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Global Estimation of Potentlal Unreported Plutonium Production
in Thermal Rescarch Reactors

lared S. Dreicer and Debra A, Rutherford
Safeguards Systems Group
Los Alamos National Laborutory
Los Alamos, New Mcxico USA

ABSTRACT

Av of Noveinber 1993, 303 research renctom
(research, teal, training, prototype, and electricity pa-
dwcing) wers operstionul worldwide; 155 of thess wery
in non-nuclewr wewpon staten.! Of these 153 reseanch
reactors, R0 ure thermal renctons thit have u power ruling
of 1 MW(ih) or greater and could be utilized o produce
plutonium, A previounly published wtidy by T. K,
Miniwty und V. N Bragin® on the unteported plutonium
production at wix resowrch rewctons inlicates that o
minimun rewcks power of 40 MW is required 10
imake a significant quuntity (3Q), 8 kg, of tiasile pluti-
nlum per year by unreporied irradiations. As pan of the
Olobal Nickoas Materlal Control Model effort, we
derermined an upper hound on the maximum possible
quantity of plutonium that could be produced by il RO
therms! research reactons in the non-nuclear weapun
sutes (NNWS), We eathinate that in one year a mmale
wunn of roughly une quarter of a metrke on (250 kg) of
plutonivm could be produced In there B0 NNWS ther:
wnal research reactors based on their reported power oul-
pul We have calculuied the quantity of plutonium anl
Uie nuinber of years thul woukl be required 1o prduce in
SQ of plutenium in the 80 thermat reseurch feactors nl
aggreguted by NNWS. A safeguards upprosch for multi-
ple thermul reveurch remton thut can pridice lesy than
| $Q per yeur should be 1e-vistted und criteria sdupied w
chaure un wpproprinte degree of safeguanis. ‘This invesn.
gution should by conducted in ussoctation with further
developing n suleguands wul destgn infonmaton reven.
fication nppromh for stines dhat have inultple remeaivl
(LT RIL A

INTRCDUCTION

As the UK. and furiiver Suviet Unton (ESHH ¢on.
tinug to advance rimd estabiiah International agreementy
awd treatics 1n the materal protection, contrl, el
accounting (MPC&A) and umx conttal amd disara.

ment arenas, the potental of u nuclear-relaied military
exchunge iy effectively nunexistont. Prescnily the pro
dominant threat 10 U.8 natlonal amd internutional
wourity uppeuns 10 he the global proliferution ol fismle
materiyl reluted 1o excexs military weapons. Thie ls tue
even though the wul quanuty of this excess und dw.
mantied seopou] wespons plutonium is minue relative
10 the quantity of pop astetsiad plutoaium conuuned 1n
stored commerciad spent fuel and currently  enupicl
commerciul plutonium. The ponagparaled plutonium in
commerciul spent (uel muy cominue o be scpataiod i
Uw closed fuel cycle (spent fual 15 reprocossed ad
recycled) i mure wilely wdopted. Whathet of it the
clused fuel cycle s pursued by more stutes, the pluiy-
nium contained in the spent fuel will constilule w grew
prolifersion problem in the fulure, with  prujected
growth emtes of 60 v 70 MT of spent luel per yeur '
Recent Initintives (tom the lughwst levels ol the U8,
government, the National Security Scienve wnd Tech:
nology  Strategy’ (NSSTS), wnd the study by e
Natlonal Academy of Sciencen' (NAY) support tneaures
w4 systemn for global MPC&A as past of a dispmsi:
ton program to deal with this excess nilinary wal
comnmicial fisslle inmenal The NSSTS bulicates tha
“the prunty techacal bamer imining the spread o
nuclent weapons is linite on m cess o the muclear me.
rinls needed to make them ™ This perspective s alu
propounded und expindel o by one ol de proary me
ommentdation of e NAS atly, “that e linted
Simen  pursue  new nlernntional - dangenwnty (o
tprove sateguanis amd physival secunty over all e
of plutoniuny and HEU worklwade ™

The combination ot the miltaty weapon anl
civilian eneegy Tuel cyvles has resulied 1n o agnnticant
quantty of plutonuin seng prodieed v wae
psimated 10 e 1AONS MT by the el of 18981 e
breakdown of thit anbiary  wwd covdnane phitontam
mventery s sumiudized i Table T The nnlitary
telaied plutonnan inventory presentel abwn 2V ol
the wtad The nnhiaty imsentiny wan ooghly o thind of



the civiian inventory, but only about V7% of he
civilian plutonium was scparawed, Several fomurex dis-
tinguish the military plutonivm invemory, All of (e
military inventory is separaed and 91% of it g
weapons-grade, tome in weapon component (orm.
Imminently rasnlving the proliferation concerns of this
mulitary inventory is critically important becaute the
mena<ing implicutions of the military plutoaium out.
woigh the numerical imbalance with respect to the ol
quantty of plutnium produced tn both fuel cyclen.

Table 1. Global Clvilian and Military
Plutonium Inventories

QGlobal Total | Total Pu Separated Pu
Inventiory Pu | Separmed | Grwdo & Quantity
ond 0f 1993 | (MT) MT (MT)

Civillan B45.0 | 1440 FuslMReactor 144.0

Military | 2500 | 2500 | Weapon 2280

MuelRouctor 22.0

*Sourca: denved from |4

In light of these facta it 13 casy to undorstand why
global prolifernt'on concerns we currently fncuxed on
the accessitility wn' disposition vl the excess and dli-
manthd we spons-gracy nuc'er mutenal resuling from
past militar ' production. Neverthelass, it is imponant
thit the aiternative means of plutonium prodution
{reprocessing cotnmarcial spent fusl und ressarch reactor
production) nut be neglected. The recomt proiiferation
caperiences in Irng and North Kores provids mutivation
for (his continued vigilinge. The prumise of thin report
ts that even though the fink and impact of illien pluto-
nium production in rescarch resctons by non-nuclear
woapon stutes uppear quenutatively insignificant rels-
tive 1o the eristing military und ¢ommercial-reisssd
plutonium (hundreds of kilograma voraun hundrods of
matric tons), i should be ennured. Indesd, the Intoma.
Uonal Atomic Bnergy As!nu{ (LABA) hax previously
developed Safeguards Criteria,” which are "uwed tor the
planning of saleguards implementation sctivities in the
Teld” and the "criteriu cover safeguants performied with
hoth INPCIRC/18).1ype  und  INECIRC/66.1ype
agreenenta.

To better understand the quantity and distnbution o
plutontum that could renult from unteported prodicton
in thermal research rea tory, we calculated the eatimated
Laalinum pluoniui with the tlobal Nuclvar Maitcrial
Conteal Modal. Thin syupporicd an immedise national
leve] presentstion of the polentisl plulvmium  Listnbu
Uun in the vontert ol enting military awd dommeeial
plutonium inventones, nuckeas mctlities. und o wetated

nuclear tochnical cepabilities. The Safeguards Critona
widross tho synergistic effoct of maenal producton of
loss than | 3Q at muitiplo facilities only during the
evaluation of "Entire States” (Section 13*). The Raurs
Siates evaluation addrezsea facilities “with un inventory
of any matnal type of 0.9 8Q or mure,™ such facilitios
wre 10 he inspeyted onco dunng o year, It is not cloar
from tho Safeguards Criteria that multiple lacilities with
lean than 1 8Q aro sufficiently addrossod.

GLOBAL NUCLEAR MATERIAL CONTROL
MODEL

The Olobal Nuclear Material Conteol  Molel*?
(ONMCM) characterizas site and facility information,
muslear mmerial inventory dets, and maclewr mawrial
production capabilities globally. There we throo fnda-
menial components 1o the GNMCM: physical priveny
representation, model infrastruciure dusign, und i wnd
contexiual Infeymation,

The phynical proceas reprosenlation component ha
the primary functional computational cupabiliues of the
GNMCM. Thess analytic computational capabilities aru
rolited to proliferaton, dispusiton, safeguands wnd secu-
tity, wd gruph® thoury, The oroliferation category pro
vidor analytcal modeling and computatonal support fix
the following nuclonr fuol vyole producdon procouses
and facilides: onrichment, fucl fabrication, reactor,
rprocessing, melal fabrication, weapons arsembly,
weapons disassermnbly, and stormge. The prolileration
cakegory permis the study of fuel cycly prwlucuon,
weupun Jistaniloment, storage, and material inventory
ivsuen, The saleguards and recurtly category provides
analyucal modeling and computational suppon tor
Mudyving. analyzing, and entiinating (uture roquirementa
and critena for LARA safeguands sl vecurily inspection
and prolection tesources. 1he disposition options cete-
gory provides anulyucal modehing and computationnl
wppont for  vitrification, genlogic  repoattory,  wnd
reactor-reiated research. The yruph theoretic capabihity
vategory providen the analytical imdeling amd compuita
tional functionality v condant vianous graph theoret
und netwoek optimization studees, inchrhing netwk
amaterial) How and sbortest or constinnesd path analyas
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A gaph O w8, Eras defiond by g e Vool Seitas aml o
1 K of wdgse A graph may be eithel dirs et veach mige 1y
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"Chore ago four aspects W the model infrastructure:
the graph-based data framework, the structural hierarchy,
the nuclear fuel cyele visual presentation, and the geo.
grophic illustration. The most fundamental design
feature of this modeal is the graph theoretic frumework.
All facilitios, sites, countries, and catogorics aro ropro-
sentod as vertices, and overy connection is ropresanted as
cithor a directed or an undirected ocge. The sructural
hisrarchy design docomposos the world Into four desig.
nations: nuclear weapon s$tatos (NWS), threshold nuclear
waapon states (TNWS), potential nuclear weapon states
(PNWS), and non-nuclear woapon states (NNWS),
‘Theso designations are furthor decomposed into their
conslituent states. Tho siates wre delincated by all of
their respective nuclear stics, A sito {s dotormined by the
facilition that exist at the site. The vertices we vonnected
by unorderod odgen. Another feature of the model infra.
struciure s the geographic illustration; this provides an
Inturmctivo mup of the world that invludes all of the
mandalech fucllitles and sites and some other geographic
characteristicn, such os rivers and lakes.

‘The last component of tho GNMCM in the dath and
vontoxtual intormation specific to euch level of the hier
archy of the model. This runges from Cfavthity-specific
physical process data to more generu!l world information
and data. Bxamplos of rume of the daw are geographic
location of facilicios: type of fucility: physical provess
data; tho Nonproliferation Treuty mignutory status of n
countey: and flssile muwenal inventory data for ch
tnaility, site, country, uategury, und wurld,

POTENTIAL PLUTONIUM PRODUCTION
IN THERMAL RESEARCH REACTOARS
GLOBALLY

Ax uf the heginning of 1994 there were MY opure
tiona) revearch reactors (reacarch, tost, tralning, prote
type, amd vlectnenty prodicing) workdwide listed in the
LARA resenrch remctor dinabane. As pant of the GNMCM
effort we recently estimated that at inost oneshall metiic
1on (300 k) of plutoniuim could he produced in thernal
resatch reacton winkiwide (exclding those in the
U8.). Thia eatiinate was baad on the following
avsumphions. a one-year petlod, @ reactor Tomd fuctor of
0.90, furtile targets (MU a thermal power for te
reneiuh reactots oF IMW ot inore. and the apphication
ol the teported maximum opgrating power Of the W1
rewarch tonctors worldwide, 139 of these wete in non.
nucival weapon states ' We belisve that 80 of thee 188
teweanuh reacions are thermal reacton thut have o power
rating of IMWith) or greater (nee Table 1) and v

capable of producing plutonium. During this unalysis
we ostimated that in ono year about & quarter metric ton
(250 kg) of plutonium could be produced in these 50
thermal research reactom combinad, We have calculated
the quantity of plutonium and the number of years that
would he required to produco a significant quanuty (SQ),
8 kg of plutonium, in the rospective rescorch feactors.
‘Table 2 summarizes this data by providing values based
on the doclared oporating power lovel. For example a
ressarch roactor operated at 10 MW(th) power with a
load factor of 0.9 is estimated to be capable of praduc-
ing plutonium at a rate of 2.24 kg/yr and it would wke
roughly 3.6 yoars to obtain | SQ. The quantity of
plutonium ond the number of yoars that would he
rouuired to produce an SQ of plutonium aggreguted by
NNWS bused on the 80 rexearch reacton i sutmimunznd
in Table ).

Moriarty and Bragin® published a study on the
unreporied plutonium production at six research reactors
confinning the “Bintord line.” For those caleulationy we
wilized the function that represonts an upper bound on
the Binford line. This expression is bused on the unuly-
ais of the results from the sudy of these sin lwrge
thermal covonrch roactors, it 10 not upphicable 10 fant
reactors, The Binford line iy bused on the “estimate thin
& minlmum reuctor power of 40 MW(ih) is required to
make 8 kg of fisslle plutonium per year hy unrepnied
sreadintions with n load Gctor (L7 of 0 88 By awsuin-
ing u 0.90 lowd fucten for the Dinford estimae, Muotiarnty
anvd Bragin huve catablished an upper bound un the
mnimum possible quantity of plutonium that can be
proniuced by w0 thennul reneurch temcton, an desctibed in
Ref. 2. The minimum reacior power to roduce an 8€)
drops to 3 MW@th) with the insined Divad Gactor ol
090, After mudifying Morinrty and Brugin's exjwes.
son, we obisined the (olluwing expiossion for o
estimated marimum  plutonivm  production (RMPu
caleulation:

KMPu (kg/ye) = 0 224 (Ag/™MWithiyr) »
Opernting Power | evel (MWitin|

A number of toctons ultimately infhoeme the wiual
tute of phatonium prodiction in u reator, awiwling
remtor operation thoml funtor, wadiaion  tie,  and
powes feselr, the Nocme (praduct of ieadiation ine wnl
Nun magnituder. the reactivity, amd ta et madenal
aype, quantity, demgn, lovation, wwd heat dissipation)
st an an depth dissunsion of these prsduction Bt
see Dinford’s tepott’ amd or o brieter divunsion w
Mutiarty and Beagan'reprut



Table 2. Number of Thermal Research Reactors Within Power Range and the
Eatimated Maximom Platonlum Production (EMPu)

Oporating Power Numbor EMPu Years to Aggregatod EMPu (or
Level of @LF=0%0 Produce | SQ Power Level
MW(th) Reagtors Ceg/yn) QrISQ) kg/yr
1-5 42 022 - 1.12 3636 - 7.14 26.768
6-10 18 1.3 . 2.24 5.97.3.97 38.976
1118 3 2.46 - 1,36 31.25.2.38 9.8%6
16 - 20 2 3.88 - 44N 2.23- 1.9 4.960
21 +28 2 4,70 - 5.60 1.70 - 1.43 10.782
26 30 3 S.82 - 6,72 137 0.19 32.704
3] - 38 0 6.94 - 7.84 1.15 - 1.02 -
36 .40 3 8.06 . 8.96 099 - 0.89 26.8%0
= 40 s > Q.18 < 0.87 97.440
Tolal %0 . . 232.336

SAPRGUARDS CRITEBRIA
IMPROVEMENTS

‘The factors that effect the rute and ability to produce
plutonium in o reactor alto provide indicators and
observables for an inspector. Some of these include
devintion from normal reactor operation (low burnup,
high power, high fuelicore throughput, shutdown
frequency variance, and change in research activity),
engineering changes that increase cooling capacity or
target access, and the presance of fertile material, targets
or stored irradiated fertile material. Binford’ and Moriarty
and Brugin® should be reviewed for a more apecific and
lengthy dizcussion of these indicators. The Safeguards
Criteria® provide the means to identify und interpret
many of theae obrervables, especially if the rewrch
reactor hus a power rated wt 28 MW(th) or larger, Sume
of the recent improvements in safeguards tochinology
fociittate the safeguards approsch. improvements in
continment and surveillance ws well av automaied
seeounting wnd reeurd Keeping provide the ability to
mure cost effeciively mest sfeguarde gouly, The Sufe.
guards Criteria reguire that, toy confiem the abwence of
unrecorded production of direct-use muterinl 0 fewarch
reiciory, on "anulyxin shows ihit the reavior could avi
produce | 8Q of plutonium'™ per year bt “fir remtns
with theemal power of 23 Mwt or foss, nes inalynis 1
terquited * The choiee of & theenm] power threshioll of
2% MWh) o greder sequiting imreaned soruting has
two potential sefeguards problems assoniated with it
The firal problem pant=d . ut by Rinfird' aml again by
Munarty and Dragin® i+ vhat the specificd ahteshold unly

refems 10 the doclum! maximum operating powor of the
reactor. Typically renctors huve boen conservatively
designed. »o0 that without uny sngineering modificutions
It in possible (0 operate u reactor at up w 40%-50%
greater power. ‘That ts, “a reactor with a declared noms.
nal maximum operating power of 25 MW(ih) could be
operaied at 33 MW(th) or more."? Bocause this could be
whicved without engineering mudifivations, safoguanis
criterin relaied 10 design verification we ignored and 1t
s wn impurtent impact on the tme 10 produce an $Q.
The second problem is that of multiple resenrch seacton
each praducing small quantities of plutomum such that
safeguards criterin are not wriggered or ndicated Thi
was mentionsd by Binford, it 1« much saater 10 conceal
the annual production of a8 small quantity. —one or two
kilogramn of plutonium---than that of a “agmiicam’
quantity™ and is nbatractly related to the sixth conclu

ston in Moriarty and Brugin ? '1hax study 18 anly related
(o thermal research reacton, when other smnll potentanl
procduction sources pre consilered, the combmution of
thultiple priduction potentiols provides an impetus 10
muore eutefully conader criwerm thi abdres the conli

daved quanity

CONCLUSIONS

e strengthen the Sateguards Critenia, an apgpeoch
fur reseurch reacton that can produne lees than | M7yt
shyuld be Investigated and techmiques developed; in pw-
teular, when multiple reseanch tesetors anag, the sy
govtedd peowiiciion capabilay shunibd he dtilizasd for thwe NQ



Table 3. EMPu and Number of Years
to Produce a SQ in NNWS
Thermal Research Reactors

~NNWS Years. to S
' (X F¥R)
nli J20 714
CAystli 2340 X,
9 ) 7.14
g ) 5
{),34
AT
Bulgerin 0,448 17.83
,&hﬂl—:i:m— '

skalels-Fabals o Fakals

value in Scction 4* not just under Section 13* (“Enure
Sues™). This investigation should be conducted in
wssocintion with daveloping a safeguards and design
information reverification approach for states that huve
numerous ressarch roactors and that takes into uccount
the potential maximum operating power rather than the
declared powar. We believe that enhanced safeguurds
techniques and technology nood to be invostigated axl
for their effectiveness 1o he detarmined.
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