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ABSTRACT

A seriesof measurements of critical masses has been made for

fast-spectrumplutoniumassembliessimilarto proposeddesignsfor

the Los AlsmosMoltenPlutoniumReactorBcperiment(LAMPREI). The

effectivenessof varioussystemsof reactivitycontrolhas been

determined.Fissionrate distributionsand spatialfluxvariations

were obtainedfor comparisonwith valuescomputedaccordingto the

Sn method.
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INTRODUCTION

The purposeof the seriesof measurementswas to obtainexperience

with small,complexplutoniwnassembliesthathave a very fast neutron

spectrumand metalreflectors.

measurementswere:

1. The establishmentof

approximateda possibledesign

metalcooling(LAME?RE1).

2. The effectivenessof

tor replacement.

3. The determinationof

Pointsof specificinterestin the

the criticalmass of an assemblywhich

for a 1 Mw moltenplutoniumreactorwith

variouscontrolschemesbasedon reflec-

powerand flux distributionsin the

reactormock-upas a guideto making

nessesin a finishedreactordesign.

1. MECHANICALARRANGEMENT

proper

OF THE

choicesof reflector

CRITICALEXPERIMENT

thick-

The criticalexperimentswere doneusinga basicassemblymachine

at the LASL criticalassemblyfacilitylocatedat PajaritoSite. The

mock-upof the reactorcorewas assembledby hand;the mechanicalin-

sertionof the very subcriticalbare core intothe reflectorportion

of the reactormock-upwas then accomplishedby remotecontrol. TWO

independentfail-safe(gravityoperated)scramswere providedto cmply

with safetyrequirementsfor delayedcriticaloperation: retractionof

the corefrom reflectorand droppingof the controlshim.

Figure1.1 showsthe mechanicalzxrrangementof the LAMPREcritical

experiment(L.C.X.).The watertank simulatesthe watershieldproposed

for the reactor. The radialand top portionsof the metal.(Feor Ni)

neutronreflectorare shownin place insidethe centraltube of the

watertank. Thiscentraltube isolatesthe fissionablematerial.of the

corefromthe water. The lowerhalf of the assembly,whichcarriesthe

cylindrical“cage”containingthe core components,was raisedby re-

motelycontrolledoperationof a hydrauliclift. The “corecage”rests

5
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Fig. 1.1 Cutawayview of LAMPREcriticalexperiment.
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on the botlxznsectionof the metalreflector,which is in turn supported

by a largepolyethyleneblock. For convenience,polyethylenewas used

in placeof wateras a,shieldmock-upin thisportionof the assembly.

Figure1.2 is a crosssectionview of the assembledcritical

experimentwhich indicatesthe relativepositionsof the radialreflec-

tor,the top and bottcmreflectors,and a typicalcontrolshimwhich

displaceswaterfromthe vicinityof the core. The radialreflector

was supportedon a ledgeinsidethe bottomof the centraltube of the

watertank. The top reflectorwas a slidingfit in the radialreflector

and was preventedfrom droppingthroughthe radialreflectorby mechani-

cal stops. The lowerendof the top reflectorwas allowedto enterthe

corecageand rest on the corecomponents,thus ensuringthatthe core

componentswere heldundera constantcompressiveload of about60 lb.

Immediatelyaboveand belowthe core 0.7 in. thickaluminumdiscs,re-

ducedto an averagedensityof about 53$ of normalby appropriatehole

drilling,were usedto simulatesodium-filledcoolantplenums. A sim-

ilarplenumwas locatedbelowthe bottommetalreflector.

The controlshim (shownin Fig. 1.2)W= sd~d aluminum;a similar

hollowannularshimfabricatedfrom 1/32 in. staifless steel -S ~so

provided. For additionaltestsof controlsystemeffectivenessthe

hollowshimcouldbe filledwith &C (seeSection2).
Theeffectof changingthe thicknessof the radialtamperfrom a

nominal1-5/8 in. to 2-3/8 in. couldbe studiedby placingan additional

ironor nickelsleeveoutsidethe centraltube of the watertank

(Section2). Controlshimswith correspondinglylargerinnerand outer

diameterswereprovidedfor thesecases.

The proposedcorefor IMPRE I was to be composedof 76% (by

volume)of fuel (Pu-Nialloy)}17? coolant(Na)~and 7% core container

and coolantflowtubes (Ta). In the L.C.X.the sodiumwas represented

by low-densityaluminum,the replacementbeingmade on an approximately

atomfor atombasis. The fuel alloywas simulatedby nickel-coated

7
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plutonium. Corematerialswere introducedintothe L.C.X.in the form

of discsof appropriatethicknessesto yieldthe specifiedrelative

volumesof eachcomponent.

Figure1.3 is a photographof the corecage,the lowerreflector

section,and discsof corecomponentmaterials. The nickel-coated

plutoniumdiscswere 4.499 in. in diameter snd 0.136 in. thick,in-

cludingabout0.006in. of nickelcoatingon all surfaces. Tantalum

discswere 4.500in. in diameterand 0.014in.thick;the aluminum

discswere of the same diameterbut 0.027in. thick. Pie-shapedpieces

of fuel (450and 22-1/2°sectorsof a full disc)were availablefor

makingsmallmass adjustmentsduringfuelloading(Fig.1.3). The

densityof a typicalnickel-coatedfuelplatewas about15.1g/cm3.

The corecage (Fig.1.3)was builtup from a tantalumcylinder

(4.52in. id. by 0.050in.wall) insidean aluminumcylinderwith

0.80 in. thickwalls. The tantalunrepresentedthe shellof the reactor

coread heat exchangerassembly,whilethe aluminumsimulatedsodium

coolantin an annularspacebetweencoreand reflector. Tantalumdiscs

0.050in.thickwere placedat the top and bottomof the stackof core

componentdiscsto mock up the tube sheetsof the tube and shellheat

exchangerwhichforesthe LAMPREcore.

Figure1.4 is an over-allview of the assemblymachine. The

hydraulicliftcarryingthe core is shownretractedtothe positionused

for manualloadingof the discsintothe corecage. The hydraulic

cylinderat the top of the machinewas usedto adjustthe positionof

the controlshim.

Sufficientnumbersof neutronsformultiplicationmeasurements

wereprovidedby the spontaneousfissionsin the fuelplates;there-

fore,no mechanismwas requiredfor insertinga neutronsourceintothe

core.
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2. CRITKYLLMASSESAND CON’I!ROLSHIMEFFECTIVENESS

This portionof the experimentalwork was dividedintotwo sections:

a. The determinationof criticalmassesfor severalreflectorand

corecomposites.

b. The measurementof the effectivenessof vsriousschemesof re-

activitycontrol,the evaluationof this effectivenessin terms

of an equivalentsurfacemass of fuel addedto the core, and
the interpretationof surfacemass in termsof reactivity

(cents).

2.1 CriticalMass I?eterminations

The criticslmass meas~ementsweremade with combinationsof

threecoread threereflectorcompositions.Table2.1 liststhe re-

flectorarrangements;the thicknessof each of the componentsenclosing

the core in the radialandsxial directionsis indicated.All cores

were basedon a plutonium-nickelfuel consistingof plutoniumcoated

with nickel. In all caaesthe dismeterof the cylindricalcorewas

fixed (nominal.diameter4.5 in.),and the systemwaa broughtto criti-

cal by adjustmentof the coreheight. The basicbuildingblockused

in forminga corecouldthusbe (1)a plutoniumdisc, (2)a plutonium

discplus a tantalumdisc,or (3)one each of the plutonium,tantalum,

and aluminumdiscs,dependingon the core compositionbeingstudied.

The resultsof the basiccriticalmass determinationsare listed

in Table2.2. The variousreflectorsmay be identifiedby reference

to Table2.1. The designationsof the core structure(Pu,Ta, Al, or

Pu, Ta, etc.)indicatewhich of the diluentmaterialdiscswere com-

binedwi.theachfuel disc. Nominal.valuesfor the atom densitiesof

the corecomponentsare alsogivenfor eachcore in Table2.2. Atom

densitieslistedwere computedon the basis of averagefuelplateand

diluentplatemassesand dimensions.They are representativeof the

compositionof the main portionof the corebut not of the end region

of the corewherelessthan a full fuelplatemay havebeen added.
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Reflector

SolidM

SolidFe

SolidNi + Fe

TABLE2.1 REFLECTORCOMBINATIONSUSEDIN L.C.X.AND POSJT1’IONOF COMPONENTSRELATIVE

TO THE CENTEROF THE CORE

RadialTraverse AxialTraverse(Down) AxialTraverse(Up)

Inner Outer Top Bottom
Radius Radius Level Ievel
(in.) (in.) Material (in.) (in.)

o 2.26 Core o h/2a

2.26 2.31 Ta h/2 o.08+h/2
2.31 2.39 Al 0.08+ h/2 0.77+ h/2

2,39 2.44 Air 0.77+h/2 3.’7’7+h/2

2.44 3.94 Nic 3.77+h/2 4.55+h/2

3.94 3.96 Air 4.55+h/2 16.55+h/2

3.96 4.08 Fe

4.08 19.0 Hzod

Sameas for Ni reflector,but substitute“Fe”for “Ni”

o 2.26 Core SameasforNi reflector

Bottom Top
Level Level

Material (in.) (in.) Msteria.1

Core o h/2 Core

Ta h/2 0.08+ h/2 Ta
Mb 0.08+ h/2 0.77+ h/2 ~lb

Nic 0.77+h/2 8.77+h/2 Nic

Lb

Polyethylene

Sameas for Ni reflector

2.26 2.31 Ta

2.31 2.39 Al

2.39 2.44 Air

2.44 3.94 Ni

3.94 3.96 Air

3.96 4.o8 Fe

4.08 4.86 Fe

4.86 19.0 Hfi

a. h is the coreheight.

b. Aluminumcomponentswereusedto mockup sodiumcoolantplenums. The aluminumcomponentswerereducedin averagedensityto
0.33of fulldensityby drillingholes.

c, Nominalnickeldensityis 8.66g/cm=. The correspondingironreflectorcomponentshad a densityof 7.85g/cm3.

d. The inner4 in. of thewatercouldbe displacedby a 4 in.thickannularcontrolshim. The waterextendedabout10 in. above
the levelof the typicalcore, whilewaterplus12 in. of polyethyleneextendedbelowthebottomcorelevelfor a distanceof
about15 in.



TABLE2.2 BASICCRITICALMASSESFORVARIOUSREFLECTOR

ANDCORECOMBINATIONSINL.C.X.

Atoms/cm=X 10-24 in core

CriticalMassa
Case Reflector Core (@) Pu Ni Al Ta

I SolidNi Pu,Ta,Al 15.12- 15.15 0.0276 0.00653 0.00440 0.00385

II SolidNi+ Fe Pu, Ta, Al 14.55- 14.65 0.0276 0.00653 0.00440 0.00385

P III SolidNI + Fe Pu,Ta U..45 0.0328 0.00776 -- 0.00458
4=

IV SolidNi Pu,Ta 11.87 0.0329 0.00777 -- 0.00458

v SolidN1. Pu 10.86 0.0358 0.00846 -- --

VI SolidFe Pu,Ta 12.84 0.0328 0.00776 -- 0.00458

VII SolidFe Pu,Ta,Al. 16.96 0.0276 0.00653 0.00440 0.00385

a. Thecriticalmass(M ) talmlatedisthemassofplutonium.Themassofthenickelcoatingonthefuelplates
isnotincludedIntgesefigures.



Tineend regioncontaineda nominal3? of the coremass.

The experimentalresultsgivenin Table2.2 serveas normaliza-

tionswhichcan be usedto testthe validityof criticalmass calcula-

tionson LAMPRE-likereactorcores (seeSection4). The criticalmass

variesapproximatelyas (1/P)105,where P is the densityof fissionable

material.

2.2 ReactivityControlTests

The basicschemefor varyingthe reactivityof the L.C.X.assembly

was to displacethe waterwhichsurroundedthe cylindricalsurfaceof

the metalreflector.‘l!!isdisplacementwas effectedby loweringan

air-filledannularcan (controlshim)intothe wateraroundthe metal

reflector(Fig.1.2). The void so formedin the water increased

neutronleakage,thusreducingthe effectivemultiplicationof the

assembly. Preliminarycalculationsindicatedthat displacingan annular

volumeof waterabout4 in.thickwouldyieldsatisfactorycontrol. It

was alsoapparentthatthe displacementof waterby somesolidmaterial

mightbe of practicalvalue in an actualreactorinstallationsince

therewouldbe no problemof possiblewaterleaksge. AWminumandB&

were chosenfor suchteststo comparethe relativeeffectivenessof

reflectionand absorptioncontrol.

To evaluatethe worthof the controlshims,a determinationof the

criticalmass was madewith the shim in plme in the water. This

measurementwas thencomparedwith the criticalmass measurementobtained

when the shimwas retractedand the waterallowedto surroundthe nickel

or ironreflector.me restitsof the measurementsare giventiTable 2*3)

wherethe valueof the controlshim is expressedin termsof top surface

fuelmass increments.The tabulatedvsluesof Mc are for cleancores

with the controlshimretracted.ThesumofMc+Z!Mcis the critical

mass observedwith the shim insertedto displaceshieldwaterfrom the

vicinity of the core.

Table2.5 indicates(Cases

most 4 in. of water is about0.7

111 and IV) that removingthe in.ner-

as effectiveas removingthe water

15



Case

I

II

III

IV

v
VI
VII

“h Ix
x
XI

a.

b.

c.

d.

e.

f.

g.
h.

Reflector

SolidNi + Fe

SolidNi

SolidNi

SolidNi,no H20

SolidFe

SolidFe

SolidFe,toP
reflectordisplaced

SolidFe

TABLE2.3 EFFEUHVENESSOFVARIOUSCON!I!ROLSHIMS

INTERMSOFEQUIVAIJINTPLUI’ONIUMMASS

Core

Pu,Ta

Pu,Ta

Pu

Pu

Pu,Ta

Pu,Ta

Pu,Ta

Pu,Ta

Control
shim

4 in.air,360°

4 in.air,360°

4 in.air,360°
.-

4 in.air,360°
4 in.air,600
4 in.air,600

4 in.B4C,360°

MCa
(kg)

11.45

u.87
10.86

11.40

12.84

12.84
13.16

I-2.84
SolidFe Pu,Ta 4 h. AI.,360° J2.84
SolidFe Pu,Ta 3 in. Al, 3600 12.84

SolidFe Pu, Ta, Al 4 in.air,600 16.96

& with
ShtiinPlaceb

(kg)

+0.25
+0.40
+0.38
+0.54
+0.71
+0.12
+0.09

-0.60
-0.83
-0.17
+0.20

7(%
+2.2

+3.4

+3.5
+4.7C

+5.5

+0.93d
+o.ae

-1.yf

-6.5&!
-1.3h

+1.2

Thecritical.mass (Mc)isthemassofplutonlum.Nickelcoatingisnotincludedinthisvalue.

A positivevalueof& indicatesthatInsertionofthecontrolshimincreasesthecoremassrequiredto
producea criticalconfiguration.

ContributionofH@ outsidemetalreflector(CaseIIIvs IV)is equivalentto O.* kg ofplutonlumalloy.

Contx5butionof 600annularshimisequivalentto1/6of360°annularSW (CaseV vsVI).
A4.5 in.diametersectionoftopreflectorwasd.lsplacedupward5.5in.fromtopofcore.Effectwas
equivalentto0.3kgofplutoniumalloy(CaseVIIvsVI).

Notethat~ decreasesby0.6kgwhenB4Cshimisinserted.

& decreaseswhenkhminumshimisinserted.

The4 in.aluminumshhwas reducedinthicknessto 3 in. by increasingitsinnerdiameter.Comparison
withCaseIX indicatesthereductionineffectivenessof thesl.uminumshim.



completely.CasesVand VI of Table2.3 showthat the use of a modified

controlshimmade as a sectorof the fullannularshimgivescontrol

proportionalto itsangularsize,at leastfor relativelylargesectors.

Sucha shimmightbe utilizedfor a fine controlof reactivity.

CaseVII indicatesthata longitudinaldisplacementof the top

reflectorplug doesnot introducea largenegativereactivityand is,

therefore,not suitableas a practicalcontrolschemefor a IJU4PRE

device.

The effectof the aluminumcontrolshim (CaseIX) indicatesthat

a ratherlargepositivechangein reactivitymay be obtainedin con-

trastto the negativeeffectassociatedwith the air-filledor void-

type shim. The use of a solidcontrolshim in a powerreactorintro-

ducesproblemsof coolingthe shimto removeenergydepositedby gamma-

raysand neutrons. However,the use of a materialsuchas aluminum,

whichhas a highthermalconductivityand a low gamma-rayabsorption

coefficient,wouldbe feasiblewith onlymoderatesurfacecooling.

The resultsof CaseX indicatethatthe innezmost1 in. of the

4 in.aluminumshimproduces8@P of the totalshimeffect. Thus two

concentricshimscould,be devisedto providecoarseand fine reactivity

controlfor the aluminum-watershim system.

For the caseof a plutonium-tantalumcore,the controleffective-

ness of the air-filledshimwas measuredas a functionof shimpositiorL.

The femiliarS-shapedcurveobtainedis shownin Fig.2.1. The effect

of the shim is negligiblewhen raisedmore than2 in. abovethe top of

the core.

To relatethe controleffectivenessmeasuredin termsof equiva-

lentsurfacecoremass to reactivity,severalpositiveand negative

periodmeasurementsweremade. Usingthesemeasurementsin conjunction

with the inhourequationand the delayedneutrondata of Keepin,= it

was foundthatfor a plutonium-tantalumcore systemone dollarof re-

activitywas equivalentto a surfacecoremass additionof 0.8$ of the

17
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1

I

criticalmss. A similarresulthas been obtainedfor the LASLbare

plutoniumassemblyJezebel.2 As the plutonium-tantalumcorehad a

criticalmass of 12.8b.kg, 1 g of surfacemass was equivalentto one

cent of reactivity.

3. FISSIONRATE MEASUREMENTS

A seriesof experimentswas carriedout to determinethe spatial

distributionof the fissionsin the L.C.X.(Pu,Ta, Al) coreand the

integratedfluxdistributionin the reflectorsystem.

Foilsof U235 and &36 were irradiatedat variouspositionsin

the coreand in the surroundingwater (Fig.3.1). As the fission

crosssectionof U235 approximatesthat of the PU239fuel,the power

distributionin the L.C.X.coremay be interpretedin termsof the
U23!5 fission dj.sljribut,ion. The activationof the fl=a gavea gross

measurementof the neutron flux over 1.2 Mev.

Thin foils of @35 and @38 (0.25 in. in diameter by 0.005in.

thick)were loadedontoa thin aluminumspacerplatein a spiral

pattern(Fig.3.2)for coreirradiations.Irradiationsin the water

were conductedby supportingsealedfoilsof fissionablematerialon

an aluminumfixture. For monitoringpurposes,an additionalfoilwas

placedin a centralhole in the top coolantplenummock-up. Fission

rateat the outerradiusof the corewas determinedwith a supplemental

foilplacedon the surfaceof the tantalumcore cage.

The foil gammaactivity,correctedfor beta contributionand

isotopicconcentration,was measuredas a functionof time and compared

with a masterdecaycurvefor fissionproductactivityat a decaytime

T = 2 hr, to obtainrelativefoil fissionrates. The (n)y)reactionin
U238 leads t. si=ific~t aCtj_vj_tjywhen these foils=e activatedin

thermalizedfluxes,i.e.,in the shieldwater. A correctionfor the
u239 decay act.i~t,y was subtractedfrom the measuredactivityby use

of decaycurvesobtainedfrom core foil datawherethe U2S9 activity,

followingirradiation,is small. Additionalcorrectionsdue to the small

19
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amount of U2=5 remaining in the depleted U238 foils were also applied

to the data. The datahavenot been correctedfor finitefoil size

or for possiblefluxperturbationsdue to controlshimpositioning.

Medianplanemeasurementsof U235and U2S8 fissionratesare

givenin Fig. 3.3. Radial&35 coretraversesat a few axialpositions

in the coreare givenin Fig. 3.4 and representapproximatecorepower

distributions.

4. S4 INTERPRETATIONS

The L.C.X.systemwas analyzedby a ten-groupS4 methods Spher-

ical computationswere used to obtainmaterialbucklings,reflector

savings,and shimworthsfor the variouscoreand reflectorcomposites.

The criticalmass of the cylinderwas estimatedby utilizingthe

computedmaterialbucklingand reflectorsavingsin a simplecylindri-

cal bucklingformulaobtainedfromdiffusiontheory.

Shimworthswere analyzedin termsof an equivalentreductionin

radialreflectorsavings. The coreheightwas adjustedto bring the

systemback to critical. Hence,the shimworthsare expressedas per

cent incrementsof top surfacemass to correspondto the experimental

techniquesused.

Reactionrateswere determinedby performingenergyintegrations

pointwiseoverthe computedfluxes.

A comparisonof the computedand experimentalresultsfor critical.

massesand shimworthsappearsin Table4.1. The trendof negativemass

errorsis attributedto the difficultyof includingthe anisotropic

scatteringof hydrogenintothe S4 scheme. The effectivetransport

crosssectionsused for hydrogenin the S4 schemeseemto be slightly

too large. Thosesystemsfor whichthe neutronreflectionfromwater

is less importantyieldbetteragreementbetweentheoryand experiment

(CasesO, V, and IX).
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If the overemphasisof hydrogentransportis takenintoaccount,

the computedvaluesof shimworthagreein signand magnitudewith the

experimentaldeterminations.

Figure4.1 showsthe computedrelativefissionratesof U2S5 and
u23S throughoutthe coreand reflectorfor a sphericalversionof

CaseXI. Theseresultsshouldbe comparedwith the experimentalvalues

givenin Fig. 3.3. Both the shapeand the magnitudeof the fission

ratesare in agreementaftersphere-to-cylindercorrectionsare made.

A comparisonof the computedand measuredvaluesof the relativefission

ratesin &35 and ~=a is shownin Table4.2.

TABLE4.2 COMPUTEDANDMEASUREI)VAIUESOFTBEREIATIVE

FISSIONRATESIN U235AND ti=a

af(m/af(2X) S4 (Sphere) Experimental(Cylinder)

At corecenter 5*7 5.6

At H20 reflectorboundary 635 770

At thermalfluxpeak 3200 2800

Computedfluxplotsfor the CaseV, Table4.1, configurationare

givenin Figs.4.2 and 4.3 to showthe effectof the void shim control

mechanismon the spatialneutronenergydistribution.
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