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REASSESSMENT OF SAFEGUARDS PARAMETERS*

E. A. Hakkila, J. L. Richter, and M. F. Mullen
Los Alamos National Laboratory
Los Alamos, NM 87545, USA

A B STR ACT Safeguards are applied under Information Circu-
lar 66 (INFCIRC 66)Zfor nations not signatory to the

The International Atomic Energy Agency is NPT and under INFCIRC 153 (corrected) 3 for NPT
reassessing the timeliness and goal quantity parameters signatories. Paragraph 28 of INFCIRC 153 (corrected)
that are used in defining safeguards approaches. This states
study reviews technology developments since the
parameters were established in the 1970s and concludes The Agreement should provide that the objec-

tive of safeguards is the timely detection ofthat there is no reason to relax goal quantity or conver-
diversion of significant quantifies of nuclearsion time for reactor-grade plutonium relative to

.weapons-grade plutonium. For low-enriched uranium, material from peaceful nuclear activities to the
manufacture of nuclear weapons or of otherespecially in countries with advanced enrichment capa-

bility, there may be an incentive to shorten the detec- nuclear explosive devices or for purposes
tion time. unknown, and deterrence of such diversion by

risk of early detection."

INTRODUCTION Neither INFCIRC66 nor INFCIRC 153 defines
"timely detection" or "significant quantity."

To strengthen safeguards, the International Atomic In 1968 a group of consultant experts reported to
Energy Agency (IAEA) is reassessing several of the the UN General Assembly on these matters. 4 The 22nd
basic safeguards parameters that are used in defining and session of the General Assembly adopted the sugges-
structuring approaches and inspection criteria. The tions of the report. Following the NPT in 1968, the
objective of this study is to provide information on the IAEA convened a series of expert groups under the
technical basis for the safeguards parameters, updating NPT. By the late 1970s, the Standing Advisory Group
information available at the time of their initial consid-

on Safeguards Implementation (SAGSI) 5 had developed
eration. The implications of modifying the parameters advice on significant quantifies and conversion times,
will be analyzed in terms of the impact that such which the IAEA subsequently accepted as technical
changes might have on the effectiveness of safeguards, parameters to be considered in the planning, implemen-
This study will take into account new developments in tation, and evaluation of safeguards (Refs. 6 and 7).
safeguards concepts and approaches and developments in The values for significant quantity were derived from
the nuclear fuel cycle and nuclear technology, the 1968 report to the UN General Assembly and are

The Statute of the IAEA, 1 Article XII, discussed 25 kg of contained 235U for high-enriched uranium and

the application of safeguards to special fissionable 8 kg for plutonium. The values for conversion time
were developed based on technical data from thematerial. The latter is defined in Article XX as
Secretariat and are of the order of days (7-10) for

...plutonium-239; uranium-233; uranium plutonium and high-enriched uranium metal; of the
enriched in the isotopes 235 or 233; any mate- order of weeks (1-2) for pure compounds; and of the
rial containing one or more of the foregoing; order of months (1-3) for irradiated fuel. The
and such other fissionable material as the conversion time for low-enriched uranium is one ye.a'.
Board of Governors shall from time to time In the original United Nations report, significant
determine .... quantity had been considered in terms of the amount of

nuclear material est_ated to be required for a nuclear
*This work was supported by the US Department of weapon yielding a 20 kiloton explosion. Conversion
Energy, Office of Arms Control and Nonproliferation. time is def'med as the minimum time required to convert

forms of nuclear material to the metallic components
of a nuclear device. The IAEA considerations in



implementing goal quantities and conversion times into the probability of attaining the maximum yield from
inspections at the national and facility level were the mass of plutonium decreases. Nevertheless, some
discussed in Refs. 6 and 7. yield, the "fizzle" yield, will be achieved. This is in the

2-kt range for both weapons and reactor-grade pluto-
More than two decades has elapsed since the IAEA nium. The probability of attaining the "fizzle" yield is

adopted the significant quantities and conversion times. 100%. For weapons-grade plutonium, the probability
Now, in light of experience with safeguards imple- of attaining the maximum yield is reasonably high;
mentation and technical developments in nuclear for reactor-grade plutonium, the probability is still
technology, questions have been raised about the substantial.
continued adequacy or acceptability of these technical
parameters. This present study addresses whether Two major factors must be considered in design-
conversion time and significant quantities should be ing/constructing nuclear weapons. One is the high,
changed in light of new processing technologies to spontaneous fission neutron yield from the even num-
allow for different isotopic compositions for weapons- bered isotopes of plutonium that make them less desir-
grade and reactor-grade plutonium, able for nuclear weapons, but still usable. The second

is the high heat generation from the short half-life alpha

II. SIGNIFICANT QUANTITY emitter 238pu that makes it undesirable for nuclear
weapons. The high heat generation can cause problems

The materials that are identified as nuclear through coupling of the metal to other components

weapons material are 233U, 235U, and plutonium, and such as the high explosive or electronic parts or can
are subject to safeguards. Some pertinent data on these cause phase transitions in the plutonium. In general,
materials are summarized in Table I. heat generation greater than 100 watts from a weapon is

considered too high for manufacture of nuclear weapons.
The amount of 238pu that can be tolerated in a device

TABLE I. Critical Data on Selected
can be calculated from Table I. For a w_,pon contain-

Nuclear Materials ing 8 kg of plutonium, the maximum 23opu that can
Critical Qa Hb be tolerated would be approximately 2% of the total

Element Density (kg) (n/kg/s) (W/kg) plutonium. For this reason, 238pu in amounts greater
than 80% is exempt from international safeguards.

233U 18.64 16.1 0.8 0.3 The heat generated by the plutonium can seriously
235U 18.80 47.9 0.3 nil affect the metallurgical properties of plutonium metal.
238pu 19.41 10.2 2.6 × 106 556.7 Plutonium has six allotropic forms, each in a different
239pu 19.50 10.4 22 1.9 crystallographic space group and with different den-

240pu 19.58 36.9 1.0 x 106 6.9 sities. Some plutonium metal properties are summa-

241pu 19.66 12.8 49 13 ri'zed in Table II. The alpha phase is stable at room
temperature and undergoes a 12% volume increase in

242pu 19.74 79.6 1.7 × 106 0.1 transformation to the beta phase. The coefficient of
Pu 19.54 14.3 4.0 x 105 13 thermal expansion along each of the three crystallo-

graphic axes is different so that heating produces severe
aQ = spontaneous fission neutron yield, distortion and cracking of the metal. The delta phase is
bH = heat generation in watts per kilogram, cubic, and thermal expansion is uniform along the three
- axes. The delta phase can be stabilized at room temper-

ature by alloying, for example, with aluminum orTo manufacture a nuclear device, the designer
must have a proper amount of nuclear material (for gallium. Although it has an approximately 20% lower
example, 8 kg of plutonium); a high explosive that can density than the alpha phase, the stabilized delta phase

rapidly compress the nuclear material; and a neutron is preferred for weapons regardless of the plutonium
source that releases its neutrons at the required time sources be.cause of its superior metallurgical properties.

after initiation of the high explosive. Hypothetically, a The critical masses shown in Table I are for a bare

mass of 4 kg of plutonium or 233U is sufficient for sphert the critical mass can be significantly reduced by
one nuclear explosive device. If the plutonium goes suitable reflectors. The reflected critical mass for pure
critical before the neutron source releases its neutrons, 235U is approximately 15 kg, rising to 50 kg for 50%
for example, from spontaneous fission of the even enriched and 250 kg for 20% enriched uranium (Ref. 8,

numbered plutonium isotopes, preignition occurs and p. 17). For 235U of 94% enrichment, the critical mass
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TABLEII, PlutoniumAllotropes cdutrons,L prove  ntsincaluU'on ign since
have L,nprovedthe enrichmentfactor to gTe_teathan 30,,..o, - ................... . ..

Rang_ of Stability but energy rcquix'cm_ts still arc l_rge. Collection effl-.

AIIolropo _ SpaceGroup ......... ciency(thoamountofproductthatacRmllyan'iresat

Alpha <122 Singlemonoclinic 19.84 thecoll_ctlng"lJ0isgenerally<15% o£throughput.

122.-0.06]_xiy_ 17.70 2. Gaseous Dlffuslon,9,10 The gaseousdif-
monoclinic fusion lxoc_s is based on the principlethat the veloc-

Oamma 206-319 F__ 17.14 ity of a gas is dependent on its molecular mass, with
orth_hic Hghteamolccul_ moving slightly fast, The ratio of

Dc21a 31g_-451Fa_ ¢cu_ 15,92 thevelocityoftwogasesd_ onthesquarerootof
theratioof themasses,so thatfor235UF_ and

Deltalxime 451-476 Bodycen_ 16.07 238UF6 the ratio is
t_tragond

]RpsJlon 476--640I_dyocn_ 16.51" V235/V238---_352/349--1.0043
cubic

......... ' " ..... This is d'_ t&al di_ston _ fac_.

is reAuceA faom_2 to18kg when a 17.8-cm-thick "rhodilRu_onbarriermustbeabl_todiff_rentia_
uraniumrei1_tursurroundsth_sph_calcorn(Rcf.8, betweenthetwomolecules.Barde_ design and m_a.
pp. 19-20). rials and their mo& of manafactu_ gorr..rallyarecla.ui.

fi4sl,buts_r_ nickal powders, and oth_' msterl_ls
III. CONVERSION TIME have been used (Ref. 10, p. 124). The amountof bar.

tiermaterialislargo,typicallyIm2/kgSWU, A

A. Em'ichedUranium singlelargestagewitha capacity,of12000SWUIyr
re.,qnircsapproximately19,200m z ofban'[or.An

As no¢_Ixcviously,theconve_'siontimef_ com- diffusion¢.aaca_toproduce3% enricheduraniumwould
_tmdsofhigh-mrioh_uranium(I_LDis "oftheor&r mqui_aplx_ximatdy1300stages.
of week_;"theconversion_£rneforlow-eadch_ ura-
nium (I._U)(<20%2_5U)is"oftheca'de4"ofIyear." "I'notime foradiffusionplanttoreachequilibrium
ThoconversiontimeforI-_Uisbasedonthefactthat isr¢latlvelylong,I1.21days.To produceweapons
onlyconversionfromoxideor fluoridetometalis grade23f_iwouldrequ_ over3500stagesandanequi.
rrxluireM,andthisisa relativelysimpl_process,Con- libriumtimeofIyr,
versionofLEU toweapons.gradematerialrequires
ftmhere._'ichmentpriortoconversiontometal and The diffusion processalsoisenergyintensive,
requiresa significantlylongertime.Thoconwrsion requiring2300-3000kWh/SWU,

timo forLEU was establishedbasedon existing 3. CentrifugeEnrlchment.9.t0 Centrifuge
eawichracnttcghnologi_inthee4_ly1970s,whichwet# enrtchn_ntIsbasedontl_differenceIno_irlf_alforo_
electromagneticseparationandgaseousdiffusionwith onmo1_ttlesofdifferentweightinarotatingoylind_r,
the gaseousdiffusionpathwayreceivingthe most withhe,avicr mol_¢ulosmovingtotheoutsideof the
era_Is b_ittsoitwastlmpredominanttechnologyof cyllndsr,Omtrlfugoenrichmentwaspursuedinti_eUS
tltotime, andin(}eqm_a_yduringWorldWar II,butdevelopment

1. Electromagneticseparation. Tho f_st wasslowerthangaseousdiffusionduetoseverals_vc_
we,apons-grad_uraniumwas producedinkilogram technicalproblcras(Rd.8,pp.130-132):

amountsat Oak Ridge usingc0JutronsCRof,9, a, Designoftherotatingchamberhadtoallowfor
pp, 176-179). Each calutron had a magnet diameter intomal reflux so that all of tho gas does not ¢on-
between4 and 5 m and was capableof producing c_ntratcattheouterwallwiththehigh_mtional
approximatelyI00 mg of235U perday,Over I000 spe_,
calutronswereusedtomake enoughliEUforI or2
weapons over a 3-yr l_riod, Tho ¢ost was ovor 1 b, The high rotational speed caused criticalvibration
billiondollarsand was very energyintensive problcmsby settingupcriticalrotationalfroquen-
(approximatoly 3800 kWh/SWU), The enrichment ties that could destroy the cylinder, Thosef'rcqu_n-
factor,dd'medasisotopicratioattwosuccessivesmge.s cicshadtobedampedandnewbeatingsde.signe.dto
intheprocess,wasapproximately20intheearlyY-I2 preventwobble.



' C. The high rotationalspeed leads to severe mechan, this time. Oth_ countries,notablyJapan,France, and

 'eu intheoutercylinderwall,Thisstreu ehlna,m developlngAVLIStechnologyif not
exceeded the tensile strengthof materialsthatwere f_ilities.
available in the 1940s and 1950s. High strength

$. Aerodynam_© Processes. In aerodynamictam'agingsteel and graphite.fibercomposites were
not available until the late 1950s or 1960s. AI. procaut_, uranium isotope separationis based on the
though restaging steel and high strength graphite centrifugal forces in a rut curved flow of LrP6and a
are under :ttict export control requirements, light auxilit,'Vgas, generally H2 or He, Gas tocolera.
Pakistan and Iraqwere able to obtain the rnatefiab lions exceed those in a centrifugeby several orders of
_y, magnitude without moving parts, Two aerodynamic

pro_t_ have been developed, the Becket nozzle in
d, SOphisticatedcomputer1_ogramswere _quired to Karlm_ andthe UCORprocessin South Africa.

eolve hydrodynamiccountercurrentflow equations
to Opflmi_ centrifugedesign to increase separative For tl_ BC_kerprocess (P.,ef.1O,pp. 245-266), a
power, jet of gas consisting of 96% H2 and 4% UT6 Is

expandedthrougha narrowelit. The gu moves at high
U_ing Optimaldesign, hypotheticalsepmationfac- q)eed andcentrifugal forcescause heaviermolecules to

ton (the degree of separation in a tingle element or move to the outside. The slits are small, nominally
of a _aration process) of 1 to 2 orgreatercan be 0.2 ram,with thelighter 2DU fractionskimmed to the

realized. Rieven stages are required to produce 3% innerprolion of the nozzle.
enriched uranium. For a plant of 1000 t SWU/yr
approxima_y 66 000 hypotheticalcentrifugeshaving a The nozzle proceesis energy intensive beo_so of
_n factorof l.S 1arerequked.9 thepumpingandpre_urizing of _ge quantities of gu.

Costs of 3000-3500 kWh/SWU havebeen quote& The
The energyrequirementsareat least afactor of ten advantageof the process lies in the higher separation

lower than for diffusion, typically 100.300 kWh/ks factor of 1.01S comparedto 1.004 for diffusion. This
SWU. _;ultl in smaller scale and lower holdup with cot_e-

The time to reach equilibrium is much shorter quentfasterattainmentofequilibrium.

thanfordiffusi_,approximmely2.5 min/ca_ade. The South African UCOR process (Ref. I0,
pp, 143-146) hasbeen de_rlbed as "acombination of a

4. Laxr Enrichment. Laser enrichmentpro- gttiOtWy.wall CenwLfuscwitha highly.asymmetriccut
cestes are based on the slight shift in absorption fire. and a cascade system (the helicon system), which isquency for the different i_3q_es of uraniumand can
provide high enrichment factors, If the fte.quency of eminently suitedto asymmetricseparation." A module

with a cape_ity of 10t SWU/yr would be approxi-incident light can be made suff_iently nm_w to excke
the 23_;Ubutnotthe 235U atom or molecule, then mately 3.6 m in diameterand 10m in length, Fmergy

consumption ofthe UCOR process is comparable to
separationscould be affected, Both atomic (AVLIS) the Jet nozzle. The equilibrium time to achieve 3%
andmolecular(MLIS)processeshave beenstudied. The

endcJunent is approximately 16 hours. The small in-
molecukr proceu involves the use of UF6 gas, whereas ventorymakes the procosswell suitedto produceI_U,the atomicproceu u,ea vaporizedU metal. The vapor.

tzedmetal has more complex materialshandling prob- The South African pilot enrichment plant at
ferns,The development ofsuitable lasts appears to Vel©ndababegan operation in 1971 and prnduc_ its
favor the atomic pmceu and may have been the basis first lIEU in 1977. Prom 1978 to 1989 South Africa
for the US decision to concentrateits R&D efforts on produced six nuclear weapons with enough lIEU fur a
theAVLIS proceu, seventh,Eachweaponwas estimatedto contain50.60

In eit_ _, laserener_ costs are ex_nded k8°fHEU andhaveayield°fI0"18kt'l!
primarily on the 23SU, with little going into 238U, 6. Chemical Enrichment, Chemical
Thus conceivably energycosts are low comtmredto dif. en_hment methods areba_ on the usa11differencein
fuflon and aerodymuniclm)Cesses,in therange of 1(3-50 oxidatlon/reducdonpotentialof 23SUand 238U, The
KWh/SWU, Only a few stag_s would be required to U(HF),U(IV), andU(VD ions have different chemical

HEU, properties. Two chemical enrichment methods have

A demonstrationAVLIS process has been devel-
oped at Livmnore; commercializationis not plannedat



been developed to the pilot plant stage: the ion Parametersof importanceto productionof HEU
exchangemethodinJapanandthesolvmtextraction byv_3us enrichmentprocesmaresummarizedin
methodinP_mce. ' TableHI. Ingeneral,fa_ilittubasedon separationpro-.

ceaseshavingsingle-stageseparationfad,on <1,01 will
The $apanete ion exchange process (Ref. 9, be large,complex,andexpensiveto buildandoperate, i

pp.150-153)usa a prc_etary ionexohangeresinand Facilitiesba_ on aerodynamicprocesses(including
chemicalreductlon/oxidationbetweenU(IV)andU('VI) centrifuge)haverelativelyhighslngle-stageseparation
to seimmte235Uand236U. Thepmce_ hasa reported factontandwillbe smallerto buildandless expensive
tlngle-mge separationfactorof 1.0013(abouteve-third to operatebut will requitesophisticamdtechnology.
of thatof thegaseousdiffusionproceu),butthest_e Becauseof ease of batchrecycle, the time to obtain
holduptimeis approximatelya factorof 10 lowerthan weapons-gndeuraniumwillberelativelyshort
for diffusion,and ener_ consumptionalso is lower,
approximately400-700kWb/SWU,The techniqueis B. Plutonium aeproeeulng

toutedaJ beingproliferationzettstantbecauseof posen. Plutoniumwasfirstrecoveredfromspentfuel for
• sial criticalityproblemsat high enrichments. These weaponspurimm but is now of inW.restfor use in

couldpmsiblybe overcomeby useof boratedglassor powerreactors. A numberof processes have been
_nultr columns. Kilogramamountsof 3% enriched developedto re_overplutoniumfromspentfuel, both
emn/umhavebeenwvdoc_ for_ andreact_unelmrpom,

TheFrenchsolventexu'actionprocesswasdevel. 1, Bismuth Phosphate,13 The first process
opedto pilotplant_ inthemid1980s, Theproceu developedtorecoverplutoniumfromspentfuelwas the
is bm_donUGID/U(IV)ox/daflon/r¢.ductionandsolvent bismuthphosphateprocess. It was a batchprocess
extraction with u'ibuWl phosphate in an organic requiring_veral procipltatlon/_lutlon stepstoattaindfluent,_ p_..iectwu_'_d.on_dbecausethe

therequireddecontaminationfaQt_', The process is
Frenchdidnotbelievethatitcouldcompeteeconomi- compL,_ttivelymy to scaleup to plantoperations
e,ally withcenlxtfugeem'[chmentor theAVLIS pro. andrequiresonlysimpleequipment,andremotemainte-cess, TheequipmentwasSoldandrely evenn.t_y
PUrCh_ by Imqaxedins_led atTuwaithaforfurther _ and operationare feasible. Disadvantagesare
reaearch.Thetitle-stage separationfactoris 1.0025- (1) it doesnot recoveruranium,(2) largeamountsofwaste aregenerated,(3)many batch operationsare
1.003. In spiteof thelowseparationfactor,theproceu required,and (4)plutoniumrecovery is only about
has someappealbecauseof the low tgecifi¢ energy 95%, Thesedisadvantageswouldbe of minimalcon,
consumptio_of l¢_sdmn600kWh/SVv'U, cerntoa potentialprolfferant,

I III

TABLE III, Parameters of Importance to Proliferation Through Various
Uranium Enrichment Proceues

I IIEIIIII II IIISpec.J_k Relative Easeof
Singlr,.Stagc Consumption Sizeof Batch

Proceu ,_ti°_ Factor (kWI_WU) Facility Recyr_e___jl a, ,i ,, , .... i ....................................

Caluu_n 3(XX)..40_ Lzrp Me.urn

Gaseousdiffusion 1,(X)40-1,0045 2.'3(X)-3000 Larp Complex

1--2 100-.3430 Small Easy

Lain
M_lecttlar 10-50 Small Easy
Atomic 10-50 Medium Complex

Aemdym_k
Nozzle 1.015 3000-3500 Medium Medium
Helikon 1.025--1,03 30(D-3500 Medium EaJy

Chemical
Solventextraction 1.0025--1.0030 <600 Large Complex
Ionexchange 1,0013 400-700 I.argc Complex
I I III I r'_



2. Solvent Extraction. 13 Several different and, strictly speaking, is not reprocessing because there
solvent extraction processes have been developed to is no attempt to separate uranium and plutonium from
extract plutonium and uranium from fission products, each other or from all of the fission products. In the
Early work was directed to recover plutonium for AIROX process, the spent fuel is chopped and oxidized
weapons use, hence the fuel was generally uranium to convert from UO2 to U308. In the process approx-
metal or a uranium-aluminum alloy, imately 50% of the fission products are removed,

mostly in the form of Kr, Xe, Cs, I, Ru, Tc, Cd, and
The early Redox process used hexone as the In, with some Mo and Nb. The U308 is then reduced

organic phase; aluminum nitrate was used as a salting to UO2, and the UO2 and PuO2 along with the remain-
agent to minimize extraction of fission products, ing fission products are sintered into pellets for reuse as

The Purex process uses 30% tri-n-butyl phosphate fuel.

(TBP) as the extractant, generally dissolved in kerosene. 4. Molten Salt Processes. Molten salt pro-
The salting agent is HNO3, hence wastes are reduced cesses have been investigated for recovery of plutonium
relative to the Redox process, from either metallic fuels (uranium-plutonium-

Thenoyl trifluoroactene in hexone also has been zirconium alloys)or LWR oxide fuels.

studied but again requires aluminum nitrate as a salting a. LWR Oxide Fuels. 19 The method pro-
agent, posed for molten salt reprocessing of plutonium from

The Purex process has been much studied and spent LWR fuel involves electrolytic generation of
developed through the past 40 years and is the basis for metallic lithium or calcium in a molten salt medium.

The metal reduces the actinides to the metallic state.all commercial reprocessing plants today. The process
generally has three solvent extraction cycles. The first The uranium is precipitated from the transuranic
cycle separates uranium and plutonium from the bulk of actinides from a liquid metallic solution of, for
the fission products; the second cycle partitions example, An-Mg alloy. The technology has been
uranium and plutonium; and the third cycle provides demonstrated on bench scale but has not scaled up
additional fission product and uranium decontamination engineering development.

and some concentration of plutonium, b. Metallic Fuels. 20 The Integral Fast

Major improvements in the process have been in Reactor (IFR) fuel cycle is based on a metallic fuel
improving plutonium and other actinide recoveries and alloy with a nominal composition of U-20%Pu-10%Zr.

A pyrochemical processing scheme has been developedin introducing newer solvent extraction contactors.
Pulsed columns and mixer settlers can be replaced by for recovery of plutonium and uranium from the spent
centrifugal contactors, particularly in the first decontam- fuel. The chopped fuel is placed in a perforated steel
ination cycle where radiolytic decomposition of the sol- basket, which becomes the anode in a molten salt
vent could result from long contact times with resultant mixture, typically a LiCI-KCI eutectic. The actinides
loss of plutonium with fission products. 14 The cen- and fission products are dissolved in the molten salt.
trifugal contactors have shorter contact time and if used The actinide chlorides are transported through the
in all three cycles could significantly shorten through- molten salt; uranium is collected on a solid cathode; and
put time for plutonium reprocessing, transuranics with some uranium are recovered in a

molten cadmium cathode. With a chemica?, reduction

Between 1976 and 1979, Pacific Northwest Labo- step, the method can be adapted to reprocessing of spent
ratories operated a small reprocessing plant for waste LWR fuels.
vitrification demonstration purposes. 15 The facility
had a capacity of 50 kg/day of LWR fuel or40-50 g/day c. Magnetic Recovery of Actinides. Beo
of plutonium. Pulsed columns were used to decontam- cause all actinide compounds are paramagnetic, mag-

inate uranium and plutonium from fission products and netic separation of actinide-containing mixtures is pos-
ion exchange to separate uranium from plutonium. The sible. Magnetic separation of recycle plutonium pro-
primary plutonium column had a capacity of 450 g of cess residues has been demonstrated on an open-gradient
plutonium per batch, approximately the amount con- magnetic separator. 21 The method has not been
tained in 50 kg of fuel (one day of throughput). Thus, demonstrated on an engineering basis.

a significant quantity could be processed in 18 days. 5. Preparation of Plutonium Metal. A

3. AIROX Process. 16-18 The AIROX pro- number of routes have been developed for preparation of
cess is a dry process for extending the life of spent fuel plutonium metal from the oxide.



a. Halide Reduction. Halide reduction has months) with the present day practices of the IAEA of
been used since the first metal was prepared. Either monthly inventories for reprocessing facilities.
calcium or lithium can be used to reduce PuF 4, PuF 3,

PuCI3, PuBr3, or PuI3 .22 Calcium is preferred It has been argued that "no nation has ever consid-
because it is easier to handle than lithium. PuF4 is ered making weapons out of plutonium from US-type

preferred because it is not hygroscopic and therefore reactors" (the US announced in 1977 that it had
requires less care. The reaction can be carded out in a exploded a weapon from reactor-grade plutonium), and
refractory-lined bomb using iodine as an initiator to "[reactor-grade plutonium] can be made to explode, but
provide yields greater than 99%. it is of no interest as a bomb. "25 However, from

nuclear weapons design considerations, there is no
b. Direction Oxide Reduction. 23 PuO2 incentive to treat reactor-grade plutonium differently

can be reduced directly to the metal using either lithium than weapons-grade plutonium, either in terms of goal
or calcium metal. The PuO2 is mixed with calcium quantity or conversion time.
metal and CaCI2 in a magnesia crucible and heated to

800°C and stirring with a tantalum stirrer. The reaction ACKNOWLEDGMENTS
is carried out under argon gas. The CaCl2 dissolves the

CaO, yielding plutonium metal of the same purity as The authors wish to thank Myron Kratzer of
the oxide feed. Annapolis, Maryland; Gerald Kiernan of Lawrence

Livermore National Laboratory; Frank Houck of Armsc. Electrorefining. Electrorefining is used to
convert impure plutonium metal to high purity plu- Control and Disarmament Agency, and Joe Martz and
tonium metal. The technology is similar to that John Haschke of Los Alamos National Laboratory for
described for recovery of plutonium from spent fuel but helpful critique and discussions.
much simpler because the major impurities have been
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