
* * 

International 
Nuclear 
Fuel 
Cycle 
Evaluation 

x/wrfiibi 
INFCE 

IWPCE/DEP/WG.4/100 

PROLIFERATION RESISTANCE ASSESSMENT OP NUCLEAR 

SYSTEMS 



INFCE/DEP/WG4/100 
(Co-Chairmen/WG4/42(A,B)) 

15th September 1978 

TO: Cochai;cir.pn of TNFL'E Working Groups 4A and «?D 

FROM: Delegation of the United States of America 

SUBJECT: U.S. Contribution to Assessment of Proliferation 
Reelsbanco 

The United States delegation is pleased to propose the 
following document as a cochairmen' s paper to assist Working 
Groups -'.A and -1B in th..»i r evaluation of tho proliferation 
resistance of the reference cose and of the technical and 
institutional alternatives under study. 

"Proliferation Resistar-.ee Assessment of Nuclear Systems" 

The paper delineates n framework for proliferation resistance 
anser.'.-r̂ opt :j.r>.d 11 lu-.-tratcs its f»pp'l icabi] i ty through an ar>n.lyr/. I:-. 
of reference systems already introduced in IilPCiJ for oiicc-thrci;̂ !: 
cycles, breeder cycles, and thermal recycle. On & :»ore 
tentative basis, the approach is applied to various technical 
end institutional jne--jsui.es being considered by the IIU-'CE 
Working Groups as ongoing tasks; it is•intended that the 
evaluation of such measures be completed in conjunction with 
other more specific papers being submitted by the U.S. and 
other d eleg n t ions. 

For simplicity and coherence of treatment, tho whole paper 
is introduced in Working Groups 4,5, and 3. Only the portion 
dealing with the framework itself and .its application to 
thermal recycle is directly pertinent to the tasks of Working 
Group 4. 

This paper focuses on examining the degree to which nuclear 
systems could be uted to acquire nuclear weapons material. It 
does not treat the political considerations that n>ay affect. 
decisions on acquiring nuclear explosives. Kor does it treat 
the overall acceptability, from the. point of view of cost or 
security of supply, of the nuclear fuel cycles being discussed. 
Rather, it focuses on the narrower question of proliferation 
resistance of nuclear fuel cycles. Even so, the framework 
and the assessments presented are to be regarded as illustra
tive, rather than definitive, and are intended to ror^c c.s a 
vehicle for discussion among IMFCS participants and as a 
possible way to begin the assessment of proliferation resistance 
in Working Group 4, as well as in other Working Groups. 

http://sistar-.ee
http://jne--jsui.es
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I. Introduction 

A. Purpose and Scope 

A principal purpose of the International Nuclear 
Fuel Cycle Evaluation (INFCZ), as stated in the final 
communique of the organizing "conference, is to identify 
and examine what "effective measures can and should be taken 
at the national level and through agreements to minimize the 
danger of the proliferation of nuclear weapons without 
jeopardizing energy supplies or the development of nuclear 
energy for peaceful purposes". As a contribution to this 
examination, this paper presents a framework for. analyzing 
the resistance of nuclear power systems to misuse for nuclear 
explosives. It goes on to illustrate this framework vich a 
preliminary assessment and comparison of three generic nuclear 
fuel cycles: once-through, thermal recycle, and fast breeder 
systems. (Research reactors and critical facilities are 
also examined separately.) 

In illustrating the approach, this paper examines, 
albeit tentatively, seme technical and institutional measures 
that, developed over time, might be employed to increase the 
proliferation resistance of these systems. The total costs, 
the technical status and economics of the systems considered, 
and the issue of security of supply are beyond the scope of 
this paper. These matters, together with proliferation 
resistance, affect the ?-cce?tabiiity, role, and timing of 
various systems and are therefore central to decisions on 
nuclear power. As one factor in such decisions, however, 
this paper addresses the resistance of nuclear fuel cycles 
to weapons proliferation. It examines the degree to which 
nuclear fuel cycles may be subject to misuse, but doss not 
treat the political influences affecting weapons decisions. 

The relevance of civil nuclear power programs to 
proliferation risk arises mainly from the access they may 
provide to materials, facilities, and knowledge that could 
contribute to the acquisition of nuclear explosives. The 
proliferation threats considered in this paper include 
possible national or subnational misuse and involve weapons-
related activities that may be overt or covert. Decisions 
on whether to seek nuclear weapons are based on various 
political and military incentives and disincentives that 
are beyond the scope of this paper. However, it is important 
to insure that nuclear power programs, as they evolve, do 
not present a route that is more attractive than other routes 
to proliferation or make significant contributions to the 
independent .paths. 
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The detailed analyses of various technical and 
institution? options being performed by the INFCE Working 
Groups must ve as the basis for assessment. However, 
it may be u:. . 1 to bring the results of these analyses 
together wit-.....;: a ceneral framework that provides perspective 
on the significance of various possibilities for proliferation 
resistance. As a first step toward this end, this paper is' 
being submitted to Working Groups 4, 5, and 6, which are 
responsible for the examination of particular fuel cycles. 
The frar.ework and assessments presented .are to be regarded 
as exemplary, rather than definitive, and are intended to 
serve as a basis for certmer.ts and contributions from 
other INFCE participants. Moreover, analyses from the other 
Working Groups, for example 2 (enrichment)< 3 (supply 
assurances) ana 6 (spent fuel storage), are necessary in 
developing a fuller evaluation of proliferation resi.sta.nce. 

Part B of this section describes the basic 
assessment procedure that is adopted in the analysis of 
the three qene-ric nuclear systems. One?*-through» fast 
breeder, and thermal recycle systems are then treated in 
Sections II, III, and IV, respectively. In each of these 
sections, a reference system is examined, possible technical 
and institutional improvements are considered, and alternative 
system types are indicated. Section V then discusses the 
relative proliferation resistance of the three generic 
systeias. Although this paper emphasizes the analysis and 
comparison of individual fuel cycle alternatives, Section V 
indicates briefly how these analyses then .have to be 
considered in a broader context where systems coexist. 

®• Assessment Procedure 

This paper expresses the proliferation resistance 
of nuclear power systems in terms of the activities necessary 
to acquire v/eapons-usable material via these systems. When 
separated from other materials, both uranium enriciied. to • 
high concentrations in the isotopes U-235 or U-233 and 
reactor-produced plutonium are presumed to be nuclear 
weapons-usable materials, whether in oxide or metallic 
form. The activities examined include the possible removal 
of materials from the fuel cycle, the modification of an 
in-system facility or the construction of an out-of-system 
facility for conversion of these'materials to weapons-usable 
form, and the conversion itself. These required activities 
and the associated possibilities for detection and deterrence 
depend both on the technical features of the fuel cycle 
under consideration and on the safeguards, protective 

http://resi.sta.nce
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measures, and other institutional provisions that nav apDlv. 

In examining each of "the three generic nuclear 
systems, a reference system is chosen, then briefly 
characterized in terms of facilities, materials, and 
institutional contexts. The resistance cf this system to 
proliferation is then evaluated in terns of activities required 
to acquire nuclear weapons material. Assessment factors 
are evaluated, where appropriate, as an aid to understanding 
the extent to which the difficulties of performing the 
indicated proliferation activities pose effective technical 
or political barriers to proliferation. The assessment 
factors chosen are: resources required, time required, and 
detectability. These factors are merely a convenient group
ing of larger numbers of factors that have been proposed 
elsewhere. This assessment procedure is summarized in 
Table 1-1, and the assessment factors are defined in 
Table 1-2. 

In assessing proliferation resistance, it is 
evident that the extent aiid sicni f icance of the recuired 
proliferation activities depend substantially on the nature 
of the proliferation scenario. For example, a particular 
isotopic enrichment technique may be difficult to implement 
for a country with a well-developed technological base and 
an experienced nuclear infrastructure, much harder for a 
less-developed country, and essentially impossible for a 
would-be subnational proliferator. Moreover, the resources 
required for a pathway depend on the number and quality of 
the nuclear weapons sought, and the significance of this 
resource requirement as a barrier to misuse depends on tha 
situation of the proliferator. Because of the great number 
of possible combinations of systems, pathways, and situations, 
not all possibilities can be treated explicity. This assess
ment presents illustrative discussions, intended to be 
generic, of key activities and issues. It is anticipated 
that, as INFCE progresses, a .somewhat different set of 
possibilities may be considered in the context of a more 
complete and final treatment of proliferation resistance. 
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Table -1-1 

PROLIFERATION RESIST.ANCE ASSESSMENT METHODOLOGY 

System Characterization 

Materials 
Facilities and Capabilities 
Institutional Contexts 

Required Proliferation Activities 

Facility Preparation 
Diversion 
Material Conversion 

Assessment Factors 

Resources Required 
- Time Required 
Detectability 
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Table 1-2 

DEFINITIONS OF ASSESSMENT FACTORS 

Resources Required — the technological base, skills, 
manpower, and financial resources 
needed to carry out the activities 
required for the specified proliferation 
pathway; includes consideration of 
• inherent difficulty of these activities. 

Time Required -- the approximate time ir.tarvals needed to 
carry out the activities required for the 
specified proliferation pathway; including 
preparation, diversion, or conversion. 

Petectability — the risk of detection of activities in • 
the proliferation pathway, including 
preparation, diversion, and conversion. 
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II. cs-Throuah Svstems 
— — * - • - •• i 

This section evaluates the proliferation resistance of 
once-through nuclear power systems, those in which spent fuel 
is not reprocessed as part of the system, but is put into 
long-term storage or permanent disposal. The existing light-
water thermal reactor system is examined as a reference case 
in section A; proliferation resistance improvements that may , 
be made on this system are tentatively treated in section B; 
Section C then considers briefly how other once-thrcugh systems, 
including existing heavy-water reactors,may modify this analysis. 

A. Reference Once-Throuah Svstem: LWR 

Slightly-enriched-uranium light-water reactors (LWRs) are 
widely available commercially, generally as boiling-water 
reactors (3WHs) or as pressurised-water reactors (?WP.s) . A 
once-through L'vR fuel cycle involves mining and milling 
uranium ore, enriching uranium to a concentration of about 3 
percent in the isotope uranium-235, fabricating the enriched 
uranium into reactor fuel elements, using this fuel to 
operate a iight water reactor, and then putting the spent 
fuel into long-term storage cr permanent disposal. {Further 
information on'LKR once-thrcugh material flows appears in 
Appendix A.) It is important to note that LvTP. fuel cycle 
activities, particularly enrichment, are considerably less 
widely deployed than the reactors themselves. 

The institutional context for the existing once-through 
system varies somewhat from one country to another. By 
signing the Non-proliferation Treaty (N?T), more than 
100 nations have agreed not to acquire or manufacture nuclear 
explosive devices and to subject all their peaceful nuclear 
activities, and any nuclear materials or facilities they 
export, to IAEA safeguards. As a result, safeguards now apply 
in many countries, to materials and facilities of the de facto 
once-through LWR system. These safeguards require that the 
IAEA independently verify national systems of material control 
and accounting through a system of reports, physical inspec
tions, independent measurements, and application of various 
containment and surveillance techniques. 

As a consequence of various bilateral supply agreements, 
non-NPT parties have also agreed not to acquire or manufacture 
nuclear explosives and to subject specific "facilities and 
material to IAEA safeguards. Both bilateral and multinational 
agreements may apply to the transfer of nuclear materials or 
technologies. An example of a bilateral agreement could be one 
requiring adoption of full-scope safecuards as a condition of 
sale. A notable example of multilateral agreements is the 
supply system of the European Communities. 
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A more detailed description of the current institut. il 
context appears in Appendix D. 

Proliferation Resistance of the Reference Once-Through System 

From the point of view of proliferation resistance, the 
most significant characteristic of the reference once-throught 
nuclear power system is that there is never material that is 
directly weapons-usable in any part of the fuel cycle. Fresh 
fuel contains low concentrations of 0-235 isotopieally diluted 
in a much larger amount of U-238; spent fuel contains low 
concentrations of U-235 and plutonium, both of which are diluted 
in large amounts of U-233 and accompanied by high.radiation 
fields emitted by the products of fission. The only in-system 
facility capable of producing weapons-usable material would 
be the uranium enrichment plant. Modifying an enrichment 
plant to produce weapons-usable material would entail varying 
degrees of difficulty, depending on the enrichment process 
used. Existing plants, expected to meet demand for decades, 
are located in relatively few countries. 

The important pathways for using the once-through system 
to acquire weapons-usable materials would therefore be: using 
in-system or out-of-system enrichment facilities to produce 
high-enriched uranium (KSU) or using out~of-system hot chemical 
separation (reprocessing) facilities to extract piutcniuia 
from the spent fuel. It is, therefore, useful to examine 
these pathways to weapons-usable material, noting the activities 
that would have to be undertaken by a potential proliferate:: 
and — where appropriate — evaluating these' activities in 
terms of chosen assessment factors. These required activities, 
including facilities preparation, removal*of material from the 
fuel cycle, and material conversion, nay vary substantially 
in scope depending on the weapon program intentions of the 
.proliferator, including the type (.e.g., metal or oxide) and 
numbers of weapons sought . 

The most significant activities are summarized first, 
based on more detailed results set forth in Appendix E, and 
then their significance is considered in various national 
contexts. 

Significant Proliferation Activities 

~ In-SystaT) Enrichment Plant 

The key proliferation activity associated with misuse of 
an existing enrichment plant designed to produce LEU would be 
the modification of the operation or layout of the plant to 

*In this p2per, the word "diversion" is used for removal 
of materials if they are under safeguards • 
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permit production cf KEU. While several methods of enrichment 
exist, commercial enrichment is now performed in gaseous 
diffusion plants, with centrifuge plants just beginning 
commercial application. The activities required would deper•/: 
on the plant type. Rearrangement of the cascades for contir 
uous production of EEU in a caseous diffusion plant designed 
to produce LEU would not be practicable; however, batch recycle 
could yield HEU over many moniihs or even years, and would 
require cessation of LEU production. 3atch recycle cr 
rearrangement of the cascades of a centrifuge plant could 
yield HEU within a matter of weeks if all the separative 
capacity of the plant were used. Over a longer period, KEU 
could, in principle, be produced with only a modest reduction 
in declared LEU production. 

Out-of-r System Enrichment 

The key activity associated with enriching uranium 
independently of an existing enrichment plant would be to build 
and test an enrichment facility. It could take a competent 
group of scientists and engineers without specialised exper
ience in enrichment many years and hundreds cf millions cf 
dollars to develop the technology and build a plant that 
would produce sufficient HEU for tens of weapons per year, 
with somewhat smaller commitments for sufficient material for 
one or two weapons. The period from the time material was 
first removed from the fuel cycle until weapons-usable material 
was available would be in the range of weeks cr months, 
depending on the technology used, the facility, capacity, 
and start-up difficulties. 

Out-of-Svstem Reorocessinc of Scent Fuel 

The key activity for extracting plutonium from spent 
fuel would be building and testing a hot chemical separation 
facility. It could take a competent group of scientists and 
engineers without specialized reprocessing experience a few 
years and tens of millions of dollars for a facility capable 
of separating sufficient plutonium for tens of weapons per 
year, with somewhat -.mailer commitments for one or two 
weapons. The period from the time material was first removed 
from the fuel cycle until weapons-usable material was available 
could be dependent on the competence and experience of the 
personnel involved. It could be as short as a few weeks, 
but it could also be significantly longer because of the 
difficulties of initial start-up, especially since maintenance 
and repairs would be hampered by radioactive contamination; 

Given the current relative availability of detailed 
process information and personnel trained in reprocessing as 
opposed to enrichment, the isotopic barrier associated with 



-9-

fresh fuel would seem to be a greater obstacle to production 
of nuclear weapons material than the radiation/chemical 
barrier of the spent fuel. However, this situation could 
change if enrichment became widespread (for example, if it 
became common practice for enrichment facilities to be part 
of national fuel cycles), or* if enrichment technologies became 
less difficult. 

National Contexts 

— X-KR Only 

For a country in which the national fuel cycle included 
only L'A'RS with their associated fresh fuel and interim spent 
fuel storage facilities, the significant nuclear power-related 
proliferation pathways would involve building an cut-of-sys-cem 
enrichment plant to further enrich fresh fuel, or building 
an out-of-systen reprocessing facility to separate plutonium 
from sp^nt reactor fuel. The development and constructior* 
of such facilities would require the commitment of the resources 
estimated .~bovc. In addition < ths required activities may h<? 
subject to detection. 

Construction activities might be subject to detection 
by other countries during a lengthy period, providing time 
for an international response. Additionally, if IAEA 
safeguards were in effect, then the diversion of materials 
would be subject to detection by the IAEA. However, vhile 
the tiro from removal of spent or fresh fuel to the availability 
of sufficient material for an explosive may in some cases be 
as little as the order of weeks, the time from the diversion 
to its detection by international safeguards could conceivably 
be on the order of many weeks or even months. Thus, timely 

detection of diversion may not always be assured. Under full 
scope^safeguards, either pursuant to N?T agreements or to the 
IAEA full scope model agreements, construction activities would 
legally have to be declared to the IAEA for design review. 
Withov.c IAEA safeguares, chances for detection would be more 
limited. 

For the subnational threat, the commitment of resources 
and tir.*.e to build a clandestine enrichment or reprocessing 
plant is likely to be a very formidable obstacle. 

— LWR Plus Enrichment Facility 

Fcr a count* ' in which the national fuel cycle included 
not c:».ly the Lfc md associated fresh and spent fuel storage > 
but a:$o an enruhment facility, proliferation pathways 
involving this facility would be available in addition to 
those discussed in the LWR-only case above. As noted above, 
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the commitment and time required for such misuse, could depend 
on the type of facility. The probability of detection would 
depend both on the facility type and on safeguards that are 
applied. 

If the enrichment facility were not under IAEA safeguards, 
then the modifications and use" of the plant to produce KEU 
would be difficult to detect. Moreover, if the facility were 
under IAEA safeguards, modification of centrifuge cr similar 
enrichment facilities to produce a small sidestream of HSU 
may be difficult to detect, unless inspections were allowed 
inside the plant. Even with such safeguards, the warning 
time afforded by detection of production of K2U, via technol
ogies such as the centrifuge, may be relatively short compared 
with other technologies. 

As an additional consideration, the presence of an enrich
ment plant in a country may provide important knowledge and 
trained manpower which could be used to facilitate the con
struction and successful operation of an undeclared, unsafe-
guarded facility for producing %ZTJ with either diverted fresh 
reactor fuel or unsafeguarded natural uranium as the feed 
material. The latter would constitute an "indpendent path" 
to weapons which would have a significant indirect fuel cycle 
dependence. 

The subnational threat would be minimal, as in the LV7R-
only case. 

Summary of Reference Once-Through System1 

The greatest proliferation risk from a once-through 
nuclear power system would arise when the potential prolif-
erator already had an uranium enrichment plant. For 

-..operating centrifuge plants, for example, all the activities 
1 required to obtain weapons-usable HEU could take as little 
/ as a few weeks, and under some circumstances the detectability 
/ may be relatively low. 

In the near term, few countries are expected to have 
uranium enrichment plants as part of their nuclear power 
systems. In the absence of such plants, acquisition of 
nuclear weapons material would require construction of an 
enrichment facility or a facility for reprocessing spent 
fuel removed from interim or long-term storage facilities. 
Either of these choices would require considerable technical 
expertise, substantial financial commitments, and a period 
of a year or more. 

Thus the once-through cycle possesses relatively high 
barriers to proliferation at this time. Over the longer 
term, measures could be taken to maintain or increase the 
proliferation resistance of the once-through cycle. Some 
such measures are considered in the next section. 
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B. Imor overrents for Once-Through Systems 

Measures that have the potential of increasing the pro
liferation resistance of once-through systems include: 

improved international safeguards - applied especially 
/ to uranium enrichment facilities and spent fuel storage 

/ but also to natural and low-enriched uranium. A more 
\ universal commitment to full-scope safeguards .would also 

be important. 

cooperative arrangements for spent fuel storage - as a 
^ means of providing safeguarded storage under international 

auspices, which would be available to supplement national 
storage facilities. 

restraints on sensitive technologies and supply of 
enrichment services - reliance on existing enrichment 

/ facilities, as well as ventures under multinational auspices, 
/ presents an alternative to the spread of national enrichment 

V capabilities, while generally fostering an international 
cooperative regime that would aid in limiting proliferation. 

Some considerations that may be useful in these areas are 
discussed below. 

Improved International Safeguards 

The present international safeguards regime is based on 
a system of material accountancy, containment and surveillance. 
These measures apply to any nuclear power system including the 
LWR system treated here. A substantial advance in proliferation 
resistance would be afforded by wider acceptance of full scope 
safeguards and, in some cases, by strengthening implementation 
of safeguards, particularly as applied at the national level. 
In addition, certain structural changes could improve the 
effectiveness of safeguards for the once-through system, includ
ing the following initiatives: 

•Improved capabilities in containment and surveillance and 
material accountancy. Methods which achieve near-real
time, tamper-revealing, remote surveillance of spent 
fuel and fresh fuel in storage are technically feasible. 
All nuclear material in a country, including that in 
transit, should be monitored effectively. 



-12-

* Assurance that IAEA inspectors have adequâ .- access 
to achieve effective facility inspection. :cr example, 
where it is necessary to protect sensitive technology/ 
such as in enrichment plants, the facility could be 
especially designed to facilitate such protecticn in a 
manner which permits the IAEA inspectors to have an 
adequate verification "capability. 

) * Improved -mechanisms for prompt check of possible diversions 
and swift reporting if the possibility cannot be eliminated. 

Cooperative Arrangements for Spent Fuel Storage 

Multinational arrangements for storage of spent fuel, 
including centralized sites, would assist countrir-s utilising 
a once-through cycle by relieving pressure on national storage 
capacity. Such arrangements, implemented under IAEA safeguards, 
could have the following non-proliferation benefits: 

— effective safeguards could more easily be assured 

— the impetus for spread of reprocessing (whether for 
waste disposal purposes cr in anticipation of recycle 
or breeder systems) could be reduced by providing 
additional storage capacity 

• — the proliferation risk associated with leaving spent fuel 
for long periods (with resulting decreases in associated 
radiation levels) would be reduced. 

Associated with such cooperative arrangements would be the 
establishment of fuel transport links. Although fuel must 
eventually be transported from reactor sites in any case, 
cooperative fuel storage arrangements would have to be care
fully implemented to minimize the risk associated with transport. 

Restraints on sensitive technologies and supply of enrich
ment services - because the most sensitive portion of the reference 
once-through system is the uranium enrichment facility, a key 
aspect of a continuing non-proliferation regime for this 
system (as well as for similar thermal recycle systems) is 
to provide reliable access to enrichment services to reduce the 
need for nationally controlled facilities. This requires that 
existing capabilities be reliably available to those requiring 
services at fair prices and that new facilities be constructed 
as cooperative ventures under effective multinational control. 
Financial or other participation in multinational enrichment 
ventures might be one means to enhance confidence in assurances 
of supply without the heavy financial burden of national enrich
ment plants. However, care would have to be taken to avoid 



-13-

resultir.g .' "fusion of sensitive enrichment technology. 
Overall, ; - efforts to provide enrichment services without 
spreading .sitive technologies, can be one component in 
cooperati'"" efforts to reduce trie danger of proliferation. 

Observations 

Upgraded safeguards on spent fuel in storage or in transi't, 
combined with storage under international/multinational auspices, 
could significantly reduce the proliferation potential of this 
material by increasing the detectabiiity of diversion. Up
grading safeguards en system enrichment facilities would make 
their misuse more detectable. Limiting the number of such 
facilities, emphasising cooperative arrangements," cojld retain 
the current level of proliferation resistance associated with 
the reference once-through system. Additionally, restraints 
on sensitive technologies coupled with reliable access to 
enrichment services would make the preparation phase of a 
weapons program more difficult and time consuming and could 
make *-hc identification of such preparations less ambiguous. 

C. Other Once-Through Systems 

Another once-through system that is already comr.ericaily 
deployed is the Canadian Deuterium Uranium (CAND'J) heavy water 
reactor (KWR) . This reactor has three features that: make it 
somewhat different from LWF.s, from the point of view of pro
liferation resistance: (1) it uses natural, rather than 
slightly-enriched, uranium for the fuel; (2) it uses heavy 
water as moderator and coolant; and (3) it uses on-line, 
rather than batch, refueling. The use of natural uranium 
removes the need for enrichment services, so that widespread 
deployment of this system would reduce the impetus for 
spread of enrichment technology. On the other hand, an annual 
demand for heavy water* for each reactor would be created, and 
•heavy water is a material which can be used in plutonium pro
duction reactors using natural uranium as fuel. The export 
of heavy water production facilities is subject to multi
national^ agreed guidelines calling for application of 
safeguards, but the effectiveness of techniques for safeguarding 
such facilities must also be determined. The use of natural 
uranium results in more Plutonium production in an HWR as 

•about 10 tonnes of heavy water would be needed annually 
to make up for leakage from the 300 tonne inventory of a 1000 
MWe HWR. 
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ccmpared to the reference LWR (350 kg vs 250 kg per gigawatt-
year of operation) although the concentration per kilogram of 
fuel is lower. The use of on-line refueling makes the safe
guarding of fuel assemblies somewhat more complex than with 
the reference LVTR system, hut improved systems have been 
devised, although not yet deployed, for safeguarding such 
reactors. 

Alternative once-through systems are also being considere'd, 
some of which are modifications of systems that are already 
widely deployed. 

The use of slightly-enriched uranium in a heavy water 
reactor cf the CANDU type would increase its uranium efficiency 
substantially. For example, whereas the natural uranium 
fueled CANDU reduces uranium requirements from that of the 
reference LWR by about 20%, enriching to 1.2% U-235 would 
reduce natural uranium requirements from that of the reference 
LWR by about 4C%. The enrichment services required would be 
somewhat less than those of the reference LWR, and the amounts 
of plutonium discharged would be somewhat greater (although 
reduced compared with the natural uranium fueled rfWR) than 
the reference LW?.. 

Alterations of light-wa'ter reactor systems are also being 
considered, ranging from changes in fuel management and 
burnup to change - in the materials used for the fuel including 
thorium. Improvements in uranium utilization of up to 30% 
are contemplated, some of which would result in a reduction 
of about 25% in the amount of plutonium produced annually. 
Changes involving thorium could be significant from the point 
of view of proliferation because changes in the enrichment 
level of uranium would be required. The use of 20% enriched 
uranium would reduce by an order of magnitude the separative 
work required to enrich fresh fuel for use in nuclear explosives. 
On the other hand, the amount of plutonium in the fuel would 
be decreased, and the difficulty of extracting it would 
probably be increased. The use of highly-enriched uranium 
feed would of course greatly decrease the proliferation 
resistance'of the once-through cycle,although this conclusion 
could be influenced by the introduction of a radiation barrier. 

High temperature (gas-cooled) reactor (HTR) fuel cycle 
'concepts are under consideration in IKFCE. The high-temperature 
gas-cooled reactor designed in the United States and the pebble-
bed designs being developed in West Germany, for example, appear to 
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permit low-enriched fresh fuel (less than 20% U-235), very 
high burnup, a comparatively low- discharge of plutonium, 
and a comparatively low ratio of fissile plutoniun discharged. 
In HTR fuel cycles that use low-enriched uranium and no 
thorium, fissile plutonium discharged annually would be about 
one-third that of a comparable.-si zed LV7R. In KTR uranir--
thoriuin cycles, fissile plutoniun discharge would be st.: :1 
lower — on the order- of one tenth of that of a compare-..' 
sized LWR. Uranium-233 would be produced, but the fuel 
cycle could be designed so that the uranium-233 would i.-ays be 
mixed with a sufficient quantity of uranium-238 to keep the 
uranium irixture below weapons-usable levels. 

This section has identified some of the other once-through 
systems being considered in ISFCZ, and has tentatively indicated 
seme of the features that may affect their proliferation 
resistance, as ccir.pared with reference systems. Understanding 
the effects of such features will depend on further analyses 
taking place in INFCJS. 
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III. Fast-Breeder Systems 

This section evaluates the proliferation resistance of 
fast breeder nuclear power systems. The uranium-plutonium 
fueled-liquid metal fast-breeder reactor (LMF3R) system chosen 
as a reference case, is examined in section A; possible 
improvements are discussed tentatively in section 3; and 
differences that may be associated with alternative fast 
breeder systems are indicated briefly in section C. 

A. Reference Fast-Breeder System: LMFBR 

The Liquid-Metal Fast-Breeder Reactor (LMFBR). fueled 
with uranium and plutoniun is the most technologically mature 
of the fast-breeder options, wit.h demonstration facilities 
operational in a raw countries. The reference U-Pu LMFBR 
system includes reactors, temporary spent fuel storage, 
reprocessing, fuel fabrication and refabrication facilities, 
waste management facilities and the transportation links 
between them. Enrichment would not be part of the equilibrium 
LKrEIi fuel cycle, but would be needed during the loni; transi
tion period until equilibrium was reached-
Current fast-breeder programs today are predicated 
on the use of stockpiled plutonium obtained by reprocessing 
thermal reactor spent fuel. In some cases, enriched uranium 
is used for start vp cores of demonstration breeders. Therefore, 
the full proliferation implications of an LMFBR breeder fuel 
cycle are suitably assessed in the context of the simultaneous 
operation of the reprocessing facilities and enrichment 
facilities necessary to support a thermal reactor cycle and 
to recover the plutonium from spent thermal reactor fuel (as 
distinct from those for recycle of LMFBR fuel). The more 
restricted set of pathways associated with a pure breeder 
system is emphasized in this section. 

Appendix B contains a technical description of the 
reference LMFBR fuel cycle. 

At present, no fully commercialized breeder reactors 
are deployed. Rather, breeder programs are underway 
in a small number of states, and are at various stages of 
development ranging from pilot and demonstration reactors 
to small research and fuel cycle facilities to support breeder 
research and development. There is also a variation in the 
institutional context in which these programs are situated. 
Some, for example, are not subject to IAEA safeguards, and 
some assume a complete in-country fuel cycle while others do 
not. It can be expected that the institutional regime 
will evolve as these breeder development programs evolve. 
For the purposes of the assessment which follows, it will be 
assumed that the breeder fuel cycle is deployed within the 
context of the current institutional regime, as described 
in Appendix D. 
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"Proliferation Resistance of the Reference LMT3R Fuel Cycle 

The most apparent proliferation characteristics of the 
reference LMFBR fuel cycle are the large conferee in 
plutoniun-bearing materials that is required* and the rela
tively high concentrations of plutonium in these materials. 
With the conventional ?UREX process, materials used as feed 
stock for the fresh fuel are directly usable in nuclear explo
sives; and, because of the lack of significant penetrating 
radiation, the fresh fuel itself can be converted.to weapons-
usable form through chemical processes with much less 
shielding precautions than for spent fuel, although special 
handling is still required- These materials have concentra
tions of plutonium ranging from 15% in fuel materials to 
essentially 100% in feedstocks. Spent fuel also has high 
concentrations ranging from 3% plutonium in the blanket to 
about 15% in the core. Spent fuel from the core is accom
panied by radiation fields that are somewhat higher than for 
spent fuel from an LW?., while that from the blanket is somewhat 
lower. 

Removal of reprocessed plutonium from the fuel cycle 
could take place at the reprocessing plant, at plutonium 
storage facilities, in the refabrication plant, at the 
reactor, or during transportation between sites. The 
plutonium occurs mostly in the form of plutoniur. or mixed oxide in 
powders or fuel pellets, or as plutoni^m nitrate. 

If the material removed were spent fuel, hot reprocessing 
would be required. A hot reprocessing capability is an 
integral part of an LMFBR system, although the system could 
be deployed so that reprocessing plants are not widespread. 
Most proliferation pathways involving fresh fuel or feedstocks 
would require less difficult conversions, such as separation 
of plutonium from uranium without a substantial radiation 
barrier. 

Based on more detailed analysis given in Appendix F, the 
following presents a summary of the activities required for 
proliferation using fresh fuel material or radioactive 
spent fuel, and then considers the significance of these 
routes in various situations. 

* Yearly, approximately 1000 kg of plutonium is loaded 
into a one-gigav/att fast-breeder reactor, and a somewhat larger 
amount is withdrawn. About 1200 kg is in process, storage, or 
transport in the fuel cycle for the reactor as compared to 
about 250 kg in spent fuel for one gigawatt-year's operation 
of a once-through LWR. 
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Significant Proliferation Activities 

— Conversion of Fresh Fuel or Fresh Fuel Feedstocks 

Assuming facilities were not already available in the 
breeder fuel cycle, it would take a competent body of scientists 
and engineers several months and several million dollars to 
design, construct, and test facilities capable of extracting 
sufficient plutonium froa fresh fuel assemblies to build tens 
of plutonium metal weapons per year. Familiarity*with some 
plutonium fuel handling technology would inevitably be 
associated with operation of a breeder cycle. Less commitment 
of resources would be required if only one or two weapons were 
required or if fresh fuel feedstocks were diverted. For example, 
head-end fuel disassembly and dissolution facilities would not 
be required if pure plutonium oxide were available. These 
activities would be substantially facilitated by the presence 
of existing reprocessing and refabrication facilities and 
associated expertise. 

The period from the time mcitorisi was rirst remevei £roi'.\ 
the fuel cycle until weapons-usable material was available would 
be dependent on the competence of the personnel involved, 
but could range from days to weeks, or possibly even hours if 
plutonium oxides were used directly. 

~ Cut-of-system Reprocessing 

Assuming a competent bo*y of scientists and engineers 
experienced in reprocessir the building and testing of a 
hot reprocessing facility, capable of extracting plutonium 
from spent fuel, would require more than a year and tens of 
millions of dollars for a program to build tens of (metal-
based) weapons per year, with somewhat smaller commitments 
-for one or a few weapons. Without specific experience; some
what greater time and resources would be required. The time 
from removal of spent fuel from the fuel cycle unJ_il weapons-
usable material would be available could be in the range* of 
weeks since experienced personnel would be involved. 

National Contexts 

There is a spectrum of conceivable weapons capability 
aspirations and the assessment of the proliferation resistance 
of the fast-breeder cycle is very sensitive to such variations. 
For example, the objective may be only one or two "crude" 
weapons from oxide. Alternatively, an arsenal of a few such 
"crude" weapons may be the initial objective of a nation as 
a prelude to a larger/ more militarily flexible program. 
This larger program would require substantially greater 
resource'eomrnitment including oxide-to-metal conversion 
capabilities. 
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- LMF3R Onlv 

For a country in which the national fuel cycle included 
only LMFBRs with their associated fresh fuel and interim spent 
fuel storage facilities, the significant nuclear power 
related proliferation pathways would be to extract plutoniura 
from fresh fuel assemblias or to build an out-of-system 
reprocessing facility to process spent LKF3R fuel. If 
reprocessing technology were not widely available then the 
construction ana testing of a hot reprocessing facility would 
represent a significant investment of resources as discussed 
above. The conversion of fresh fuel to weapons usable form 
would be the technically easier path. If IAEA safeguards were 
in effect, the diversion of fresh or spent fuel would be 
subject to detection. However, although item accounting could 
assure detection (because of the discrete nature of fuel 
asseinblies) , the timeliness of detection would be difficult 

/ to assure since conversion times are so short, particularly 
/ for fresh fuel. If IAEA safeguards were not in effect, the 

possibilities for detection of the removal of fuel would be 
even more limited. 

If the nuclear power system of the country included LWRs, 
which would be quite likely, especially during the transition 
period before an equilibrium LMFBR cycle were attained, then 
the proliferation pathways of the associated LKR system 
would also be available. 

Subnational groups would have a potentially viable 
proliferation path through the seizure of fresh LMF5R fuel. 
Effective safeguards and physical security would be essential 
to prevent both covert diversion and overt seizure of materials. 

LMFBR Plus Reprocessing and Fabrication Facilities 

For a country in which the national fuel cycle included the 
fuel fabrication, reprocessing, and refabrication facilities 
in addition to the LMFBR, all of the proliferation activities 
discussed earlier would be available. 

/

For NPT signatories, IAEA safeguards would apply throughout 
the LMFBR fuel cycle system. However, since the time from 
initial diversion to having weapons-usable material may be 
only days to weeks, assuring timely detection could be 
difficult. Because of the large flow of plutonium through 
the processing facilities, often in bulk form, the detection 
of the diversion of a relatively small sidestream over long 
periods of time would also be difficult to detect. Without 
IAEA safeguards the possibilities of detection would be 
extremely limited. 
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ScLnational croups would have potentially viable pro-
liferational paths through the seizure of fresh LliFBR fuel 
or, even more desirably from their standpoint, the fresh fuel 
feedstocks in bulk form. Effective safeguards and physical 
security would be essential to prevent both diversion and 
seizure of materials. 

Summary of Reference LMFBR System 

Thus, there are two important technical proliferation 
vulnerabilities of a reference LMFBR system in addition 
to those present in the reference LWR once-through system. 
The first is that materials would appear in weapons-usable 
form or in forms relatively easy to convert for weapons 
use- The second is that the relatively large flows of high 
concentration plutonium-bearinc materials, often in bulk 
form, would be difficult to safeguard effectively. As an 
additional consideration, deployment of commercial breeder 
reactors would reduce demand for enrichment. 

A major strengthening of technical, safeguards and institu
tional controls would be required to mitigate these proliferation 
vulnerabilities significantly; some possibilities are discussed 
in the following section. 

B. Improvements for LMF3R Systems 

Measures to reduce the vulnerabilities of the LMFBR 
system may take several closely related forms, some of which 
are tentatively indicated here. The materials used in the 
system may be modified to make them more difficult to convert 
to weapons-usable form. More comprehensive 'safeguards and 
physical security measures may be introduced to improve the 
detectability of diversion, as well as to decrease access by 
subnational groups. Particularly sensitive portions of the" 
fuel cycle, i.e., those that process plutonium-bearing 
materials, may be deployed in such a way that they are decoupled 
• from national control and are operated or subjected to constraints 
by international organizations or groups of nations. 

A broad array of such technical and institutional measures 
could be applied to all fuel cycles. The remainder of this 
section emphasizes those measures that may apply specifically 
to LMFBRs. Though most of these measures are related to one 
another, for purposes of discussion they are placed into three 
categories: technical measures; safeguards and physical 
security; and fuel cycle centers and other new deployment 
options. These three categories include the following: 

Technical measures - including radioactive spiking of 
fresh fuel materials, coprocessing to reduce plutcnium 
concentrations in such materials/ combinations of these two 



-21-

measures, and integral separation/fabrication (e.g., CIVEX). 

Safeguards and physical security - improved techniques 
applied tc fresh and spent fuel and' to bulk materials which 
are present in fixed facilities (reprocessing, fabrication 
and storage) and transportation. 

Fuel cycle centers - designed to make available necessary' 
fuel cycle services while keeping sensitive materials and 
facilities under multinational or international control. 

Some important features of these measures are mentioned here 
in anticipation of much more extensive analyses being performed 
under the INFCS Working Groups. 

Technical Measures 

The basic fissile fuel material for the LKFBR is plutonium. 
Isotopic dilution cannot render this material unusable for 
weapons in the way that diluting uranium-235 with uranium-238 
does in once-through systems. However, for the pl^tonium that 
is available via reprocessing.technical measures center on 
chemical dilution and the provision of a radiation barrier, 
so that some fraction of the protection present in LWR spent 
fuel may be present for LMF3R materials. 

Radioactive contamination may be effected either by 
adding radioactive materials to the plutonium after repro
cessing ("spiking") or by permitting a portion'of the fission 
products from the spent fuel to remain with 'the plutonium 
during reprocessing ('Ipartial decontamination") . Alternatively, 
the fuel may be irradiated prior to leaving the reprocessing/ 
fabrication complex ("pre-irradiation"). The purpose of such 
process alterations would be to afford a protective radiation 
barrier to plutonium-bearing materials, including the fresh 
fuel. The radiation fields could be substantial and, although 
not as high as those from spent fuel which has just been 
discharged (whether LWR, HWR, or LMFBR), could have the effect 
of requiring special handling and remote hot chemical processing 
to recover material usable in weapons (as indicated in appendix P). 

Dilution with uranium may be effected either by mixing 
extracted plutonium with uranium at the output of a reprocessing 
plant or by coprocessing, i.e., by managing the plutonium 
extraction system in a reprocessing plant so that the product 
from the plant is a mixture of plutonium and uranium, rather 
than just plutonium. Such an approach would significantly increase 
the amount of material that had to be removed from the fuel 
cycle and would require the proliferator to chemically separate 
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plutoniura from uranium. In themselves, these difficulties 
may not be major. They acquire more significance, however, 
if the material were protected by a radiation barrier, aitncagh 
there could be environmental and economic penalties with the 
introduction of such barriers. Coprocessing schemes with 
partial decontamination could provide a measure of protection from 
the radiation standpoint that .falls between uncontaminated 
materials and spent lael (see below). However, if such 
reprocessing plants were deployed, it might still be possible 
to modify the process to produce material that would be 
directly usable in explosives. How widespread that capability 
would be would depend on the institutional context. 

One technical approach would combine reprocessing and fuel 
fabrication* and have as possible objectives: (1) that the 
reprocessing plant be designed so that the operator would 
have great difficulty in altering it to produce pure plutonium, 
and (2) that the fresh fuel produced be essentially as difficult 
to use as a source of plutonium as spent fuel. Key issues to 
be resolved in evaluating this process are: 

Ease of modifying the plant to produce a pure plutoniuia 
process stream; 

Ease of removing significant amounts of plutonium from 
plant waste streams; and 

Ease of stripping plutonium from the output of the 
plant as compared with extracting plutonium from 
LWR spent fuel. 

The practicality and effectiveness of designing such a 
plant to prevent misuse by the operators has not been resolved. 
It is not clear as yet how much effective difference there is 
between such a process designed for civilian nuclear power 
activities and the PUREX process. In any case, operating 
experience with such a plant would give the operators effective 
grounding in at least some of the technology required to 
independently build a weapons-dedicated reprocessing facility. 
This problem, of course, could extend to multinational opera
tion of reprocessing facilities (see discussion below of fuel 
centers). 

In addition to such passive measures, one can conceive 
of active measures incorporated into fuel cycle facilities, 
(.including transport) that could ~ if misuse were detected --
automatically shut down certain operations and disrupt further 

"See Section B-3 for additional discussion of such collocation. 
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operations, deny access to certain areas, or modify the form 
of target materials. Access denial, if practical, would have 
obvious advantages in protecting against seizure by sub-national 
groups, and obvious problems from the point of view of accept
ability to facility operators and national authorities. 

Safeguards and Physical Security 

The improvements in safeguards and physical security 
measures that wore delineated for the once-through systems are 
also necessary for LMFBR systems. The effectiveness of these 
techniques is especially important for fresh breeder fuel, 
because of the relatively short time required to extract 
Plutonium from this fuel. Effective real-time monitoring 
of both fresh and spent fuel could be developed from technology 
which has been shown to be technically feasible. This could 
be aided by careful management to limit the quantity and 
duration of stockpiles of such materials. 

To orovent suhnati or.r.l diversion, sdecuste physical r>scur*.ty 
measures would be required. Some of the measures discussed 
in the previous section, for example the introduction of a 
radiation barrier or coprocessing, and measures discussed 
in the ne.\t section, such as collocation, would serve to 
reduce the ease and opportunity of subnational seizure by 
providing a radiation barrier for fresh fuel and by reducing 
vulnerable transportation links in the fuel cycle. 

Detecting diversion from an LMFBR reprocessing plant would be 
relatively difficult because of the handling of plutonium-
bearing bulk material. Development of more effective contain
ment and surveillance and material accounting systems is 
important although there are two goals that will be difficult 
to meet: 

— developing and implementing effective techniques for 
detecting long-term diversion of small amounts of 
material; and 

— meeting adequate timeliness goals for diversion of 
larger amounts 

Both of these difficulties pertain to national diversion, 
and the first nay also be true for subnational diverters. The 
technical measures discussed above may make it easier 
to safeguard reprocessing plants. However, the benefits and 
drawbacks require careful study; one possible conflict 
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is that the radiation from spiking or similar measures 
may make certain nondestructive assay instrumentation for 
accounting less effective while improving the effectiveness 
of some surveillance and monitoring instrumentation. 

Fuel Service Centers and Other Fuel Cvcle Man?cament Options 
• i • •• • * - . _ — 

An important possibility for improving the proliferation " 
resistance of LMFBR fuel cycles is to put sensitive materials 
and facilities under multinational control and . to limit 
the number of such facilities. Bring *.ng such facilities under 
multinational auspices would introduce the additional dimension of 
greater political constraint against abrogating safeguards. 
Moreover, the existence of such an entity would reduce the need 
and justification for independent national development or 
production facilities. Three related measures deserve specific 
attention: multinational (or international) fuel service cen
ters, which contain facilities for fuel processing, fabrication, 
and other services; careful management of fresh and spent breeder 
fuel to eliminate unnecessarily long periods when it is out 
of the reactor or not under multinational control; &nd elim- -
ination or hardening of transportation links to reduce the 
risk of sabotage, theft, or diversion. 

Fuel service centers could operate a variety of facilities, 
including those required for the LfiFBR fuel cycle (reprocessing, 
fabrication), as well as those associated with other cycles 
(enrichment, heavy water production). For the LMFBR, this 
would place under multinational control those facilities with 
the capability for producing weapons-usable 'material; these 
are also the same facilities that are particularly difficult 
to safeguard effectively. If, in addition, the LMFBRs were 
placed in such centers, then some of the difficulty with 
controling fresh fuel could be reduced. Moreover, multinational 
centers would serve to increase the degree of interdependence 
of national nuclear systems and provide an opportunity for 
renewed commitment to development of nuclear energy in a way 
that tends to limit the attendant risk of nuclear proliferation. 
Although such, centers would remove sensitive facilities from 
national control they could suffer the difficulty that they may 
provide a source for spread of sensitive technologies. 

Fuel management practices could be carefully designed in 
conjunction wizh such centers or whatever other facilities 
provide fresh fuel and receive spent fuel. The objective of 
such management, from the point of view of proliferation 
resistance, would be to provide maximal control of sensitive 
materials in order to reduce the risk of removal from the 
fuel cycle. Such improved management practice could serve 
in general to reduce out-of-core plutonium inventory, which 
would also be an economic advantage. 
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Transport control would be designed to reduce the vulner
ability of the system to seizure of materials in transit. 
Collocation of facilities in fuel service centers would, of 
course, eliminate the need for exposed transport, often of 
the most sensitive materials, between such facilities. Careful 
fuel management would also be tied closely with improvements 
in transportation control. The general goals of such control 
would be to improve transport techniques to increase the 
difficulty and danger of attempts at seizure'. . 

Each of these measures may be supported by the technical 
improvements discussed above. For example, producing spiked 
or partially decontaminated fuel in a multinational fuel 
service center would lead to a system in which only reaczors, 
short-term spent fuel storage facilities, and the fuel itself 
are dispersed outside the center, and in which the fresh fuel 
bears some similarity, in terns of the radiation barrier, to 
spent fuel. 

Such multinational service centers could develop as a 
progression from cooperative ventures initiated on a more 
limited basis, in particular from arrangements to supplement 
national spent fuel storage , to provide enrichment services , 
or to store plutonium. 

Observations 

It will undoubtedly take some time to assess the practicality 
and costs of the technical measures that are discussed, as well 
as other technical possibilities that may be^.considered. More
over, their effectivenes as proliferation resistance measures 
needs careful analysis. In addition, the effectiveness of 
such institutional measures as multinational fuel cycle service 
centers, as well as their feasibility and acceptability to 
nations considering the use of breeders, is difficult to 
predict in advance of their actual negotiation and implemen
tation. However, the proliferation vulnerabilities associated 
particularly with the possible spread of reprocessing and with 
the inclusion of plutonium in fresh fuel warrant investigation 
whether improvements such as those indicated above can adequately 
cope with the vulnerabilities of fast breeder systems. 
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C. Alternative Fast Breeder Systems 

The preceding sections treated the liquid-metal fast-
breeder reactor in its normal core configuration, and consid
ered alterations of the fuel, and of recycle facilities and 
arrangements that could increase resistance to proliferation. 
This section briefly treats more substantial alterations, 
either of the reactor, the fuel, or the fuel cycle. Two 
classes of alternatives are considered: modifications of the 
ordinarily considered LMFBR, and other reactor types. This 
discussion of alternative systems is highly preliminary and 
tentative. The following paragraphs present a few salient 
features to be followed by the results of xuch more detailed 
work among the INFCE Working Groups. 

The principal LMF3R alterations of interest are changes 
in the fuel type. In particular, introducing thorium fuel 
to the system, could not only affect performance, but would also 
permits a "denatured" fuel cycle, where bred U-233 was incor
porated into fuel with U-238 and thorium for supply to thermal 
reactors. Because the U-233 would be rai;:ed with U-233, enrichment 
would be required to obtain weapons-usable material. From 
the point of view of proliferation resistance, denatured fuel 
would have the greatest utility in a symbiotic* system in 
which the deployment of sensitive facilities was restricted 
to.multinational^ controlled centers, while the deployment 
of thermal reactors that use the denatured fuel was not. The 
question of the proliferation implications of such denatured 
fuel in itself is indicated briefly in Sectiron IV on thermal 
recycle. 

A distinct breeder type, the gas-cooled fast-breeder 
reactor (GCFBR), has been designed to operate on uranium-
plutonium and/or thorium-uranium cycles. The form of the 
.fuel would be very similar to that for the case where thorium 
was introduced to the LMFBR. 

Another possibility of interest is the use of metal fuel. 
Not only could this choice affect the performance of the 
reactor, but it might afford the possibility of other 
advanced reprocessing techniques such as pyrometallurgy. A 
change that may be significant from the point of view of 
proliferation resistance would occur if the metal reprocessing 
were to involve a facility that was directly associated with 
the reactor. 

*a more detailed analysis of the proliferation resistance 
of various symbiotic systems will be addressed in subsequent 
versions of this paper as they become defined. 
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This discussion has identified some of the alternative 
fast breeder systems being considered in INFCE and has 
tentatively indicated some of the features that may affect 

?roliferation resistance. Understanding the effects of such 
eatures and identifying others will depend on the analyses 
being conducted in the Working Group. 
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IV. Thermal Recycle Systems 

This section evaluates the proliferation resistance 
of thermal reactor nuclear power systems with recycle, where 
part or all of the spent fuel is reprocessed and the 
fissionable material is recycled as a component in fresh 
fuel. An assessment is carried out in Section A with 
the light-water reactor with uranium-plutonium recycle as a 
reference system. Some possible improvements to this 
system are discussed tentatively in Section B. Other 
thermal systems with recycle, notably those involving 
thorium, are very briefly and tentatively considered 
in Section C. 

A. Reference Thermal Recvcle Svstem: LWR 
- • • • • I I 

The technical base fcr fueling LWR's with mixed 
oxides of uranium ard plutonium (MOX) is well advanced, 
although no fully commercialized systems exist. The 
reference U-Pu thermal recycle system includes enrichment 
facilities, light water reactors, temporary spent fuel 
storage, reprocessing facilities, fuel fabrication and 
refabrication facilities, waste management facilities, 
and the transportation links between them. The various 
Working Groups have already introduced these facilities as 
part of the development of their reference case analysis. 
Appendix C contains a brief technical description of the LWR 
thermal recycle system for reference purposes. 

Evaluation of proliferation resistance must net 
only treat a mature thermal recycle system but must also 
consider the pilot-scale or prototype full scale facilities 
important for training of personnel and attaining reliable 
commercial-scale practice. Such facilities already exist 
or are under consideration in several countries, whereas 
no fully commercialized thermal recycle systems now exist. 
Although the existing developmental facilities are under 
national control, there is a significant variation in the 
institutional context for such programs. Some, for example, 
are not subject to IAEA safeguards. As these development 
programs evolve, it can be expected that the institutional 
regime will also evolve. 

For the purposes of the reference case assessment 
which follows, it is assumed that the thermal recycle is 
deployed with currently-conceived, Purex-based reprocessing 
and mixed oxide (MOX) fuel refabrication within the context 
of the current institutional regime, as described in 
Appendix D. 
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Proliferation Resistance of the Reference Thermal 
Recycle System 

Relative to the once-through LWR system, the most 
apparent new proliferation characteristics, of LWR recycle 
result from the commerce in plutonium-bearing materials that 
is required. Separated plutonium ir.ay be present in storage 
and in transport in forms which may be directly, usable for 
weapons. Fresh MOX fuel itself could be converted to 
weapons-usable form through chemical processes which 
require special handling, but not the massive shielding 
needed for spent fuel reprocessing. Fuel elements have 
concentrations of plutoniura of typically 3 to 5.5%, and 
much higher concentrations may be typical in feedstocks. 
Spent fuel also has plutonium concentrations of several 
percent but is accompanied by high radiation fields. Thus, 
several new proliferation pathways emerge which are 
qualitatively similar to those considered in Section III 
for the LMFBR.* 

Plutonium could be removed from the fuel cycle 
either in fuel (fresh or spent) or as separated plutonium 
in nitrate solution or oxide form (including mixed oxide 
feedstocks). If the material removed were spent fuel, 
hot reprocessing would be required, and a hot reprocessing 
capability is an integral part of a recycle system. Most 
pathways to weapons-usable material would require less 
difficult conversions, such as chemical separation of 
plutonium from mixed oxide in the absence of high radiation 
fields. 

Based on more detailed analysis given in Appendix G, 
a summary is presented next of the activities required for 
the conversion of fresh fuel material and of radioactive spent 
fuel, then their significance in various national contexts 
is considered. 

Significant Proliferation Activities 

"• Conversion of Already Separated Plutonium 

The key activity would be the conversion of 
the plutonium, already separated and in bulk storage or 
transport, to weapons-usable form. Conversion of nitrate 

*In addition, the LWR recycle case would share all of the 
proliferation pathways of LWR once-through cycles. Details 
for pathways using enrichment are presented in Appendix E, 
and related proliferation resistance considerations are set 
forth in Section II. 
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to metal would be a time consuming and an inherently 
difficult job for a subnational group; conversion to 
solid oxide may be somewhat easier. The required procedures 
would be straightforward for most nations, if they had 
specialized trained personnel. Under these circumstances, 
preparation activities for tens of metal weapons per , 
year could be completed within a few months at a cost of 
a few million dollars and could be difficult to detect. 
Less commitment of resources would be entailed if only 
one or two weapons were required or if oxides were used 
directly. The period from the time material was first 
removed from the fuel cycle until weapons-usable material 
was available could be in the range of days to weeks, 
or even less if oxide were used directly. 

— Out-of-System Conversion of Fresh MOX Fvsel 
Assemblies or Feedstocks 

If facilities were not already available 
in the fuel cycle, design, construction, and testing of 
special purpose out-of-system facilities would be required 
for extracting plutonium from conventional fresh 
MOX fuel assemblies and converting it to plutcnium metal. 
For a program to build tens of metal weapons per year, preparation activities 
could take a body of scientists and engineers several 
million dollars and at least several months, depending 
on their degree of specialized experience. Less comir.itment 
of resources would be required if only one or two weapons 
were required or if high concentration MOX'feedstockr were used. 

Given construction of either a working 
out-of-system facility or control of an in~system 
reprocessing facility, the period from the time system 
material was first removed until weapons-usable material 
was available could range from days to weeks. The time 
scale could conceivably be as short as hours if pure 
plutonium oxide were used directly. 

~ Out-of-System Reprocessing of Spent Fuel 

With availability of experienced personnel, 
preparation of hot reprocessing facilities would require 
more than a year and tens of millions of dollars for a procram to 
build tens of metal weapons per year, with somewhat 
smaller commitments for a few weapons. The time from 
removal of spent fuel from the fuel cycle until weapons-
usable material was available could be in the range of weeks. 
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Dealing with radioactive spent fuel would be inherently 
more difficult than the fresh fuel or feedstock material 
discussed above, especially for subnational groups, but 
again not beyond the means of many nations. 

• • 

National Contexts • 

The assessment of the proliferation resistance 
of the thermal recycle case would be sensitive to variations 
in weapons capability aspirations. For example, a sub-
national group night seek only one or two "crude* weaoor.s 
from oxide. Alternatively, an arsenal of a few-such 
"crude" weapons could be the initial objective of a nation 
as a prelude to a larger, more militarily flexible program 
that would require substantially greater resource commitment 
including oxide-to-metal conversion capabilities. The 
discussion below focuses only on the relevant generic 
features since there is wide variation in potential proliferation 
situations. 

~~ Recycle LWR Only 

For a country in which the national fuel 
cycle included only LWR's using MOX fuels and their associated 
fresh fuel and interim spent fuel storage facilities, the 
significant nuclear power related proliferation pathways 
(in addition to those involving enrichment) would be CD to 
build an out-of-system facility to extract plutoniura from 
fresh fuel assemblies or (2) to build an oiit-of-system re
processing facility to process spent LV7R fuel. If reprocessing 
technology were not widely available, then the construction 
and testing of a hot reprocessing facility would represent a 
significant investment of resources as discussed above. The 
conversion of fresh fuel to weapons usable form would be 
technically easier. Some familiarity with plutoniura handling 
technology inevitably would be associated with operation of a , 
MOX cycle with U\?.'s and could contribute indirectly in con
struction of out-of-system facilities. 

If IAEA safeguards were in effect, the 
diversion of fuel assemblies would be subject to detection; 
however, the timeliness of detection and response may not 
be adequate because of the short time from diversion to 
availability of weapons-usable material, particularly 
from fresh MOX fuel. If IAEA safeguards were not in effect, 
the possibilities for detection would be even more limited. 
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"" Thermal Recycle LWR Plus Reprocessing and 
Fabrication Facilities 

For a country in which the national fuel 
cycle included the fuel fabrication, reprocessing, and 
refabrication facilities in 'addition to the thermal recycle. 
LWR, all of the proliferation activities discussed above 
in addition to those of the once-through LWR section, 
would be available. 

For NPT signatories, IAEA safeguards would apply 
throughout the thernal recycle LWR fuel cycle system. However, 
the time frc-ra initial diversion of significant quantities of 
material to having weapons-usable material"nay be only days to 
weeks, and assuring timely detection could be difficult. Be
cause of the large flow of plutonium through reprocessing and 
fabrication facilities, and the presence of plutoniu.?. inven
tories, often in bulk form, the detection of the diversion of a 
relatively small sidestreara over long periods of tine would 
also be difficult to detecc. Without IA£A safeguards the 
possibilities of detection of diversion would be extremely 
limited. 

Subnational groups would have a potentially 
viable proliferation path through the seizure of the fresh 
fuel feedstocks in bulk form. Effective safeguards and 
physical security would be essential to prevent both covert 
diversion and overt seizure of materials. 

Summary of Reference Thermal Recycle System 

Thus, there would be two crucial proliferation 
vulnerabilities of the reference thermal recycle system, 
in addition to those of once-through systems. First, 
Plutonium would be present in national facilities and 
in transit in weapons-usable form or in forms that would be 
relatively straightforward to convert to weapons use. 
Second/ relatively large flows of plutonium-
bearing materials, often in bulk form, may be difficult to 
safeguard effectively. 

A major strengthening of technical,safeguards and 
institutional controls would be required to mitigate these 
proliferation vulnerabilities significantly; some potential 
measures are discussed in a preliminary way in the following 
section, 
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B. Improvements for Thermal Reevele Svsterns 
• ii • i i i » • 

Measures to reduce the vulnerabilities of the re
ference LKR recycle system may take several closely related 
forms and are being extensively considered in the various 
Working Groups. Some of the measures are tentatively examined 
here in the expectation that their contribution to prolifera
tion resistance will be developed more fully as INFCS proceeds. 

• 

The materials used in the system may be modified to 
make them more difficult to convert to weapons-usable form. 
More comprehensive safeguards and physical security measures 
»ay be introduced to improve the detectability of diversion, 
as well as to decrease potential access by subnational 
groups. Particularly sensitive portions of the fuel cycle, 
i.e.", those that process plutonium-bearing materials, may be 
deployed in such a way that they would be decoupled from 
national control and operated by groups of nations together 
with improved safeguards and physical security measures. 

A broad array of such technical and institutional 
measures could be applied to all fuel cycles. A preliminary 
discussion of how these might apply to the LMFBR system is 
included in Section IIIB. Although their application to an 
LWR recycle system would certainly differ in some important 
details, many of the basic considerations discussed in Sec
tion 1113 may apply and are summarized briefly below. 

Technical measures - including radioactive contam
ination (spiking, partial decontamination or preirradiation) 
of fresh fuel materials; dilution or coprocessing to reduce 
plutonium concentration in such materials'and require chemical 
separation to obtain weapons material; combination of these 
two types of measures, and perhaps integral separation/ 
fabrication. 

Much of the discussion on such technical measures 
in Section IIIB applies to LWR recycle with two exceptions. 
First, some measures for radioactive contamination of fast 
reactor fuel would degrade the performance of thermal reactor 
fuel, although spiking with some materials (e.g., Co^°) still 
appears feasible and worthy of further consideration. Sec
ond, dilution of plutonium concentration in MOX fuel for LWR 
recycle could be carried to a considerably greater extent 
than for breeder fuel; storage and shipment of feedstocks 
diluted to lot concentration or less may be feasible and may 
be preferable from a proliferation point of view to high con
centration feedstocks or metal. A more definitive analysis 
of these possibilities is needed and v/ill result from other 
papers in INFCE Working Groups. 
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Safeguards and physical security - improved tech
niques applied to fresh and spent fuel and to bulk material 
which are present in fixed facilities (reprocessing, fabri
cation and storage) and in transportation. The considerations 
of Section III3 on these topics apply also to LWR recycle 
and the key conslusions also pertain. Development of more 
effective containment, surveillance and material accounting 
systems is important. But again two goal? will be difficult 
to meet, especially for bulk quantities of materials: 

- developing and implementing effective techniques 
for detecting long-term diversion of small 
amounts of material; and, 

- meeting adequate timeliness goals for diversion 
of larger amounts. 

Analysis of these problems and the possibilities 
for significantly improved safeguards for facilities of ad
vanced design will appear in other papers to be submitted to 
INPCE. 

Fuel cycle centers and other fuel management options -
designed to make available necessary fuel cycle services 
while keeping sensitive materials and facilities under multi
national or international control. Again, the remarks of 
Section IIIB apply here. Fuel service centers, improved fuel 
management techniques, and transport control may make impor
tant contributions. However, the effectiveness of such 
institutional measures as multinational centers, as well as 
their feasibility and acceptability to various nations, are 
difficult to predict. Analysis of a range' of potential 
institutional improvements will be presented in other IKFCE 
papers by the US*and other delegations. 

Observations 

The technical,safeguards,and fuel cycle management 
possibilities mentioned above are discussed briefly in 
Section III. More effort will be required to evaluate the 
practicality and efficacy of such possibilities as prolifer
ation resistance measures, in terms of both technical 
feasibility and general acceptability. 

C. Alternative Thermal Recycle Systems 

This discussion of alternative systems is highly 
preliminary and tentative. The following paragraphs present 
a few salient features, to be followed by the results of 
much more detailed work among the INFCE Working Groups. 
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Recycie systems other than the reference LWR are 
being considered in INFCE including: improvements on 
light-water reactor systems; introduction of recycle to 
heavy-water systems; and development of high-temperature 
(gas cooled) reactor systems. For LWRs, the alternative 
.concepts include thorium cycles in LWRs of the current 
type, use of a variable moderator (heavy water) to achieve 
spectral shift control, and use of a variable geometry 
(such as in the "light-water breeder reactor"). Some HWR 
and HTR concepts would also utilize thorium. 

Alternatives that would rely on thorium as the principal 
fertile material are being considered both to decrease 
consumption of natural fissile resources and to increase 
the potential availability of "denatured" fuels*. Using 
such fuels involves various combinations of thermal or fast 
reactors to produce the U-233 and other reactors to use the 
denatured U-233 fuels. Many of'these schemes would be 
symbiotic in nature. 

The value of denatured systems for proliferation 
resistance would depend heavily on deploying fuel cycle 
activities under effective multinational control, since 
the overall proliferation resistance of such symbiotic systems 
would depend on the effectiveness of constraining the 
deployment of sensitive facilities and on the proliferation 
resistance characteristics of the denatured fuel itself. 

Spent denatured U-233 fuel would have lower plutonium 
content than ordinary LWR fuel (because of replacement of 
much of the U-238 in the fresh fuel with thorium) and, of 
course, it would still be accompanied by a substantial 
radiation barrier.. Fresh denatured fuel would require 
that any uranium extracted from the fuel be further enriched 
to yield weapons-usable material. Such fuel might therefore 
be substantially more resistant to misuse than conventional 
plutonium-bearing fresh fuel. On the other hand, separating 
U-233 from denatured fuel would require less separative work 
than separating U-235 of the same enrichment. An additional 
complexity, however, in these comparisons is the presence of 
an inherent radiation barrier in fresh denatured U-233 fuel 
due to the accompanying U-232 and its daughters. 

In contrast to such denatured systems, some advanced 
thermal recycle systems may rely on fuel with highly enriched 
uranium. Like the reference LWR system, the proliferaton 

'Denatured fuels are a mixture of uranium and thorium 
in which sufficient U-238 is present that the uranium 
itself, even if separated from the thorium, has sufficiently 
lew fissile content to preclude its use in weapons without 
further enrichment. The fissile content of thi-j low-enriched 
uranium may be either U-235 feed from natural resources or 
U-233, produced by conversion of thorium. 
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resistance of HEU-utilizing systems might be inproved somewhat 
by including a radioactive barrier in the fresh fuel and by 
confining reprocessing/fabrication activities to facilities 
under multinational control. 

This discussion has identified some of the alternative 
thermal recycle systems being considered in INFCE and has 
tentatively indicated some of -the features that may affect 
proliferation resistance. Understanding the effects of such 
features and identifying others will depend on the studies 
being conducted in the Working Groups. 

* % 
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V. Comparisons 

The previous sections identified the main features 
of reference once-through, fast breeder, and thermal recycle 
systems that are relevant to-proliferation-resistance, 
delineated the principal activities for weapons pathways 
and indicated their significance, and then considered technical 
and institutional proliferation-related improvements which 
could be made to these systems. This analysis provides a 
basis for comparing the proliferation resistance of these 
systems. This section addresses this comparison, and 
considers the effect on this comparison of alternative 
reactor types within each class. It then considers briefly 
the significance of a situation in which various systems 
co-exist in differing stages of development. 

A. Comparison of Reference Systems 

Comparison of Past Breeder and Once-Through Reference 
Systems 

The key difference between current once-through systems 
and the reference LMFBR system is that materials used in 
once-through systems are never directly weapons usable, are 
not readily converted to weapons usable form, and 
facilities for separating plutonium are not deployed. On 
the other hand, some materials used in the LMFBR system would 
be in weapons-usable form, others could be.-readily" converted 
to such form, and the facilities for plutonium conversion 
would be deployed. As a result, the level, duration, cost, and 
detectability of activities for producing weapons-usable 
material from the once-through system are all considerably 

.' greater than doing so from the LMF3R system. Both systems ' 
would share a vulnerability at the enrichment plant, although 
introduction of breeders would reduce demand for enrichment. 
The major difference between once-through and fast breeder 
systems is the relative access afforded to plutonium. 

The spent fuel from once-through systems accumulates 
and contains plutonium at low concentrations, but the system 
does not include the facilities for extracting this plutonium, 
nor does it train individuals or nations in extraction 
techniques. The plutonium is contained in fuel elements 
that can be counted and effectively safeguarded. On the 
other hand, the LMFBR system would not only rest on high 
volume commerce in materials containing high concentrations of 
plutonium, but would also require system facilities for processing 
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plutonium, including hot chemical separation facilities. 
Plutonium and plutonium-bearing materials flow through the 
system, often in bulk form, and operation of the fuel cycle 
spreads experience in handling and processing these materials. 

The proliferation resistance of both systems could be 
improved, and the difference between them reduced by 
incorporation of various improvements in the fuel cycles. 
For once-through systems, the measures that would increase 
resistance to proliferation focus on more effective safeguards 
techniques and on cooperative arrangements, both to make 
enrichment services available without spreading sensitive 
technologies and to provide adequate safe storage of spent 
fuel. Measures to increase the LMFBR system's resistance 
to proliferation would be technically more difficult and 
institutionally more complex. For example, a radiation barrier 
could be introduced to all fresh fuel and fuel feedstocks by 
spiking, pre-irradiation or partial decontamination, but one 
that may not be as high as spent fuel initially. Such schemes 
would reauire the resolution of technical uncertainties and the 
determination of environmental and economic costs before 
their usefulness can be assessed. Constraining hot processing 
facilities to multinational auspices would also serve to 
improve proliferation resistance. However, unless carefully 
designed, multinational operation might run the risk of 
providing widespread training in separation techniques. On 
the other hand, cooperative arrangements Which, provide for 
assured access to fuel cycle services, through participation 
in ownership, but not operation, may avoid this danger. 
Avoiding difficulties associated with ordinary fresh, fuel 
may require arrangements that limit deployment of LMFBRs 
themselves. The effectiveness and costs of these counter-
measures will be analyzed in more detail as the concepts 
become better defined. The presence of materials with. 
high concentrations of plutonium and relatively lower 
radiation barriers would increase the importance of physical 
security. 

If limited deployment of enrichment facilities continues, 
tne fully safeguarded once-through system appears to be 
substantially more resistant to use for nuclear weapon 
proliferation than the reference fast breeder system with 
uncontrolled deployment. Comprehensive technical and 
institutional measures applied to all the system facilities 
could increase the fast breeder's proliferation resistance. 
However, it is difficult to predict how long it would take to 
develop and implement such measures or how effective they 
would be. 
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Thermal Recycle Systems 

. As far as proliferation i-s concerned, the reference 
thermal recycle system includes the vulnerabilities 
associated with reprocessing and the use of plutonium, 
as well as vulnerabilities associated with the reference 
once-through system. As a general rule, plutonium 
concentrations are substantially lower in thermal recycle • 
than in fast breeder materials. However, the reference 
thermal recycle systsm still has key features in common 
with fast breeders: (1) It requires freeing plutonium 
from the spent fuel and introducing it into commerce. 
• (2) It requires establishment of various plutonium 
processing facilities, including those for hot chemical 
separation. (3) Construction and operation of these 
facilities may spread experience in plutonium processing 
technology. Because the plutonium concentrations in the 
fuel itself are lower, the reference thermal recycle 
fuel cycle may be regarded to be slightly more resistant 
than the reference LMFBR fuel cycle in this respect. 
Nevertheless, it would be substantially more proliferation 
prone than the reference once-through system. 

Incorporation of improvements similar to those 
suggested for the LMPBR would improve the situation somewhat. 
Dilution of feedstocks would be one such measure, and raising 
the radiation barrier of fresh fuel would be another; 
however, some of the techniques for doing so in breeder 
fuel may not be technically acceptable for thermal 
reactors. On the other hand, limiting reprocessing to 
multinational auspices and limiting deployment of 
MOX-fueled LWRs would apply as well to thermal fuel cycles 
as to fast breeders. But these measures would be 
technically difficult and institutionally complex, and 
are of uncertain acceptability. 

In summary, various improvements may be able to reduce 
somewhat the apparent substantial difference in prpliferation 
resistance between the reference once-through fuel cycle 
and the fast breeder and thermal recycle fuel cycles. The 
effectiveness of these technical and institutional measures, 
as well as their feasibility and acceptability are now 
being evaluated in INFCE. It may be possible to develop 
such measures and demonstrate their feasibility before 
most countries need to make decisions on whether to 
deploy fast breeder or thermal recycle nuclear power 
systems. 
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B. Comparison of Alternatives with Reference Technologies 

Compared with the reference systems discussed above, 
alternative fuel cycles may -be more or less proliferation 
resistant. Because these possibilities are still undergoing 
analysis, no comprehensive comparison is possible at this 
time. . • 

C. Prospects for Increasing Proliferation Resistance 

The bulk of this paper, and the first two parts of this 
section, emphasizes individual fuel cycles, considering -
their relative proliferation resistance if deployed as' 
simple, isolated entities. However, the present*situation, 
and the situation that is likely in the future, is a world 
that is both diverse and changing. At any given time, a 
variety of systems or partial systems is likely to exist within 
many countries,and the elements*in this variety will change 
as time passes. Although the preceding treatment assesses 
the relative proliferation resistance of selected nuclear 
fuel cycles, an important question to be answered is what 
is the significance of the indicated differences in the 
real world. 

An obvious aspect of the real-world scene is that, 
relative to a given fuel cycle, background-activities may 
exist that short circuit the proliferation resistance of a 
simple system. For example, in a system that used no 
reprocessing or restricts its deployment, the availability 
of hot chemical processing facilities on a research or 
pilot scale effectively provides the very capability that 
was to be restricted. This situation could occur in nations 
that, at a given time, have only once-through nuclear power 
systems commercially available, but that are carrying out 
research and development on reprocessing for possible future 
application. Because it is to be expected that nuclear 
systems will change with time, the question of how to deal 
with such background activities must be considered. 

The premise of this assessment is that systems and 
activities that have a minimum of sensitive materials or 
technologies should be chosen. But to the extent that such 
materials or technologies are present, whether in a 
commercial fuel cycle or in background activities, it is 
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important that efforts be made to reduce their contribution 
to proliferation risk. In general, this will require 
creation of institutions that make proliferation based 
on nuclear power activities both technically difficult 
and politically infeasible or unattractive. While it 
is difficult to predict whether such institutions will 
be developed, become operational, and be widely accepted 
by the time they are needed, understanding the risks 
resulting from their absence and the benefits accruing 
from their establishment is essential to their acceptance. 
Discussion and further development of this paper is 
intended to contribute to such understanding. 
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VI. Research Reactors 

Although the above discussion of proliferation resistance 
has centered on nuclear power plants, research reactors are 
also a potential source of weapons-usable material. 

Reference Research Reactors and Critical Facilities 

Research reactors are typically used: (1)-to study the 
irradiation behavior of materials of interest in nuclear 
engineering, (2) to produce radionuclides for medicine, industry, 
and agriculture, and (3) as a basic research and teaching tool. 
The proliferation implications of research reactors stem 
primarily from the fact that many research reactors use poten
tially significant amounts of highly enriched uranium (HEU) 
as fresh fuel (typical annual fuel requirements are 0.6, 8.4, 
and 121 kg of HEU for reactors with thermal power levels of 1, 
10, and 100 MW, respectively),while others which use natural 
or low enriched uranium (LEU) may produce significant amounts 
of plutonium in the irradiated fuel. Research reactors are 
also very widely deployed. 

Critical assembly facilities are very low power experi
mental reactors (usually below 10 kilowatts) which operate at 
low flux levels (e.g., 108 neutrons/era2 sec)'with no appreciable 
burnup and little induced radioactivity in the fuel and other 
core components. They provide 
experimental confirmation of design calculations relating to 
various reactor characteristics; for example, critical mass,kinetic 
and control, and reactivity coefficients. Critical assemblies 
for use in fast reactor research may use plutonium or highly 
enriched uranium in various forms including metal, oxide and 
alloys. Since the fuel has little burnup or induced radio-

- activity, it is usually loaned or leased from the supplier 
to the operator. Some critical facilities for breeder research 
use more than 5 kg of Pu or HEU. 

Proliferation Resistance 

1. HEU Research Reactors 

The removal of HEU from a research reactor to obtain 
sufficient material to build a nuclear explosive would require 
removal on a scale comparable to the annual fuel element 
requirement for a typical large research reactor. For instance, 
a 20 MWt research reactor may have about 200 grams of KEU in 
each fuel element. About 60 fuel elements are needed as 
replacements each year. For this example, more than an annual 
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supply of fuel elements would have to be diverted to build 
a nuclear explosive. However, the fabrication of fuel 
elements for a given research reactor is normally performed 
on a special order basis and may involve considerable lead 
times. Thus, in the absence of measures to minimize HEU 
inventories, typical procurements of fresh fuel elements would 
otherwise be for several years requirements to be stored at 
the reactor site. Significantly large quantities of HEU are 
also present at the fuel fabrication facilities. 

France and the United States have been engaged in studies 
aimed at preserving the scientific and research advantages of 
HEU-powered research reactors while reducing the proliferation 
potential of such reactors. It appears that, given some further 
research work, most research reactors can be adapted to less 
highly enriched uranium (from 20-40% U-235 with today's 
technology) with little effect on overall reactor performance 
—- specifically no decrease in fast flux and less than a 
ten percent decrease in thermal flux. This is accomplished 
by increasing the total amount of uranium present in the 
fuel elements. For example, if the total amount of uranium 
in the fuel elements can be multiplied by four, the relative 
proportion of that uranium which is U-235 can be divided by 
four while still keeping the same absolute overall U-235 content 
in the fuel elements. A detailed description of the United 
States research reactor program is being presented in INFCE. " 

2. LEU or Natural Uranium Reactors 

Natural uranium fueled research reactors produce olutoninm 
at the approximate rate of 1 gm/MWt-day of operation. A 
typical natural uranium fueled 20XWt research reactor would 
therefore produce about 5 kg of plutonium per year. The 
amount of plutonium produced is reduced as the enrichment 
level is increased. A 20MWt research reactor using 10 to 

- 20 percent enriched uranium would generate about 0.5 kg 
Of plutonium per year. 

The proliferation resistance of spent fuel from research 
reactors would be similar to that from nuclear power plants 
as discussed previously in Section II, with the following 
exceptions: 

— the amount of radioactivity from research reactor 
spent fuel can be as small' as one fiftieth that of 
fuel from a commercial power reactor so shielding 
problems may be less difficult to deal with. 

— there are several different chemical forms that are 
typically used for research reactor fuel elements so 
that the steps involved in the chemical reprocessing 
would be altered. 
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Summary of Improvements for Research Reactors 

Improved international safeguards and a more universal 
commitment to full scope safeguards as discussed for nuclear 
power plants would also be important for increasing the pro
liferation resistance of research reactors. Safeguards pro
cedures need to accommodate the necessary flexibility of 
research reactor operations.. 

A 'long-term goal that would increase the proliferation 
resistance of research reactors would be the achievement of 
a mean level of enrichment of 3 to 20 percent for widely 
deployed research reactors. Such a level of enrichment would 
seem to put the greatest distance between research reactors 
and the problems of HEU on the one hand, and of plutonium in 
spent-fuel on the other. Existing technologies can make 
significant improvements towards this goal. The development, 
demonstration and implementation of these new fuels should 
be vigorously pursued. 


