Even
when the purchase is financed by an ex-
porting nation, only a limited amount of
credit is available and the ability to bor-
row for other purposes will be reduced.
This problem has evidently not yet been
overwhelming for the LDCS, who seem
to prefer the more expensive heavy water
reactors;

2. An increased dependence on nuclear
supplies for critical parts and material.
The range of suppliers is narrower than



3.

4.

5.

6.

7.

that for most other transactions, and this
may strike some as neo-colonialism;

Absence of technological depth and ex-
perience to handle nuclear plants. im-
ported reactors have generally lower
capacity factors, which may indicate that
the risk of accidents could be higher;

Increased vulnerability to non-state ad-
versaries or to enemies in case of war.
Sabotage of a nuclear powerplant could
cripple a nation’s power supply and
cause substantial damage;

The problem of nuclear waste disposal. If
a nation reprocesses its own spent fuel,
other nations may be unwilling to accept
the wastes. A small waste-disposal
program could be relatively expensive
and seems unjustified except for nuclear
weapons states, who in any case have to
dispose of large quantities from weapons
programs. Note that a program for the
return of spent fuel to supplier countries
automatically solves the problem.

A power system so small that the nuclear
plant would be too large a fraction (more
than 10-15 percent) of the overall
capacity. A single plant larger than this
diminishes total system reliability
because a sudden outage would have too
great an impact. Development of a
nuclear plant that is economical on a
smaller scale would greatly enhance its
appropriateness for an LDC;

Industrial demand insufficient to permit
operation of the plant at full capacity
around the clock:

8. Lack of a suitably sophisticated work
force, such that operation of facilities
would place undue demands on the sup-
ply of skilled manpower. Note that the
work force dedicated to reactor operation
need not be very large.

Whether the above factors tip the scale in
favor of nuclear power is a judgment that each
individual nation must make for itself. The
decision by a nation to take its first step
toward a nuclear power program may be a
momentous one. A miscalculation in the deci -
sionmaking process can be a very expensive
mistake. The LDCS in particular must be
careful since they will be relatively more
damaged should nuclear power turn out to be
inappropriate. Since most of the potential Nth
countries identified in chapter IV are in this
group, proliferation concerns might best be
served if supplier nations make a special effort
to find appropriate alternative energy sources
for them. At present, little energy research is
directed at the needs of LDCS. Energy-produc-
ing devices could be developed at relatively
low R&D expenditures to especially suit the
problems of LDCS, which are: difficulty in fi-
nancing high capital cost projects; shortages
of highly skilled manpower; and an abund-
ance of unskilled labor. Examples might be
waste digesters to produce methane gas and
efficient ovens for producing charcoal (the
present method loses 80 percent of the energy,
and firewood is becoming critically scarce in
many parts of the world). This approach
might be reminiscent of colonialism for some
LDCS unless such devices are also imple-
mented in the advanced nations, but the latter
may also find them useful.

PROJECTIONS

Many estimates of worldwide energy and
nuclear growth have been made. These have
generally been based on exponential ex-
trapolations of historical growth curves. Until
1973, this method proved reasonably accurate.
The real price of energy had been declining,
and consumption was increasing faster than
the general economy. The sudden quadru-
pling of oil prices starting in 1973, followed by

the rapid escalation of other fuel costs, pro-
duced a surge of interest in nuclear energy.
Since then, much of this new interest has
waned. The latest nuclear projection by the
Organization for Economic Cooperation and
Development (OECD) is in fact lower than
that of 1973. The primary reason for this
decline is economic. Nuclear capital and fuel
costs have soared along with oil, and
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Figure X-7

World Nuclear Capacity*
(1000 Megawatts)

1975 1960 1$85 1990 2000

U.S. Rerference Case 39 67 145 250 510
Other Nations 29 100 230 425 1030
Total 68 167 375 675 1540
IAEA/OECD (lower bound) 69 179 479 875 2005

“Edward J. Hanrahan,  etal.,  “Worfd  Requirements and Sup@yofUranium,”  r
the Atomic Industrial Forum Confararm,

~ eaentedat
Geneva, Switzartand,  Sept. 14, 976.

economic growth projections are substantially
lower, partly because of the higher cost of
energy. Thus, the first reaction to the oil price
rise was to continue the previous patterns of
consumption by turning to new sources,
while the later trend was to adjust to new high
energy costs by consuming less.

The previous section considered the various
factors influencing an individual nation to
choose or reject nuclear power. An accurate
projection of the nuclear growth in each coun-
try would require an exhaustive and complex
analysis of both the total electrical power de-
mand and the various alternatives to meet this
demand, No projection has yet been based on
such an analysis. Several less complete projec-
tions are described in appendix IV of volume
II.

Even if such a projection had been done, it
probably could not adequately treat unpre-
dictable developments such as the cohesive-
ness of the OPEC cartel. The best projections
remain largely guesses based on estimates of
the major parameters. Nevertheless, planners
need a framework for their discussions, and
proliferation control must be based on an un-
derstanding of the expected material flow and
availability of facilities. They must rely on the
less complete studies that have been done.

Projections of nuclear energy growth have
been made in recent years by the IAEA and
the OECD. The most recent official forecast is
a 1976 ERDA modification of an IAEA study.
The results are shown in figure X-7 and com-
pared with the 1975 IAEA/OECD study from
which it was derived.

Figure X-8 shows the distribution of the
1975 IAEA/OECD projection. Significant

Australia . . . . . . . . . . . . . .
Austria . . . . . . . . . . . . . . . . —
Belgium . . . . . . . . . . . . . . . 1,7
Canada . . . . . . . . . . . . . . . 2.5
Denmark . . . . . . . . . . . . . —
Finland . . . . . . . . . . . . . . . . —
France . . . . . . . . . . . . . . . . 2.3
Germany . . . . . . . . . . . . 3,2
Greece. . . . . . . . . . . . . . —
Ireland . . . . . . . . . . . . ., . —
Italy. . . . . . . . . . . . . . . . . . . 0.6
Japan . . . . . . . . . . . . . . . 6.6
Luxembourg ... ... . . . —
Netherlands . . . . . . . . . . 0.5
New Zealand . . . . . . . . . . —
Norway . . . . . . . . . . . . . . . —
Portugal . . . . . . . . . . . . . . . —
Spain . . . . . . . . . . . . . . . . 1.1
Sweden . . . . . . . . . . . . . . 3.2
Switzerland . . . . . . . . . . . . 1
Turkey ., . . . . . . . . . . . . . —
United Kingdom . . . . . ., 4.8
United States . . . . . . . . . . 40.1

OECD,
High Estimate . . . . . . . . 68
Low Estimate . . . . . . . . 68

African regionl . . . . . . . . —

American region2 . . . . . . . 0.3
Asian region3 . . . . . . . . . . 0.7

0.7
3.5
7,2

—
1.5

20.4
19.1
—
—

1,4
17
—
0.5

—
—
—
8.7
7.4
3.8

—
11.1
82.2

185
171

—
3.6
5

3
9.5

18.4
1.8
3.9

56
44.6

0.6
0.7

26.4
49

1.2
3.5

—
—
1.4

23.7
11.3

8
0.6

15.4
205

484
437

3.1
14,4
28.2

.  

1
6

16.5
41

4.9
4.9

90
77

1.2
2

62
84

1.2
7.5
1.2
1.8
3.3

42
16.3

8
2.2

31
386

890
774

6.9
35
72

6
14
30

115
11.4
13

170
134

4
6

140
157

1.2
16
3
4
8

80
24
12
16

115
1,000

2,080
1,685

29
147
224

45.7 113.9 400

points to be drawn from figures X-7 and X-8
are that the United States is reducing estimates
of its own nuclear growth more than most
other countries and now anticipates a growth
rate lower than others. These are largely
because of forecasts of a reduced economic
growth rate and substantial opportunities for
conservation in the United States.
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The most recent projections of total electri-
cal power demand for individual LDCS was a
1974 Market Survey by the IAEA. The results
of this IAEA study for those LDCS and emerg-
ing nations also listed in the OECD report are
shown in figure X-9. This figure has been
overtaken by recent events as shown by the
comparison with more recent OECD figures,
but it does give an idea of which nations will
be considering nuclear power and what their
alternatives are.

The developing nations heavily committed
to nuclear (i.e., planning to install more than
10,000 MW by the year 2000) are Brazil, Mex-
ico, Argentina, Egypt, India, Iran, Taiwan,
South Korea,  Pakistan, Phil ippines,  and
Singapore. These are either emerging nations
with expectations of becoming major in-
dustrial powers by 2000 or industrializing
LDCS with especially poor resources. Excep-
tions may be South Korea with its large coal
deposits and Egypt with potential oil reserves.
All have nuclear projects underway. A major

effort with far-reaching ramifications would
be required to convince these nations to elimi-
nate their planned use of nuclear energy
altogether. Only those nations with a lower
anticipated dependence on nuclear power, as
listed in figure X-9, might accept a total
substitution of alternatives should that prove
desirable. Many already have a start in
nuclear technology however, as detailed in
appendix IV of volume II, and some are plan-
ning on a very high eventual nuclear fraction
of their total power capacity.

Even allowing for a reduction in projec-
tions, nuclear energy is expected to be a major
energy source for the world. The 1,540,000
MW of nuclear capacity in the year 2000
(figure X-7) would produce a total of about
100-Quads (101s Btu) per-year of thermal
energy, nearly twice the present rate of coal
consumption shown in figure X-3. Producing
this much nuclear capacity will be difficult
and may well not be achieved. If the world
economy continues to grow however, finding
alternatives may be even harder.

THE MOVEMENT OF NUCLEAR MATERIALS AND EQUIPMENT

The previous section summarized projec-
tions of the growth of nuclear power expected
in the future. The impact this growth might
have on proliferation depends largely on the
characteristics of the international nuclear in-
dustry. The capabilities of reactor-supplier na-
tions are particularly important in estimating
the success of any unilateral or multilateral
proliferation-control measures. The spread of
those facilities that are most sensitive to
proliferation+nrichment and reprocessing
plants—is also critical. Such plants not only
give their operators the means to produce
weapons material but also reduce their
vulnerability to international sanctions.
(These and other facilities less critical to
proliferation control are discussed in appen-
dix IV of volume II). Finally, the location and
adequacy of the supply of uranium fuel itself
affects fuel supply strategies, such as guaran-
teed fuel, and determines when measures that
might increase proliferation problems—such
as recycling plutonium or relying on the

breeder reactor—are really needed. The
worldwide distribution of reactors and their
supporting facilities is depicted in figure X-10.

Reactors

The nations and enterprises that presently
manufacture reactors are listed in figure X-11.
The export market has been restricted to the
United States, Germany, France, and the
U. S. S. R., for light water reactors (LWRS) and
to Canada for heavy water reactors (HWRS).
Italy and Great Britain also have the spare
capacity to export if they can find a market.
Japan and Sweden will continue to import, as
their manufacturing capability is less than
domestic demand.

The general pattern of growth has been for
a nation to import its first few reactors and
t h e n  d e v e l o p  i t s  o w n  m a n u f a c t u r i ng

capability, possibly under a licensing agree-
ment. India is now in the middle of this proc-
ess, building a capability for producing heavy

●
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Figure X-9.

Projected Distribution of Installed Electric Capacities in Developing Nations by Plant Type*
(1000 Megawatts)

American Region
Brazil
Mexico
Argentina
Venezuela
Colombia
Peru
Chile
Cuba -

Jamaica
Uruguay

Region Total
——. . .

African Region
Egypt
Israel
Kuwait
Iraq
Morocco
Algeria
Nigeria
Tunisia
Saudi Arabia

— —

Region Total

Asian Region
India
Iran
Taiwan
Korea
Thailand
Pakistan
Philippines (Luzon)
Hong Kong
Singapore
Malaysia (Peninsular
Indonesia (Java)
Bangladesh

Rsgion Total

Sub-Total

Percentage
—

(a) Not available

1980

Conv. Nuclear Hydro Total
— —

3.1 0.6
8.6 0.7
5.4 1.5
6.4 -
3.4 -
1.6 -
1.1 -
2.5 -
1.0 -
1.0

— .-

34.1 2.8

2.8 -
3.8 -
1.3 -
1.1 -
0.3 -
0.4 -
0.8 -
0.4 -
0.4 -

22.0
6.9
4.0
1.2
2.6
1.8
1.6

0.3

40.4

2.4

0.6
0.4
0.1
0.1

25.7
16.2
10.9
7.6
6.0
3.4
2.7
2.5
1.0
1.3

77.3

5.2
3.8
1.3
1.1
0.9
0.8
0.9
0.5
0.4

11.3 0

25.5 4.2
6.3 -
6.1 2.9
4.7 1.2
3.0 -
3.5 0.1
2.7 -
3.5 -
1.8 -
1.0 -
0.8 -
1.1 -

3.6 14.9

22.3 52.0
3.0 9.3
(a) 9.0
0.7 6.6
1.3 4.3
2.9 6.5
1.0 3.7

3.5
1.8

0.6 1.6
0.7 1.5
0.1 1.2

60.0 8.4 32.6 101.0

105.4 11,2 76.6 193.2

54.6 5.8 39.6 100

1990

Conv. Nuclear Hydro Total
—

3.1 11.4 49.2 63.7
9.1 21,6 8.6 39.3
4.9 8.1 8.5 21.5
6.4 4.4 3.4 14.2
3.4 1.7 6.5 11.6
1.6 1.3 3.6 6.5
1.1 1.7 2.4 5.2
2.6 2.1 - 4.7
1.0 1.8 - 2.8
1.1 1.1 0.5 2.7

.- —

34.3 55.2 82.7 172.2

2.6 5.0 2.4 10.0
3.8 3.9 - 7.7
1.3 1.3 - 2.6
1.1 1.1 - 2.2
0.3 0.4 1.0 1.7
0.4 0.5 0.8 1.7
1.1 0.5 0.3 1.9
0.8 0.2 0.2 1.2
0.8 0.2 - 1.0

—

12.2 13.1 4.7 30.0

26.0 31.4 43.0 100.4
6.4 10.0 8.0 24.4

10.0 10.3 (a) 20.3
4.7 9.8 2.3 16.8
3.1 3.7 2.2 9.0
3.2 4.9 4.8 12.9
2.8 4.8 2.0 9.6
3.6 3.2 - 6.8
1.8 4.3 - 6.1
1.3 1.3 1.4 4.5
0.8 1.7 1.8 4.3
1.1 4.0 0.5 5.6

—

64.8 89.9 66.0 220.7

111.3 158.2 153.4 422.9

26.3 37.4 36.3 100

Conv. Nuclear Hydro Total

3.1 46.9 52.3 102.3
9.4 68.0 10.6 88.0
3.9 18.1 15.8 37.8
6.4 8.4 9.8 24.6
3.4 5.3 12.5 21.2
1.6 3.0 7.0 11.6
1.1 3.7 4.9 9.7
2.6 5.5 - 8.1
1.2 5.8 - 7.0
1.1 3.1 0.6 4.8

33.8 167.8 113.5 315.1

2.5 12.6 2.4 17.5
5.0 7.4 - 12.4
2.2 3.2 - 5.4
1.8 2.6 - 4.4
0.3 1.6 1.3 3.2
0.4 1.8 1.3 3.5
0.8 2.6 1.0 4.4
0.8 1.6 0.2 2.6
0.8 1.4 - 2.2

14.6 34.8

27.0 130.0
6.5 28.0

14.9 22.4
4.7 24.5
3.1 9.6
3.3 15.9
3.9 12.0
4.9 7.3
1.8 14.9
1.3 5.0
1.1 5.7
1.1 9.7

6.2 55.6
—

60.0 217.0
10.0 44.5
(a) 37.3
2.3 31.5
4.3 17.0
7.3 26.5
2.8 18.7

12.2
16.7

2.3 8.6
3.0 9.8
0.8 11.6

73.6 285 92.8 451.4

122 487.6 212.5 822.1

14.8 59.3 25.8 100

“Derived from IAEA Market Survey for Nuclear Power in Developing Countries, 1974.
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Figure X–11.
Principal Suppliers of Reactors

HWR

Atomic Energy of Canada Ltd. Canada
Kraftwerk Union Federal Republic

of Germany
Canadian General Electric Canada

LWR

Kraftwerk Union AG
Framatronne
Atomenergoexport
ASEA-Atom
G e n e r a l  C o .  
W e s t i n h o u s e  C o .
Toshiba
Hitachi
Combustion Engineering
Babcock and Wilcox
Ansaldo Meccanico“co Nuclear SpA
Mitsubishi Heavy Industries

FRG
France
USSR
Sweden
USA
USA
Japan
Japan
USA
USA
Italy
Japan

Gas Colled  

General Atomic USA
Nuclear Power Co. United Kingdom.

SOURCE: OTA

water reactors derived from its Canadian im-
ports despite total withdrawal of Canada’s
assistance. Few other nuclear importers,
however, will be tempted into the business of
reactor manufacturing. The necessary in-
frastructure is too expensive and demanding
to be worthwhile even to provide domestic
needs. Entering the reactor export business
would be even harder because of the stiff com-
petition and difficulty in demonstrating a
reliable product to a new customer.

The growth of various types of reactors
most likely to be installed worldwide through
the year 2000 are shown in figure X-12. This
figure indicates the continued predominance
of LWRS, the increasing popularity of HWRS
and the entrance of breeders near the year
2000.

Uranium

Those nations with economically recovera-
ble resources of uranium are listed in figure
X-13. Interestingly, few of the Western reactor

Figure x-12.

World Nuclear Capacity Projection
Installed Capacity 1000 Megawatts
1,600

1,400

1,200

1 ,000

800

600

400

200

/

Other Enrichad

o

suppliers will be major exporters of
uranium. Despite their large reserves,
and Australia may have restrictive
limiting their uranium exports. The

.

1975 1980 1985 1990 1995
SOURCE : OTA Year

natural
Canada
policies
United

States has substantial reserves, but even these
may not be enough for domestic needs. The
other nations on the list can be expected to ex-
port uranium.

Although economically recoverable
resources seem to be concentrated in a few
countries, most other countries do have some
deposits and more may be discovered as ex-
ploration is accelerated. Some may find it
politically advantageous, even if not economi-
cal, to mine and mill uranium to ensure a fuel
supply for domestic plants.

The figures presented in figure X-13 do not
represent an estimate of ultimately recovera-
ble resources. They have been collected largely
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Figure X -13.

Uranium Reserves and Resources ●

Data Available November 1.1976

Reasonably Estimated
Assured Resources Additional Resources Total

Cost Range (1000 Metric Tins) (1000 Metric Tins) (1000 Metric Tons)

Algeria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Argentina . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Australia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Brazil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Canada . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Central African Republic . . . . . . . . . . . . . . . . . . . . . . . . . . .
Denmark (Greenland) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Finland . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
France . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Gabon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Germany . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
India . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Italy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Japan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Korea . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Mexico . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Niger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Portugal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
South Africa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Spain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Sweden . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Turkey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
United Kingdom . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
United States . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Yugoslavia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Zaire . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

28
20.6

243
10.4

172
8
6
1.9

55
20

1
29.2

1.2
7.7
2.4
6

50
6.9

462
103.5
300

31
1.8

493
6.5
1.8

39
80

8.8
605

8
10
—

40
10
4

23.3
1

—

30
—
74

106.8
—
0.4
4

812
15.2

1.7

-

Total (rounded) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2041.0 1873.2
.

‘Nuclear Engineering international, November 1976

for purposes of short-and mid-term planning.
Two factors could result in a considerable ex-
pansion of the figures. The first is confirma-
tion of more speculative deposits not included
here. In the United States, 1,430,000 metric
tons have been estimated by ERDA as possible
or speculative, and as vast areas of the world
have yet to be prospected no estimate at all has
been made for them. It is conceivable,
although far from definite, that several times
the total in figure X-13 eventually will be
identified as recoverable. The second factor
would be the use of higher cost ores. Nuclear
power is relatively insensitive to the price of
the fuel, so this possibility cannot be
precluded as cheaper deposits are consumed.
It is well known that enormous quantities of

28
59.6

323
19.2

777
16
16
‘ 1.9
95
30
5

52.5
2.2
7.7
2.4
6

80
6.9

536
210.3
300

3.5
5.8

1305
21.7
3.5

3914.2
—

uranium, far exceeding any projected de-
mand, exist in very low-grade forms such as
shales, granite, and sea water, but tapping
these resources is not feasible under present
techniques. Much less is known about middle-
grade ores since the abundance of high-grade
ores has limited the interest in them. Middle-
grade ores may in fact be virtually nonexist-
ent, as is exhibited by some materials, or they
may present a resource base mid-range be-
tween the high- and low-grade resources.
Much exploratory work remains to further
define both these factors,

The adequacy of worldwide reserves of
uranium for the projected growth of nuclear

249



34

17000
2.03
0.88
4.8

.494

.581

239
185

33 39 30 30

2.28
0.74
5.8

93.15
l8500

93.15

—

0.711
0.31
1.7

.199

.199
.367
.458

42.5

222
174

388
311

519
441

3.21
0.90
7.0

83.15 0.711
0.15
2.3

0.154
0.191

0.125
0.125

—

85
73

.167
9.5

0.128
0.158

93
75

4810

4310

1350
1870

1

2
3

4
5

6

7

MWm is thermal megawatts; MWe is net electrical megawatts; MW~ is thermal m awattdays; MTU is metnctonnes  (thousand of kilograms) of uranium;
%~erS&~E is short tons of UG yellowcake  from an ore processing mill. One S U is equivalent to one kg of separative work.

For red oacement ioadinas, the reauired  feed and separative work are net, in that thev allow for the use of uranium recovered from soent fuel. Allowance is
made lor fabrication arid reproce&i

3
losses. “

Includes natural uranium to be spik with plutonium; 0.0067 ST U30dMWe  for BWR and 0.0067 for PWR.
Plutonium available for recycle ratchets I+  each

Y
s because not all of the piutonium  charged is burned. Therefore, more plutonium is recovered from

mixed-oxide fuel than from standard uranium  fue, and this increment increases with each cycle (5-6 years par cycle) requiring several passes to reach
steady state. The data shown represent conditions for the 1960’s when most reactors will be dischargi

v
fuel which has only seen one racyde  pass.

Average for all fuel  dischar
F

with full racyde of self-generated plutonium. For mixed-oxide fud (natural spiked with setf-generated plutonium) the spent
fuel from BWRS contains 1 .1 kg Pu per MTU and from PWRS, 18.7.
Lifetime commitments assume operations at 4070 C

TV 1
d Factor (CF for the first year, 65?4.  CF for the next two years, followed by 12 years at 75% CF.

Thereafter, CF drops 2 points per ear, reaching 35°. in t e last (30th year.
L● ERDA-1, “The Report of the Liquid etal Fast Breeder Reactor Program Review Group,” January 1975.
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Figure X-15.

Cumulative Lifetime Uranium Commitments

Uranium Millions of Metric Tons

Figure X-1 6.

Cumulative Consumption of Uranium

Uranium” Millions of Metric Tons
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SOURCE OTA Year

plants depends upon a variety of complex fac-
tors. One is the efficiency with which various
reactor types use this resource. The abundant
LWRS use more than HWRS, and breeders
could operate for decades on the uranium that
has already been mined. The utilization of
uranium also depends upon the operation of
the enrichment plants required for LWRS (See
chapter VII and appendix V of volume II for
technical details of all aspects of the nuclear
fuel cycle). If the demand for enrichment serv-
ices is high, a plant can be operated in a mode
that provides a more enriched product but
also requires more uranium feed. If more effi-
cient enrichment techniques (such as the laser
isotope separation) are developed, they might
be able to recover some of the useful fuel now
left in the tails.

8,000

7,000

6,000

5,000

4,000

3,000

2,000

1,000

0

/
0.3% Tails

\
\

.

1975 1980 1985 1990 1995
SOURCE OTA

2000
Year

Another factor influencing the adequacy of
uranium reserves is the fuel burnup of a reac-
tor: The fuel would be more completely
burned if the LWRS operated at full power for
the expected 80 percent of the year rather than
at the current average of 60 percent of the
year. (A realistic goal might be 70 percent.) At
the lower percentage of full-power operation
the fuel could be left in the reactor several
months longer. However, reactors continue to
be refueled at regularly scheduled yearly in-
tervals because it is most economical to time
the refueling with the required annual shut-
down for maintenance. This leaves a substan-
tial amount of unburned enriched uranium in
the spent fuel which could be recovered, along
with the generated plutonium, by reprocess-
ing. This step would undoubtedly be advan -
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Figure X-1 7.

World Annual Separative Work Requirement
Annual Separative Work Requirements: Millions kg SWU/Yr
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tageous from an energy resource conservation
viewpoint but it is far from certain that recy-
cling will become widespread.

The amount of uranium that will be needed
by each of the presently available reactors
over their lifetimes are shown in figure X-14.
These figures can be translated into the de-
mand that  wil l  be placed upon uranium
r e s o u r c e s  b y  t h e  g r o w t h  o f  n u c l e a r
powerplants. The projected installed capacity
as a function of time is plotted on figure X-12.
The required cumulative lifetime commitm-
ents (allotting to a reactor at the start of
operation the entire supply of fuel it will use
in its lifetime) for this projection are shown in
figure X-15 for enrichment tails of 0.2 percent
and 0.3 percent, with and without plutonium

recycle. The actual day-by-day
consumption is shown in figure

cumulative
X-16. Both

figures show the reserves of-figure X-13, the
1,430,000 metric tons of U.S. possible or
speculative reserves, and an estimate of the
equivalent world reserves based on the same
ratio of speculative to reserves figures as in the
United States. This latter figure is purely em-
pirical and is included only to give an idea of
the possible magnitude of world reserves. The
lifetime commitments reach the estimated
total resource base of figure X-13 in 1999 with
Pu recycle and in 1995 without it, assuming
ample enrichment capacity. If the more
speculative reserves are confirmed, uranium
may not be a constraint on reactor construc-
tion until well into the next century, even
without recycling. If, however, even the pres-
ent estimates turn out to be optimistic, a
serious shortage could develop in the 1990’s.
Actual consumption would not be limited un-
til well after the year 2000, with or without
recycle. Thus, nuclear growth could continue
past the 1,000 reactors that will commit the
estimated base, but this expansion could only
be pursued if there were considerable confi-
dence that a fuel supply would emerge to
allow the reactors to complete their normal
expected lifetimes, This supply might come
from new ore discoveries, breeders, laser
enrichment of tails, or new recovery tech-
niques for tapping the vast reserves of low-
grade, presently uneconomical, ore such as the
Chattanooga shales or sea water.

Enrichment

Enrichment plants are essential for LWRS,
which must use fuel with a higher concentra-
tion of the uranium isotope U235 than occurs
naturally, The adequacy of enrichment
facilities in meeting present and future de-
mands of LWRS will affect the motivations of
various nations, either to build their own
enrichment plants or to purchase a reactor
type such as the HWR that does not require
enriched uranium. Global enrichment
capacity is plotted against requirements in
figure X-17. The U.S.S.R. has been credited
with 7 million separative work units (SWUS),
but it is not known if that much actually will
be available. It is apparent that new capacity
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Figure X -18.

Enrichment Plants*

Nation Type Location
Capacity Operation

Million SWU Date

U.S. ... ... ... .., ... ... ... .. Diffusion
Diffusion
Diffusion

Diffusion

Diffusion

Centrifuge (Proposed)

USSR .. .. .. ., .. .. .. .., ... . Diffusion

United Kingdom .. .. .. .. .. Diffusion-
Centrifuge
Centrifuge (Proposed)**

Netherlands . . . . . . . . . . . . . Centrifuge

France .. .. .. .. .., .. .. .. ... . Diffusion
Diffusion

Japan . . . . . . . . . . . . . . . . .., .. .Centrifuge (Proposed)

Brazil . . . . . . . . . . . . . . . . . . . . .. Jet (Proposed)

South Africa . . . . . . . . . . . . . . .. Jet (Proposed)

“Nuclear Engmeenng  lnternahonal,  November 1976
‘“Expansion could beat Almeloorm Germany Instead

will be needed by the 1990’s, especially if
reprocessing is  delayed (plutonium ‘can
substitute for enriched uranium). Because the
construction time for new plants is about 8
years, plants should start in the early 1980’s if
growth projections are to be met, The enrich-
ment facilities in operation are listed in figure
X-18.

The United States has been the major sup-
plier of enrichment services, even to other
reactor suppliers, although its dominance is
now declining. All large-scale operating
plants are the gaseous diffusion type, and
most of these are in the United States, The next
series of large plants will probably be the
centrifuge type, which promises to be more
economical, Both are very high-technology
processes based on proprietary or classified

Oak Ridge, Term.
Paducah, Ky.
Portsmouth, Ohio

Improvements and
Uprating

Portsmouth, Ohio
(add on)

Siberia

Capenhurst
Capenhurst
Capenhurst

Almelo

Tricastin
Tricastin

4.73
7.31
5.19

17.23

10.5

8.75

1.6 to 9.0

7-1o

0.4-0.6
0.2
1.6

0.2

10-8
9-1o

2

2

5

1975-85

1985

1982-1989

—

—
1977
1982

1977

1978-1981
1985

1988

1989

—

information. Thus, although centrifuge plants
can be built on a small scale and more
economically than diffusion plants, not many
countries beyond these listed in figure X-18
are likely to undertake commercial enrich-
ment. The nations most likely to enter the
enrichment market are Australia and West
Germany. If new techniques under develop-
ment (such as jet-nozzle or laser isotope
separation) prove practical, this picture may
change drastically. Both Brazil and South
Africa are currently developing enrichment
plants based on the jet-nozzle technique—
Brazil to supply its domestic needs and South
Africa to enter the export market. Another
new feature that may contribute to the spread
of enrichment technology is the participation
by some nations (such as Iran) in an enrich-
ment consortium such as Coredif.
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Figure X -19.

World Reprocessing PIants*

operator Type of Plant Capacity Date
te/y operational status

Us.

U.K.
Windscale BNFL 1 Nat. U metal 1500-2500 1964

Oxide head end 1972 to
1973

Refurbished oxide 1977-78
head end

2 New commercial 1000 1984
oxide plant

3 New commercial oxide 1000 1987
plant “overseas”

France
La Hague CEA 1 Nat. U metal 800 1968

Note Several other pdot  and laboratory scale plants have been and are being operated fordeveloprrrent of reprocessing tec+mology.  Commeraal  reprocessing of research reactorfuel
has also been undertaken m several plants around the world, Fast reactor oxldefuel  WIII  be reprocessed m pdot scale plants m France and the U.K. and a plant for mixed thorium urarvum
oxides was bult  m Italy but has not been operated.

“Nuclear Englruwmg  International, February 1976.
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Reprocessing

Reprocessing is considerably less mature
than other stages of the fuel cycle. Interest in
reprocessing has been limited, both because it
is not essential to any reactor now marketed
and because its costs have escalated very
rapidly as the difficulties of handling
plutonium and highly irradiated fuel have
become more apparent. If breeder reactors
enter the market they will require reprocess-
ing plants. A major argument for building
reprocessing capabilities now is to gain ex-
perience and to produce plutonium stockpiles
for the initial breeder cores. Additional ad-
vantages of reprocessing are its contribution
to resource conservation and the role it is ex-
pected to eventually play in permanent waste
disposal.

Despite these advantages, reprocessing has
become the focus of much of the opposition to

nuclear power. The reason is that reprocessing
potentially exposes plutonium with all the
resulting implications for health, safety, and
proliferation.

At present the only operating reprocessing
plant for LWR fuel is a small commercial
facility in France that has been running since
May 1976. The weapons countries all operate
large noncommercial reprocessing plants, and
several countries reprocess spent fuel from

other types of reactors. The older magnox
reactor in Great Britian requires reprocessing
for its magnesium-clad fuel. The facilities for
LWR fuel that are expected to begin operating
in the next few years are listed in figure X-19.
Several others have been shut down because
of obsolescence. If all spent fuel were to be
reprocessed, considerably more capacity than
is currently planned would be required. The
planned and required capacity is shown in
figure X-20. The alternative is simply to in-
crease the temporary pool storage for spent
fuel (at some expense), or to devise quasi-per-
manent storage for it, if processing is to be
deferred indefinitely.

Commercial reprocessing plants are expen-
sive and technologically demanding facilities,
A minimum size plant might be designed to
handle 500 tons of spent fuel per year,
equivalent to the discharge of about 25000
MW of installed capacity. Very few nations
will have such a large capacity in this century.
Hence international reprocessing centers may
become economically advantageous.

Even though reprocessing facilities make
sense only if serving a large number of reac-
tors and are not essential to LWRS or HWRS,
Brazil and Pakistan have signed contracts to
import them.

U.S. NUCLEAR EXPORTS

The United States has been the leader in the
development of nuclear energy for both
domestic use and export. The LWR was
developed in the United States, and is now the
major reactor of all supplier nations except
Canada and the United Kingdom. Most im-
ported reactors have been purchased from the
United States and American enrichment
plants will be fueling most of the world’s
LWRS for at least the next decade. The benefits
of these exports were not seriously questioned
for many years. Not only was nuclear energy
seen as a benefit to mankind in general, but
nuclear exports were expected to generate
sizable profits while maintaining America’s
technological advantages. There is considera-
bly more controversy now over nuclear

power in general and exports in particular,
but American companies have simultaneously
found them increasingly important to fill
spare capacity.

The chief U.S. exports have been reactors
and their associated equipment. Engineering
and construction services have also been im-
portant. The only fuel-cycle service of note so
far has been enrichment. The United States
has refused to transfer the sensitive tech-
nologies of enrichment and reprocessing.

The U.S. share of the reactor export market
has been dropping markedly, as indicated by
figure X-21. In the future the United States
will be selling less to the other industrialized
nations, as so many have gone into business
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Figure X-20.
World Annual LWR Fuel
Reprocessing Potential Requirements
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for themselves, and more to the developing
countries. The U.S. share of the latter market
is likely to be 35 to 40 percent in the early
1980’s, but drop to 25 to 30 percent by the late
1980’s. This market share amounts to 13,000
to 17,000 MW capacity and an export value of
$5 to $7 billion by 1990. The U.S. share of the
European market will decline to 5 percent by
1990. Combined with sales to Japan, these ex-
ports could total 30,000-35,000 MW, but this
would amount to only $5 to $7 billion since
the advanced nations supply more of the plant
themselves. Total revenue from reactor sales
should be $10 to $14 billion.

The reactor export market is a very com-
petitive one, especially because most suppliers
are capable of producing more reactors than
they can use domestically. The success of any

single exporter will depend upon a variety of
factors:

1) Governmental export policies: Some
other suppliers have added enrichment
or reprocessing technology as induce-
ments for their reactor sales, but all re-
cently seem to be agreeing to withhold
these technologies as the United States
has done. Canada has taken the lead in
restricting its exports to signatories of the
NPT or its equivalent (full fuel cycle
safeguards).

2) Adequacy of enrichment services: In
1974, the United States stopped accepting
further orders for enrichment services
because its capacity was fully booked. As
a result, the U.S. reputation as a reliable
supplier of enrichment was damaged. If
the United States fails to expand its
enrichment capacity or imposes high
charges for the services, nations may be
more reluctant to purchase American
reactors.

3) Financial assistance: Most reactors are
sold under advantageous credit terms.
Changes in one nation’s policy will affect
all exporters.

4) Industrial capacity: Although most sup-
pliers now have excess capacity, Canada
may soon be booked up because of the
strong interest expressed by LDCS in the
CANDU reactor.

5) Quality of reactor exports: The United
States is still respected as a reliable sup-
plier of proven products that are subject
to strict standards of design, construc-
tion, and safety, It may, however, have to
adapt its reactors to the developing-na-
tion market by such innovations as
smaller reactors.

6) International political influence: A given
supplier will be helped if its government
has a special relationship with an import-
ing nation, and is willing to use that in-
fluence.

As these various factors change they may
alter the above projections. Barring major
policy changes, however, U.S. reactor exports
are expected to be about $1 billion per year.

256



1 1 1 1 1 1 1 This sum is a small but significant part of total
exports ($100 billion in 1975 with a trade
surplus of $11.5 billion) and could have a
large impact on the balance of trade.

As noted earlier in this chapter, the sale of
enrichment services is another large contribu-
tor to the revenues obtained from nuclear-re-
lated exports. American capacity is currently
committed through 1985, and no orders have
as yet been taken beyond that date. Roughly
one-third of this capacity (about 70-million
separative work units (SWU)) has been or-
dered by foreign customers for delivery in the
1977 to 1985 period. Assuming an average
charge of $80 per SWU, the revenue expected
from this source will be about $6 billion.
Because of the many uncertainties surround-
ing the development of new enrichment
facilities in the United States and elsewhere, it
is difficult to estimate the potential export
value of this service above that which is
already committed.

The export of fuel fabrication services pre-
sents a smaller revenue source to the United
States than does the sale of powerplants or
enrichment services. This process does not re-
quire a large capital investment and is not
highly technical; in the future, many countries
can be expected to market fuel-fabrication
services, producing strong competition in this
area, In addition, U.S. industry may be ham-
pered by the uncertainty over long-term per-
mission to export fuel services and by the
existence of government-supported activities
in other countries. The cumulative value of
the export of fuel-fabrication services can be
expected to be on the order of $1.5 billion
through 1985.

1 1 1 1 1 1 1$1

The future of spent-fuel reprocessing in the
United States is still very uncertain. Even if the
decision is soon made to go ahead with
reprocessing and plutonium recycle, it would
be many years before a commercial industry
developed sufficient capacity to provide
reprocessing services to foreign customers.

: 1 1 1 1 1 1
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Glossary
Breeder—A nuclear reactor that produces

more fissile nuclei than it consumes. The
fissile nuclei are produced by the capture of
neutrons in fertile material. (See definitions
below.) The resource constraint for breeder
reactors is thus fertile material, which is far
more abundant in nature than fissile
material. These reactors have not yet
reached commercialization. Fast breeders
do not contain a moderator (see definition
below) to slow neutrons down; i.e., fast
neutrons are used. Thermal breeders do
contain a moderator; i.e., slow neutrons are
used.

Centrifuge—A rotating vessel that can be
used for enrichment of uranium. The
heavier isotopes of the UF6 gas tend to con-
centrate at the walls of the rotating
centrifuge.

Chain Reaction—A series of nuclear fissions,
each one stimulated by a neutron emitted in. .
a Previous fission. A chain reaction occurs

when at least one of the two or more
neutrons released in a fission initiates
another fission.

Critical Mass—The minimum amount of
fissile material required to sustain a chain
reaction. The exact mass varies with many
factors such as the particular fissile isotope
present, its concentration and chemical
form and the geometrical arrangement of
the material.

Dedicated Facility—A facility built in-
digenously (possibly clandestinely) in
order to produce fissile material for nuclear
weapons. It might be a plutonium produc-
tion reactor, a uranium enrichment plant or
a reprocessing plant.

Denaturing—A technique to render fissile
nuclear material unsuitable for explosive
weapons by mixing in other isotopes of the
same element.

Diffusion—A technique for enrichment of
uranium based on the fact that the lighter
isotopes of a gas will diffuse through a

porous barrier more rapidly than the
heavier isotopes.

Diversion—The removal of material from
some point in the commercial nuclear fuel
cycle to use in nuclear weapons.

Enrichment—The process of increasing the
concentration of one isotope of a given ele-
ment.

Fast Neutron—A fast-moving, neutra l
subatomic particle. Neutrons are emitted
when a nucleus, such as uranium-235, fis-
sions.

Fertile Isotope—An isotope not itself fissile
but that is converted into a fissile isotope,
either directly or after a short decay process
following absorption of a neutron. Exam-
ple: U238 can capture a neutron to give U239.
U 239  t h e n  decays to N p2 3 9  w h i c h  i n  t u r n
decays to fissile Pu239.

Fissile Isotope—An isotope that will split, or
fission, into two (or more) lighter elements
plus extra neutrons when it is struck by a
neutron,

Fission—The splitting of a nucleus usually
into two or more lighter elements. The total
mass of the resulting particles is less than
that of the original atom, the difference
being converted into energy.

Fresh Fuel—Nuclear fuel ready for insertion
into a power reactor.

Fuel Cycle—The set of chemical and physical
operations needed to prepare nuclear
material for use in reactors and to dispose
of or recycle the material after its removal
from the reactor. Existing fuel cycles begin
with uranium as the natural resource and
create plutonium as a byproduct, Some
future fuel cycles may rely on thorium and
produce the fissile isotope uranium-233.

Fuel Fabrication Plant—A facility where the
nuclear material (e.g., enriched or natural
uranium) is fabricated into fuel elements to
be inserted into a reactor.

Gun-Type Nuclear Weapon—A device in
which gun propellants are used to move
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two or more subcritical masses of fissile
material together to produce an explosion.

Implosion-Type Nuclear Weapon—A device
in which high explosives surrounding a
subcritical configuration of fissile material
c o m p r e s s  i t  i n t o  a  c o n d i t i o n  o f
supercriticality to produce an explosion.

Isotopes-Atoms of the same chemical ele-
ment whose nuclei contain different num-
bers of neutrons and hence have different
masses, even though chemically identical.
Isotopes are specified by their atomic mass
number, that is, the total number of protons
plus neutrons, and a symbol denoting the
c h e m i c a l  e l e m e n t ,  e . g . ,  U 2 3 5  f o r
uranium-235.

Mixed-Oxide Fuel—Nuclear reactor fuel
composed of plutonium and uranium in ox-
ide form. The plutonium replaces some of
the fissile uranium, thus reducing the need
for uranium ore and enrichment. This is the
form of the fuel that would be used in
plutonium recycle.

Moderator—A component (usually water,
heavy water, or graphite) of some nuclear
reactors that slows neutrons, thereby in-
creasing their chances of being absorbed by
a fissile nucleus.

Multinational Fuel-Cycle Facilities (MFCF)-
A concept for joint national ownership and
management of certain steps of the nuclear
fuel cycle-especially those steps that are
particularly vulnerable to national diver-
sion. Multinational reprocessing plants and
spent-fuel storage facilities are currently
under study.

Nth Country—A nation judged to have high
potential of becoming a nuclear-weapons
state—because of its technical and economic
ability and its political motivations.

Neutron—Neutral particles which, together
with protons, comprise the nucleus of an
atom.

Non-State Adversary—Any individual or
group that wishes to use destructive force to
further its own goals.

Nuclear Fission Weapons—Devices that
derive their explosive force from the energy
released when a large number of nuclei fis-
sion in a very short period of time.

Plutonium-239 (Pu239)-A fissile isotope cre-
ated as a result of capture of a neutron by
U 238. It is excellent material for nuclear
weapons.

Plutonium-240 (Pu240)—A fissile isotope
whose presence complicates the construc-
tion of nuclear explosives because of its
high rate of spontaneous fission. It is pro-
duced in reactors when a Pu239 atom ab-
sorbs a neutron instead of fissioning.

Protons—Positively charged particles which,
together with neutrons, comprise the
nucleus of an atom.

Reactor—A facility that contains a controlled
nuclear fission chain reaction. It may be
used to generate electrical power, to con-
duct research, or exclusively to produce
plutonium for nuclear explosives.

Reactor-Grade Plutonium—Plutonium that
contains more than 7 percent of the isotope
plutonium-240. It is created in most power
reactors under normal operating condi-
tions, although the liquid metal fast breeder
reactor does produce weapons-grade
plutonium in one portion of the reactor.

Recycle—The reuse of unburned uranium
and plutonium in fresh fuel after separation
from fission products in spent fuel at a
reprocessing plant.

Reprocessing-Chemical treatment of spent
reactor fuel to separate the plutonium and
uranium from the fission products and
(under present plans) from each other.

Safeguards-Sets of regulations, procedures,
and equipment designed to prevent and
detect the diversion of nuclear materials
from authorized channels.

Special Nuclear Material (SNM)-Plutonium,
or uranium enriched in U235 or U233.

Spent Fuel—Fuel elements that have been
removed from the reactor because they con-
tain too little fissile material and too high a
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concentration of radioactive fission prod-
ucts. They are both physically and radioac-
tively hot.

Strategic Special Nuclear Material (SSNM)-
Plutonium, U233, or uranium enriched to 20
percent or more in U235.

Spiking—A technique to deter theft of nuclear
fuel by the addition of radioactive sub-
stances.

Thermal neutrons—Low energy, or slow
moving neutrons.

Thorium-232 (Th232)-A fetile, naturally oc-
curring isotope from which the fissile
isotope uranium-233 can be bred.

Uranium-233 (U233)-A fissile isotope bred by
fertile thorium-232. It is similar in weapons
quality to plutonium-239.

Uranium-235 (U235)-The only naturally O C-
curring fissile isotope. Natural uranium has
0.7 percent of U235; light water reactors use
about 3 percent and weapons materials nor-
mally consist of 90 percent of this isotope.

Uranium-238 (U238)—A fertile isotope from
which Pu239 can be bred. It comprises 99.3
percent of natural uranium.

Weapons-Grade Plutonium—Plutonium that
c o n t a i n s  l e s s  t h a n  7  p e r c e n t  o f
plutonium-240, an isotope that complicates
the design of nuclear weapons.
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