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ABSTRACT Theseresultsshowedthatwhiletherearepureelements
suchasaluminumandvanadiumwhich,ina pureD-Dneulron

TheTokamakPhysicsExperiment(TPX)device,whichis environment(withoutD-Tburn),willhaveverylowresidual
underconceptualdesignintheUS.,presentsseveralneutronics activitylevels,thepresenceofsmallconcentrationsofimpurities
andshieldingissuesthatare challengingfromthedesign ora smallfractionofD-Tneutronsmayleadtomorethana
analysisviewpoint.Thispaperpresentsan overviewof the million-foldincreaseintheactivationlevelsanddisqualifythem
variousissuesanda summaryofthevariousdesignanalyses as lowactivationmaterials.Sincethereis no easywayof
thathavebeenperformedthusfartoquantifytheissuesandto removingthetritonsproducedinD-Dreactionsandthereisno
guidethedesigntowardnear-optimalengineeringsolutionsto adequateengineeringdatabaseforconstructinga tokamakout
theproblems.Someplannedactivitiesarealsodiscussed, of sufficientlypurealuminumor vanadium,it wasclearly

prematureto assumethatthismachine,or otherproposed
I. INTRODUCTION steadystatemachines,couldbemaintainedfully'hands-on'.

We havebeeninvolvedin the neutronicsand shielding Thissimplestudypromptedpeopletobemorerealisticin
analysiseffortsinsupportof theTPXmachinedesignsinceits makinglowactivationclaims.Subsequently,theneutronfluence
inception.In this paper,we discussthevariousdesignissues levelwasreducedbyaboutanorderof magnitudeanda few
andtheworkthatwehaveperformedtoguidethedesignefforts, more survey calculationswere performedon a larger
inanapproximatechronologicalorder.Thelimitedspacehere combinationofcandidateVVand in-vesselmaterialsthatwere

allowsonlyverybriefsummaries.Theinterestedreadersare thoughtto be interestingbasedonvariousotherproperties[2].
referredtothevariousreferencesfordetails. TheresultsrevealedthatCuwasI_.tteras a divertormaterial

thantheothermaterialcombinationscer'sidered.
II. THE SEARCH FOR A LOWACTIVATION

MACHINE However,sincethefirstwalltilesaretypicallybrazedtothe
copperbacking,thein-vesseldoseratewoulddependcritically

Inlate1991,manydesignconceptswerebeingexplored onwhatkindof brazematerialis used.TableII showsthe

forthepost-TFTRera.Duringthisearlystage,theonlyknown results,usingdifferentbrazematerialsandrelativelybenignAI
constraintwasthatthe machineshouldnotcostmorethan andTialloysfortheW, after6 x 1021D-Dneutrons[3].
about400milliondollars.Mostof theconceptscenteredaround

anadvancedtokamakthatwoulddoadvancedphysics.Other We alsoperformedcomparativeactivationcalculations,
technologicalfeatureswerealsoconsidered.Onethatwasoften withvariousin-vesselmaterials,forthethreecontendingoptions
emphasizedwasa lowactivationenvironmentthatwouldnot inearly1992,namely,1) the superconductingcoiloption;2)
requireanyremotemaintenanceequipment,thussavingsome theresistivedemountablecoppercoiloption;3) theresistive
20milliondollars. AI6063woundcoiloption[4].

Inthekindof frenziedenvironmentcharacterizedbypegple MuchlikeTablesI & II, theresultsof thesecalculations
offeringa lot morequestionsthananswers,wewereinterested againrevealedthatonewouldbehardpressedto reducethein-
in findingout howfeasiblethiskindof claimwas.Hence,we vesseldose rateto below100mrem/habouta weekafter

carriedoutsimpleI-D surveyactivationcalculations[1]forthe shutdown,a levelwhich beginsto look feasiblefor limiled
Long Pulse AdvancedTokamak(LPAT)proposal,w:lich 'hands-on' maintenance, while satisfyingall the other
assumeda lifetimeneutronproductionlevelofabout6.5× 1022 engineeringconstraints.Vanadiumwasruledoutprimarily
D-Dneutrons.TableI showsthe contactdoseratesat the becauseofthehighdevelopmentcostrequired.Aluminumwas
vacuumvesselat variouscoolingtimes,assumingtheentire ruledoutprimarilybecauseit wouldnotwithstandthebakeout
machinewasmadewitheachofthevariousmaterials, temperatureof about350oCrequiredof thevacuumvessel.To

get an activationlevel that is lowcomparedto steelsand
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inconels,whichwouldbe the favoredmaterialsfromother downtoa fewmrem/ha weekaftershutdown,providedthatthe
standpoints,Ti6AI4Vturnedouttobea,goodcompromise.Even largepenetrationswereproperlyshielded.Itwasalsonecessary
thoughitisnotstrictlya lowactivationmaterialthatwilleliminate to havesomeshieldingin the inboardinter-coilregionsto
theneedforremotemaintenance,itne,_erthelessismuchbetter preventthePF-5coilsto becomehighlyactivated.Potential
thansteelsandinconelsinthatrespect.Moreover,thiswidely problemareasincludedthe neutralbeamportswherelarge
usedmaterialhasgoodmechanical,eiectrical,manufacturing, openingswouldbe requiredandtherewasverylittlespace
vacuumpropertiesandreasonablec_sts.Hence,itwaschosen aroundtheportsforshielding.Hence,shieldingofthehorizontal
asthepreferredmaterialinstructuralapplications, portswouldhaveto beoptimizedindividuallybecauseof the

largevariationsinlocalgeometry.
Insteadof lookingfora designthatwouldnotrequire

remotemaintenance,it wasevidentlymuchmorefeasibleto v.1-DPARAMETRIC SHIELDING oF'rIMIZATION

controlthein-vesselmaterialsandtheinitialneutronproduction
toallow'hands-on'maintenanceduringthefirstoneortwoyears Eventhoughthe 3-Dmodelgaveusmeaningfuldose
ofoperation.Calculationsindicatedthat,withcopperandI:xaze 'maps'basedontheavailableinformation,itwastoocostlyfor
materialspresent,thecontactdoseratewouldbe<..10mre,m/h systematicinvestigationof theshieldingeffectivenessandcost
oneweekaftershutdown,if theneutronproductioncouldbe as functionsof variousparameterssuchas theD-Tneutron
limitedto<-.2x 1020D-Dneutrons[5]. fraction,the shieldthicknessand composition.Thus,a

systematicparametricandoptimizationstudywascarriedoutin

lit.NUCLEAR HF.,ATINGMATTERSTOO simple1-DgeometryandreportedinRef.[13].

ByFebruary1992,thesuperconductingoption(SSAT-S) Thisstudylookedat thecosteffectivenessof various
hademergedasthefavoredoption.Withthischoice,theissue shieldingcombinationswithrespecttothefollowingfactors:1)
ofnuclearheatinginthesuperconductingcoilsquicklybecamea thechoiceof nuclearresponseasa measureoftheshielding
primaryconcern.To limitthenuclearheatingrate,shielding effectiveness;2) theattenuationfactordesiredforthechosen
wouldneedtobe installedbetweenthevacuumvesselandthe measure;3) thematerialcompositionoftheshieldandtheunit
coils.Itwouldthereforebeadvantageoustodesigntheshield costof eachconstituent;4) thedistributionof thecomponent
suchthatthedelayeddoseratelevelsintheex-shieldregions materialsintheshield;5) theeffectiveD-Tneutronfractionin
be lowenoughformostlyhands-onmaintenance.Simple1-D theD-Denvironment;6)thecostofspaceforshielding.
surveycalculationsofthenuclearheatingrates[6,7]andofthe
contactdoserates[8] wereperformed.Assumingperfect Eventhoughthe lowactivationrequirementruledout
shielding,itwouldtakeabout10cmofboratedwatertoreduce manycommonshieldingmaterials,therewerestilltoomany
theheatingrateto about4 kwat 3 x 1016D-DrYs.It was combinationsthatcouldbe considered.Weexaminedthree
obviousthatthesesimple1-Dmodelswouldnotbeadequatein representativecombinations:1)thelowunitcost,hydrogenous
addressingthenuclearheatingandex-vesselactivationissues liquidbased'poorman'soption"consistingof water,boron
becauseofthepresenceofhugepenetrationssuchastheports carbideandlead;2)theintermediateunitcost,hydrogenous
andthevacuumpumpingducts.Thus,workwasbegunona 3-D polymerbasedsystemconsisting.ofparaffin,boroncarbideand
modeltoaddresstheissues, lead;3) thestrictlyperformanceoriented"richman'soption"

consistingoftitaniumhydride,boroncarbideandtungsten.
IV.PRELIMINARY3-DANALYSF_.,S

Itwasfoundthata one-zone'poorman'soption"madeup
Weconstructeda 3-DmodelusingtheMCNP[9]codeby ofabout89%water+ 1%boroncarbide+ 10%leadwasvery

assumingthateverybaywasidentical.Toaddressthedelayed cost-effectiveundermostcircumstanco_.It wouldnot be
doserateproblem,weemployedtheeffectivedelayedgamma wor'.hwhiletofine-tunethecompositionanddistributionunless
productioncrosssectiontechnique[10],andthemultigroup theshieldingspacecostmuchmorethan2 milliondollarsper
transportoptionavailablein MCNP.Thus,we wereableto centimeter.Also,therewasnoincentiveinpursuingthe'rich
examineboththepromptnuclearheatingandthedelayeddose man'soption',unlesstherealestatecost significantlymore
rateeffectsusinga self-consistent3-D modelthattookinto than1milliondollarspercentimeter.
accounttheimportant3-Dtransporteffectssuchas theleakage
throughthemajorpenetrationsandtheinter-coilspaces[11]. Followingthisanalysis,M.Cole,eta/, developedsome

conceptualhardwareconfigurationsandperformedinitialcost
Subsequentcalculationsusingthesametechniquetook estimates[14].Itwasconcludedthata double-walledvacuum

intoaccountthepresenceof theneutralbeambox[12].These vesselcontainingwaterastheneutronshieldingmatedalwith
preliminarycalculationsdemonstratedthepowerandusefulness additionalboron/leadtilesontheoutsideappearedtobemore
ofourcomputationalapproachindealingwiththecomplicated3- feasibleandlesscostlythansystemsusingtitaniumhydrideor
Dgeometry, polymerbasedmaterials.Onemajorconstraintwasthatthe350

oC bakeouttemperaturewouldcausetitaniumhydrideor
Theresultsshowedthat,with..20-30cmboratedwater polymerto decompose,whilewatercouldbe drainedand

shieldoutboard,theexternalenvironmentcouldbe brought superheatedsteambeusedinitsplace.



Subsequently,however,the'mechanicaldesign was the baselinedesign.A setof parametriccalculationswere
carriedoutbasedontheresultsof 1-Dan,_lTsesreportedin carriedoutbasedonthewater+ boroncarbide+ leadglass
Refs.[15,16],whichshoweda boroncarbidelayerof 1 cm combination[21,22].Theintegralresultswerealsoverifiedwith
followedby2 cmof lead,withvaryingamountofpurewaterin 2-Dmodels.
thevacuumvessel.Sinceleadwouldnotwithstandthebakeout

temperature,it wassubstitutedwitha leadmonosilicatelayer Theresultsshowedthat:1) Theeffectivenessof boron
(essentiallysilicateglassmatrixwithleadoxidedispersedinit) loadingquicklyreachedsome'saturation'levelbeyondwhich
ofabout4 cm,containingtheequivalentofabout1cmofboron therewouldbeverylittlegain,whichmeantthattheCDRdesign
carbideloading.It wasenvisionedthat theleadglasslayer wasverywastefulof thecostlyboroncarbide.2) Homogenizing
wouldbe intheformof smalltilesmountedon theexternal thematerialsimprovedtheshieldingeffectivenessbyat least
surfaceof thevacuumvesselwithtitaniumstuds.Thisconcept 50%.3) Themosteffectivelayeredshieldwaslesseffective
waslaterdevelopedbyB.Nelson,et al,andpresentedas the thanthe leasteffectivehomogenizedshieldusingthesame
baselinedesignintheTPXConceptualDesignReview. composition.4) Withsufficientboronin water(about1%by

volumeof boroncarbideequivalent),leadglasscouldbe
VI. 2-D CALCULATIONS OF NUCLEAR HEATING replacedwithboratedwater,resultinginonly< 5%increasein
DISTRIBLT[1ONS thenuclearheatingratecomparedtoa homogenized_ieldwith

leadglass.Thissimplificationwouldeliminatethe tilesand
TheintegralnuclearheatingestimategiveninRef.[16] reducethecost.5) Furthercostreductioncouldbeachievedby

wasjudgedtohaveanuncertaintyfactorof2,whichwasfeltby dissolvinglessexpensiveboricacidinwaterinsteadofusingthe
theTF designgrouptobetoolargefortheirdesign.Togeta expensiveboroncarbideto achievethenecessary'neutron

betterhandleontheTFnuclearheatingrates,withintherather poisoning'effect. I
severeconstraintson analysisresources,we attemptedto

approximatethe3-Dgeometrywitha setof2-Daxi-symmetric Wealsoexaminedtheimpactsonthedelayeddoserates
modelsthatexaminedtheheatingrateswithvariousdegreesof thatmightbebroughtaboutbythesechanges[24],using1-D
effectivenessinshieldingthelargeports[17]. and2-Dmodels.Thestudyrevealedthattheperturbationsin the

doserateswereappreciableprimarilyin theshielditself.Outside
Basedonthissetof calculations,takingintoconsideration theshieldregion,thedoseratesmightincreasesomewhat,but

the large uncertaintiesin the machinegeometry,material theywereof no significantpracticalconsequences.Hence,we
distribution, and the limitation of the 2-D models,we wereabletoconcludethatthe leadglasstilesspecifiedin the
recommendedthata designlevelof5 kwper5 x 1016D-Dn/s baselinedesignservedlittlepurposeotherthan makingthe
(with2%D-T)beadoptedastheinitialdesignlevel, shieldmuchmorecomplicatedandcostly.Itwouldbemuchless

costlyandmoreeffectivetouseboratedwatercontainingcheap
Vll. ENVIRONMENTALASSESSMENT boricacidandeliminatethetilesaltogether.

Theenvironmentalaspectsof themachinereceivedvery Independent1-DcalculationsbyR.A.Lillie[25]andR.T.
highpriorityandtheassessmentof theprojectwascarriedoutin Perry [26] confirmedthe validityof our analysesand the
parallelto thepre-conceptualdesign.Weperformedcalculations reasonablenessof ourapproach.Independently,theJT-60SU
oftheradioactivityinventories[18,19]whichwerethenusedthe studyalsoadoptedthe sameshieldingapproach[27].Hence,
potentialradiationdosesat thesiteboundaryand to the total the boratedwatershieldwas adoptedas the new baseline
populationunder normal and accidentconditions.For the design.Theshieldingcostsavingsdueto thedesignchanges
inventoryin testcellair,theTFTRproductionratesperneutron havebeenestimatedatabout2 milliondollars[28].
[20]wereused,sincethemachinegeometrywasstillevolving,

but thepresenceof shieldingaroundthevesselwouldensure Testsare underwayto examinethecorrosioneffectsof
that the TFTR numberswould representthe worst case boratedwateron titaniumalloy.Preliminarydatafromsome
scenario.Evenwiththeseconservativenumbers,nosignificant manufacturersandthesetestsindicatethatit isnota problem.
impacthasbeenfoundin theenvironmentalassessment.

Theeffectivenessofusingtheinboardspaceforadditional
viii. BASELINE;TORUSSHIELDINGOPTIMIZATION shieldingwasalsoexamined[29]. Theresultsshowedthat

about30%reductioncouldbeexpectedif ~12.4cmofadditional
Nter theConceptualDesignReview(CDR),theprojectgot inboardwatershieldwasinstalled.Thus,the inboardfirstwall

downto thebusinessof refiningthebaselinedesignpresented coolantlineswerereroutedinto thedouble-walledvesselto

in theCDR.Concernshadbeenraisedbysomereviewersabout makeabout15cm morespaceavailableforshieldingandthe
thecostandreliabilityof havingthousandsof littleleadglass TFcoils,comparedtotheCDRdesign.
tiles attachedto the vacuumvesseland the mixedwaste

problemcreatedby theuseof leadin thetiles.Tous,theissue IX. 3-D CALCULATIONS OF NUCLEAR HEATING
wasmorefundamental.Inourparametricstudy[13],wedidnot RATF_,S
examinethe multi-layeredoptionbecausewe foundthatthe

homogenizedoption,with thesamecomposition,wasalways Whilewewerebusyoptimizingthetorusshielding,theTF
moreeffective.Thisledus to examinethecosteffectivenessof designteamhadbeenexaminingthethermalbehaviorof the
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coilsusingthe2-Dheatingdistributionsgeneratedpreviously
[17],by assumingsomedistributionsin theinter.coilstructures [3] S. L. Liew,"Divertor/FirstWall ActivationSurvey',PPPL
andcertaintoroidal'peakingfactors'in thewindingpack.The memo,EAD-4135,January7, 1992.
resultsindicatedthat thecriticaltemperaturemarginwasonly

about0.1°K. Assuch,it wasproposedto increasethesizeof [4]S.L. Liew,"SSATActivationSurvey",presentedat thePPPL
the coils to increase the design margin. In the Critical activationworkshop,January22-23,1992.
ConfigurationReviewheldin lateJanuary,1994,wecautioned
thatitwasprematuretodrawsuchconclusionsfromthe'fudged' [5] S. L. Liew,"TPXIn-vesselContactDoseRates',PPPL
3-Dheatingdistributionswhichmightbeoverlyconservative, memo EAD-4399, 94-92121I-PPPL/SLiew-01,

December11,1992.

Hence,wesetoutto calculatethe3-Dheatingdistributions

witha 3-Dmodelthatrepresenteda 1/64sectionofthemachine [6]Y.Gohar,etal.,'NuclearResponsesandBiologicalDosefor
[30].Withthismodel,wewereabletocalculatethe3-Dheating theNewInitiatives',presentedat thePPPLactivation
distributionsfor D-D[30] and D-T [31] operations,and for workshop,January22-23,1992.
variousshieldingoptions,to within the spatial resolutions
specifiedbytheTFdesigngroup.Theintegralheatingratesin [7]S.L.Liew,"ShieldingEstimatesforSuperconductingSSAT",
thewindingpackturnedoutto beabout14%lessthanthe PPPLmemoEAD-4171,February21,1992.
corresponding2-Dresults[14],confirmingourexpectationthat
theyweresomewhatconservative,asintended. [8]S. L. Liew,Presentationatthe SSATmeeting,March17,

1992.

EstimatesofthetotalheatingratesinouterPFcoilshave
alsobeenobtainedbasedonthe3-D model[32].Asof this [9]J.Bdesmeister(Ed.),"MCNP--AGeneralMonteCarloCode
writing,thesevaluesare beingused to evaluatethe coil N-ParticleTransportCodeVersion4A', LA-12625-M,
performance. November1993.

X. CONCLUSIONSAND FUTURE PLANS [10] S. L. Liewand L. P. Ku, "MonteCarloCalculationof
DelayedGammaDose Ratein ComplexGeometry

ManyTPXneutronicsandshieldingissuesof importance Using the Conceptof Effective DelayedGamma
havebeenanalyzedat variouslevelsof detailsto supportthe ProductionCrossSection', Nuclear Science and

conceptualdesign.Moreanalysesathigherlevelsof detailsare Engineering,107,114,(1991).
planned.Examplesare:1)optimizationof theshieldingaround
thevacuumpumpingducts;2)shieldingdesignfortheLH/ICRH [11] S. L. Liew, "Draft Reporton SSAT-SActivationand
launchers;3) activationdoseratedistributioncalculationsbased Shielding',PPPLmemoEAD-4208,April9, 1992.
onupdatedmachinegeometry;4) shieldingdesignandanalysis
for the other major penetrations;5) shieldingdesignand [12] S. L. Liew, "The SSAT-SRadiationEnvironment',
analysisforthediagnostics, presentedat theSSATmaintenanceworkshop,May27,

1992.

Mostof thesewill requiremulti-dimensionalmodelsfor
accurateanalysisbecauseofthecomplexgeometry.However, [13] S. L. Liew, "ParametricShieldingComparisonand
with the advent of powerful low-costdesk/lap/palm-top OptimizationStudyfor TPX",PPPLmemoEAD-4295,
computers,computationalefficiencyis no longerthe major September10,1992.
bottle-neckfor theroutinesolutionsof thesechallengingmulti-
dimensionalproblems.Rather,it is thepooruser-interfacesof [14]M.Cole,et al, "TPX/SSATTokamakShieldingConceptual
thevariouscomputationaltoolsthataremakinglifein themulti- DesignStatusandPlan',.presentedat theTPX/SSAT
dimensionalworldso muchmoreunpleasant.Goodfriendly EngineeringMeeting,September22,1992.
user-interfacesareobviouslylongoverdue.

[15] Y. Gohar, "TPX Shielding', presentedat the TPX
ACKNOWLE:DGMENT EngineeringMeeting,November4-5,1992.
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Table I: Contact dose rates (mrem/h) at the W for three cooling times and various materials.

Pure D-D Neutron Spectrum D-D + 1% D-T Neutron Spectrum

1 week 1 month 1 year 1 week I month 1 year
lnconel 625 lx 105 8 x 104 1 x 104 1 x 105 8 x 104 1 x 104

AI* < 10-7 < 10-7 < 10-7 18 4 x 10-2 4 x 10-3

A16061 50 40 13 80 45 16

Steel 2 x 105 1.5 x 105 1.6 x 104 2 x 105 2 x 105 1.8 x 104

V* < l0 -7 < 10 -7 < 10.7 1 x 103 0.4 < 10-7

Ti* 1.5 x 103 13 < 10-7 5 x 103 2 x 103 1 x 102

Cr* 1.5 x 104 1 x 104 2.0 2 x 104 1 x 104 2.0

V15Cr5Ti 2 x 103 1.1 x 103 1.3 3 x 103 1.4 x 103 7.0

Ti6AI4V 1.5 x 103 13 < 10-7 5 x 103 2 x 103 1 x 102

* assumed 100% pure.

Table II: In-vessel contact dose rates {mrem/h) at two cooling times for various dlvertor/flrst-waU/VV
material combinations.

VV Composition Divenor/First-wall Composition I week l month

Ti alloy 90% C + I0% Cu I I0 , 60

Ti alloy 89.5 % C + 0.5% Braze l + I0% Cu* 150 80
Ti alloy 89.5 % C + 0.5% Braze 2 + 10% Cu* 500 500

Ti alloy 89.5 % C + 0.5% Braze 1 + 10% Mo alloy* 600 70

AI alloy 90% Be + 10% AI alloy 30 25

*Braze 1:70% TI+ 15%Cu+ 15%Nl;Braze2:68.6%Ag+26.7%Cu +4.5%TI
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