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FROM CIVILIAN REACTORS1

A. Travelli,L.L.Gaines,V. Minkov,A.P. Olson,and J. Snelgrove

Arms Controland NonproliferationProgram
ArgonneNationalLaboratory
Argonne,Illinois,60439, USA

ABSTRACT

Cessationof the Cold War and renewed internationalattentionto the proliferationof
weapons of mass destructionare loading to national policies aimed at restraining
nuclear-weaponsproliferationthatcouldoccurthroughthenuclear-fuelcycle. Argonne,
which has unique experience,technology,and capabilities,is one of the US national
laboratoriescontributingto thisnonproliferationeffort.

INTRODUCTION

The preventionand controlof proliferationof weaponsof massdestructionis a goal statedby
the Congressandthe Administrationof the UnitedStatesand reaffirmedin pendinglegislation. One
publicizedconcernhas beenthat "...theclandestineproductionof enoughfissilematerialto make tens
or even hundreds of warheads could probablybe hidden in the background'noise' of activities
associatedwithciviliannuclearpower."2

So far, nationsthat havedevelopednuclearweaponshave all deviseddedicated-- sometimes
clandestine-- programsto produceonlyhighqualityfissilematerials(highlyenricheduranium[HEU]
or weapons-gradeplutonium).Nevertheless,becausecivilianreactorscouldat least in theory form a
pathway to fission weapons, prudent preventativeactions are an integral part of national and
internationalnonproliferationpolicies. What are someof the possibleelementsof suchpolicies?

First,one must safeguardthe mountingaccumulationsof reactor-gradeplutoniumat facilities
for spentfuel storage,processing,and wastedisposal. Second,whereverpossible,fuels in existing
reactors(research,test,navaland powerreactorssuchas breeders)needto be keptsufficientlydilute
to be unattractivefor use in weapons.

Third,thebroadumbrellaofdomesticandinternationalsafeguardscouldbeappliedto theentire
civiliannuclearfuel cycleinbothnuclear-andnonnuclear-weaponsstates. Materialsaccountancyand
controlfor all transactions,transfers,and storageof sensitivematerialswouldbe involved.

Fourth, trade of all equipment, processes,and expertise usable to produce high-grade fissile
materials illicitly could be subject to a strengthened international control regime. Nuclear materials and

1Worksupported by the U.S. Departmentof Energy, Office of Arms Controland Nonproliferation, underContra_,t
W31-109-ENG-38.

Frankyon Hippel, "Nuclearweaponelimination:fissilematerialand warheads",Chapter 7in SecurityWithoutNuclear
Weapons?DifferentPerspectiveson Non-NuclearSecurity,R.C. Karp (Ed.) Oxford University Press (1992).
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related facilities and software are presently controlled by member states via COCOM, the London
Group, and the Nuclear Suppliers Group.

In each of the foregoing areas of restraint, contemporary factors need to be considered. Chief
among them is the end of the Cold War, which brought about the need to demilitarize huge quantities
of weapons-grade fissile material and to deal with nuclear reactors formerly under COMECON
standards for materials control and accountancy. Reactors and associated fuel-cycle facilities in the
FSU pose special problems for materials control, accountancy, security, and safety. The US
Department of Energy (DOE) has agreed to purchase Former Soviet Union (FSU) uranium in massive
quantities.

Finally, the imminence of the 1995 Extension Conference on the Nuclear Non-Proliferation
Treaty (NPT) impels consideration of reciprocal, possibly burdensome measures on nuclear-weapons
states, including the United States•

ARGONNE'S ROLE

DOE has a pivotal role in the United States' compliancewith the NPT and in preventing
proliferation;ArgonneNational Laboratory(ANL) is one of several nationallaboratorieswith unique
experienceandtechnicalcapabilities,authorizedto pursuea varietyof importantprogramsthat support
the constraintof proliferationfromthe nuclearfuel cycle.

ANL has a long historyof major contributionsto nuclear reactor technologies(CP-1, CP-5,
EBWR, EBR-I, EBR-II [nowthe IFR], TREAT, ZPPR, ...). In addition,Argonnehas comprehensive
expertisein enrichment,fuel fabrication,and fuel reprocessing. This experiencein the reactorfuel
cycle,as wellas relatedexperiencewithproton-spallationneutronsourcessuchas the IPNS, has been
appliedto the new problemsposed bythe demiseof the SovietUnion,andto theattemptsby various
countriesto acquireth_ technologiesnecessaryfor specialnuclearmaterialproduction.

For example, ANL has led the Reduced EnrichmentResearch and Test Reactor (RERTR)
Programfor about 16 years, in orderto reduceproliferationrisksby reducingor eliminatingthe need
for highly-enricheduranium(>_20%2_U)inoveronehundredresearchreactorsworldwide.Theprogram
missionwasjust recentlyextendedto includereactorsintheFSU; ANL istaskedto carry outthiswork.

ANL also performsmany specificarms controland nonproliferationprojects. For instance,
assistanceis providedindevelopingand implementinginternationaland US exportcontrolpoliciesand
regulations, domestic and international safeguards, and arms control technologiesapplied to
nonproliferation.The followingsectionshighlightsome of ANUs contributions.

RERTR PROGRAM

When researchreactorswere firstexportedfromthe US under the Atomsfor Peace program
in the 1950s,only fuelcontaininglow-enrichmenturanium(LEU, <20%-enriched)was allowed. Bythe
late 1960s, however,HEU became widelyavailable,and many reactorsbegan to use it withoutreal
need. Becauseof concernabout the possiblediversionof HEU by nations,subnationalgroups,or
terrorists,the US RERTR Programwas started in 1977-78. At that time,HEU was usedby more than
half of the world'sresearchreactors,requiringannualexportsof approximately600 kg from the US.
Because some reactorshave been closedor are operatingon reduced schedules,currentannual
exportswouldhave been nearly500 kg withoutthe program.
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The objective of the RERTR Program is to provide the technical means to reduce the enrichment
of a reactor's fuel without compromising safety and without a noticeable penalty in performance or
economics. Significant progress has been made by:

1. Developing high-density fuels that will accommodate the extra 2_U needed to reduce the
enrichment. Fuels containing up to 4.8 Mg U/m3, suitable to convert 90% of the existing
research and test reactors, have been developed, demonstrated, and qualified.

2. Assisting in developing qualified fuel suppliers throughout the world. Six fuel fabricators are
currently marketing LEU fuels, and another five are developing the capability.

3. Encouraging suppliers of research and test reactors to design and market only LEU-fueled
reactors. All research reactors built or committed in Western countries since 1980 have been
designed for LEU cores.

4. Encouraging and providing technical support to convert ex;sting reactors to LEU fuel use. Of
the 42 foreign research reactors using HEU with power of at least 1 MW, eleven reactors in 11
countries have completed their conversion to LEU, removing the need for exporting
approximately 160 kg of HEU each year. Seven more reactors have either begun conversion
or have ordered LEU fuel elements for conversion, removing the need for exporting another 70
kg of HEU each year. Therefore, an approximately 50% reduction in the need for HEU exports
has been achieved to date. Five additional reactors are irradiating or have irradiated prototypes,
and 13 either are planning to convert or are believed to be technically capable of converting.

Conversion of three reactors in Europe,with annual HEU requirements of 100 kg, is not currently
feasible because they need higher-density fuels than are available. The RERTR Program is not actively
developing the very-high-density fuels needed for these remaining reactors; however, the US Congress
is considering funding for such work. Work on very-high-density fuels would include refinement of
fabrication techniques to achieve higher fuel volume fractions in a dispersion fuel meat, use of high-
density fuel compounds, and possible use of matrix materials other than aluminum.

During the past several years the RERTR Program has concentrated on providing technical
assistance for conversions using the already-qualified fuels. The program is currently receiving
increased emphasis and funding. A major new initiative is collaboration with the FSU to complete the
reduced-enrichment program they began in 1978. Their program was very similar to the US program.
When work was stopped in 1989 due to lack of funding, the Sovietprogram had developed, tested, and
qualified a medium-density (2.5 Mg U/m3) fuel. This fuel is currently being exported with 36%
enrichment. A higher-density fuel (5.0 Mg U/m3) was in the early stages of testing. Under a
cooperation agreement recently signed by ANL and the Reactor Development Institute for Power
Engineering (RDIPE) in Moscow, a higher-density fuel will be qualified and used in whole-core
demonstrations. Upon completion of this five-year project, the Russian Federation will be capable of
supplying LEU fuels to its research reactor customers as new fuel is needed in existing reactors and
as new reactors are built in Russia or abroad. We are seeking to establish similar cooperation with the
People's Republic of China.

Another thrust of the RERTR Program is the development of the technology to produce
fission-product 99Mousing LEU targets. This material is used in generators for 99Tc,a widely-used
radioisotope for medical diagnostics. We plan to develop, test, and qualify irradiation targets and
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demonstrate a suitable chemical separation technology. This work was begun earlier, but was inactive
for several years due to lack of funding.

INTEGRAL FAST REACTOR

ANL's principal reactor development project, the Integral Fast Reactor (IFR) has a major
nonproliferation component. The IFR is a metal-fueled, sodium-cooled reactor with an integral fuel
cycle, that is, the fuel is reprocessed, removingonly the major fission products, and refabricated on site.
The IFRfuel cycle has strong proliferation-resistantcharacteristics: the fuel never leaves the site; the
IFR process does not produce a pure plutonium product stream; and the product is highly radioactive
and would still need conventional aqueous reprocessingfor anything but IFR usage. The IFR has been
designed to meet the IAEA criteria for "the timely detection of diversion of significant quantities of
nuclear material" through the use of near-real-time monitoring for the entire process stream. The IFR
has the additional advantage of being able to effectively and efficiently burn weapons stockpile
plutonium.

Strange as it may seem, the IFR, with its closed-cycle pyrometallurgical fuel processing, could
help phase out worldwide dependence on the proliferation-prone PUREX process. Pyrometallurgical
processing always keeps the metallic fuel in a highly-radioactive state and the plutonium diluted with
weapons-spoiling actinides. If the reactor is operated without a breeding blanket, it can be used to
consume the world surplus of reactor- and weapons-grade plutonium.

ISOTOPE CORRELATION TECHNIQUE

Any activity involving nuclear material irradiation transmutes and/or creates actinides and fission
products. The irradiated material carries with it (in its isotopic composition) an integral of its neutron
irradiation history. Mathematically, it is not a well-posed problem to discover the initial state of the
material or the conditions under which the irradiation took place. But practically speaking, it may be
possible to deduce them with high precision, given the ability to model the expected conditions
accurately.

The Isotope Correlation Technique (ICT) is simply a numerical analysis of relative isotope
concentrations, with indicators chosen to best discriminate between likely scenarios of irradiation. The
indicators may be numerical ratios such as Pu/U, or 23SU/2_U.Given reliable nuclear fuel-cycle analysis
models, it is possible to calculate normal and abnormal (i.e., diversion) fuel-cycle scenarios and to
discover the tell-tale markers (signatures) associated with a given reactor type and a given fuel cycle.

ANL has the nuclear analysis tools to generate realistic fuel cycle models. The ICT has recently
been investigated for a variety of fuel cycles; in FY93, work concentrated on the Soviet RBMK-type
graphite-moderated,water-cooled reactorsand their fuel cycle. Three-dimensional models were created
of a supercell of 25 fuel channels, occupied by normal (2.0% enriched in 235U)and target (natural
uranium) fuel elements. The purpose is to discover the sensitivity limits of the ICT, knowing that even
in normal operation, isotopics vary with control rod presence and the extent of coolant channel voiding.
We expect to characterize the normal variability range of spent fuel, and to identify the signatures for
spent fuel irradiated in company with special diversion (target) elements for weapons-grade plutonium
production.

As an example of fuel isotopics in RBMK-type reactors, we compared a normal fuel cycle to a
special fuel cycle in which target elements are made of natural uranium and are discharged after only
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120 days irradiation versus 1080 days for 2.0% enriched standard elements. The special fuel cycle
consists of two cases: (a) one in which just 1 out of 25 elements is a target element; (b) one in which
4 out of 25 are target elements.

We assume that the target elements are not available for monitoring; however, their presence
creates noticeable effects upon the isotopics of the normal discharge fuel, which we assume is
available. The effect obvious in Table I is that the presence of natural uranium targets increases the
burnup of the nearby normal fuel, because the target elementshave less fissionable material than even
a fully-burned normal element. It is also clear (see Table II) that the higher isotopes of plutonium
accumulate at different rates, and in different proportions. In particular, the isotope ratio: 239Pu/241Pu
is reduced by 7% in scenario (b). This change should be detectable, indicating that an RBMK reactor
operated with 16% or more of its elements replaced by target elements should be identifiable as a
diversion cycle. We expect to show more explicitly the connection between diversion scenario, isotopic
changes, and measurement sensitivity as this work progresses.

TABLE I. RBMK FUEL CYCLE ISOTOPICS FOR 2 DIVERSION SCENARIOS
(Masses in kg per fuel element)

ISOTOPE BASE CASE 1 OF 25 (a) 4 OF 25 (b)

235U 1.1462 1.1364 1.0825
2_U 0.2582 0.2594 0.2675
2_U 126.85 126.86 126.78
239Pu 0.4318 0.4274 0.4364
2"°Pu 0.1522 0.1526 0.1634
241pu 0.0450 0.0444 0.0485
242Pu 0.0106 0.0104 0.0123
241Am 0.0014 0.0014 0.0017
237Np 0.0092 0.0092 0.0102

TABLE II. RBMK FUEL CYCLE MASS RATIOS FOR 2 DIVERSION SCENARIOS

MASS RATIO BASE CASE 1 OF 25 (a) 4 OF 25 (b)

24°PUP41Pu 3.38 3.44 3.37
239PuP4°Pu 2.84 2.80 2.67
239Pu/241Pu 9.60 9.63 9.00

FSU-RELATED STUDIES

ANL has assessed the general situationin the FSU as it affects the development and
implementationof nonproliferationmeasures. Some of the studiesare brieflydescribedbelow.

Related Manaqement Systems: ThisstudycomparedelementsinFSU and US managementsystems
that may influencethe developmentand implementationof nonproliferationmeasures,includingthose
directly and indirectly related to manufacturingnuclear materials and systems. Examples are
transportationand guardingentitieswith theirown rulesand practices,safeguardingenterpriseswith
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their own quality standards for nonproliferationmonitoring equipment, and trade organizations with their
own rules on international equipment sales.

Cultural, Business and EnqineerinqTraditions: This study identifieddifferent US-FSU traditions and
practices,for example in designingequipmentof possibleproliferationinterest. Among the most
pertinentare different perceptionsof the need to follow the law strictly(this may necessitatenon-
traditionalaccountingandcontrollingmechanisms)and differentperceptionsof the value of humanlife
(thismay create differentacceptanceof the riskinvolvedin proliferationactivities).

Assessment of the Mana_qementof Russian/Ukrainian Nuclear Reactor and Mine Safety: This
studyfound thatmuchgreaterriskisacceptedinthe FSU indealingwithdangeroussituations.A level
of riskwhichmayleadWesternexpertstoconcludethatcertainproliferationactionsare impossiblemay
be acceptedby certainelementsof theFSU population.Similarly,what may be considereda possible
event in the FSU may in realitybe impossiblein the US.

Construction Manaqement System for Storaqe Facilities: This study comparedconstructionand
operationof facilities where materials and equipmentof proliferationinterest may be stored and
safeguarded; specifics may affect the controland accountancymeasures. A similar study was
completedfor railroadtransportation.

Economic Incentives on Arms Control Matters: This study investigatedpossible economic
incentivesthat could be presentedto individualsor groups in charge of performingaccountingand
controllingnonproliferationprocedures.

CONCLUSIONS

Much of the burden of confirmingnonproliferationwithinthe civiliannuclear-fuelcycle -- and
even of restrainingproliferation-- devolvesuponthe IAEA inspectionprocess•US DOE laboratories
continueto providebettertoolsfor measuring,monitoring,detecting,analyzing,and predictingnuclear
fuel-cycle data. At ANL, we have been concerned about what to measure, where, and with what
devices;we also have been concernedwith simulationand modeling. Throughimprovementsto the
tools, togetherwith enhancedtrainingin their use, we hope to significantlyincreasethe effectiveness
of the IAEA. Through the RERTR Program,we have already considerablyreducedthe proliferation
risksassociatedwithHEU inwesterncountriesby curtailingthe need for its use in research reactors.
The extensionof RERTR to the FSU will further reducethe availabilityof HEU.

As we movetowardthe 21st Century, we mustmitigateproliferationrisksfromexistingstockpiles
of plutoniumand from plutoniumaccumulatingin irradiatedpower-reactorfuel. One possibilityis a
dedicatedburnerreactorto produceelectricitywhileconsumingplutoniumin a closedfuel cycle. This
reducesproliferationrisks while the plutoniumis in fuel form and graduallyreduces the stockpiles
already in existence. ANL has investigatedwith General ElectricCo. the characteristicsof a fast
spectrumliquid-metal-cooledreactorwithenhancedsafetyperformance,based on the IFR technology.
Technically,there is much merit in this concept,as it also features the abilityto transmute long-lived
isotopes into shorter-livedfission products.The economics,technologicaloptions, and politicsof
plutoniumburnersversus long-termstorage of high-levelwaste are subjectsof intenseconcernin
countrieswith large installed nuclearcapacity.

Argonne'sfutureworkwillmateriallyassistthe DOE in formulatingUS policy forthe nuclearfuel
cycle in the 21 stCentury.
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