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Abstract:Aseriesofshieldinganalyseshavebeenperformedtoestimatethematerialcomposition
andoptimumthicknessrequiredforanewradiationshieldwithvariousrare灢earthdopedpolymer
andheavymetalmixtures.Theneutronand毭photonfluxeshavebeencalculatedbyMonteCarlo
N灢Particle(MCNP)transportcode.Theresultsindicatethattherelativefluxesof毭photonand
neutroninbothtraditionalandnewcompositematerialsfollowanexponentialdecayrulewiththe
distanceofpenetration.Itcanbeseenthatthecompositematerialconsistingofrare灢earthdoped
polymerandheavymetalhasstrongerneutronshieldingperformancethanlead灢boronpolyethy灢
lene,butweaker毭shieldingeffectivenessthan W灢Nialloy.Itisalsofoundthatmaterialswith
morecomponentsofrareearthelementsdon暞talwaysprovidebetterneutronshieldingperform灢
ance.
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1暋Introduction
Shielddesignisthefirststepofradiationpro灢

tection.Themostimportantpropertyistheshiel灢
dingeffectivenesstoneutronand毭ray[1].Noneof
singletraditionalmaterialsprovidegoodcompre灢
hensiveshieldingeffectivenesstobothneutronand
毭ray.Andtheymeettheconflictbetweenshiel灢
dingeffectivenessandotherperformancessuchas
mechanical performance,heat灢resistant stability
andanti灢radiationproperty[2].Thereforenewcom灢
positeshielding materialsareneededinapplica灢
tion.

Extensivestudiesoflead灢boronpolyethylene
havebeencarriedoutsincemid灢1970sbecauseof
itscomprehensiveshieldingeffectivenesstofast
neutron,thermalneutronand毭ray[3].In1994,

higheffectiveshielding materiallead灢boronpoly灢
ethylenehasbeendevelopedbyNuclearPowerIn灢
stituteofChina[3].Nowlead灢boronpolyethylene
hasbeen widely usedin nuclearpowerreactor
shields.Thefuturestudyofshielding materials
willfocusonrare灢earthdopedpolymercomposite
materials.Rare灢earthelements,asthemajorstra灢
tegicresourceinChina[2],rankNo.1intotalre灢
servesandproductionscaleintheworld.Thether灢
malneutronabsorptioncross灢sectionsofrare灢earth
elements(Sm5600b,Eu4300b,Gd46000b)are
muchlargerthanthatof10B(3750b)[4].Polymer
materialswithsignificantabsorptioncross灢sections
forfastneutrons,areeasy灢processingandcorro灢
sion灢resistant[5].In1983Idadevelopedashielding
materialforneutronwithrare灢earthdosagelower
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than10%[6].Later,therare灢earthdosagehasbeen
increasedover50%byLiuLiandothers[5].

Tofindanewcompositeshieldfromneutron
and毭ray,it暞snecessarytochooseseveralmateri灢
alsfrom manytosatisfytheconstraints[2].Little
informationisavailableaboutneutronand毭trans灢
portinrare灢earthdopedpolymershieldsbasedon
MonteCarlosimulationwhichreducesthenumber
ofexperiments,cost,andexperimenters暞occupa灢
tionalexposure.Inthis paper,毭 and neutron
shieldingeffectivenessesof7shieldsconsistingof
rare灢earthdopedpolymerandheavy metalwere
calculatedby Monte Carlo N灢Particle (MCNP)

transportcode[7].

2暋Simulation

MCNPisasoftwarepackageforsimulating
nuclearprocessesdevelopedbyLos Alamos Na灢
tionalLaboratory.Itisageneral灢purpose,contin灢
uous灢energy,generalizedgeometry,time灢depend灢
ent,coupled neutron,photon,electron Monte
Carlotransportcodesystem.Thecodetreatsan
arbitrarythree灢dimensionalconfigurationofmate灢
rialsingeometriccellsboundedbyfirst灢andsec灢
ond灢degreesurfacesandfourth灢degreeellipticalto灢
ri[7].

Forneutrons,allreactionsgiveninaparticu灢
lar cross灢section evaluation are accounted for.
Thermalneutronsaredescribedbyboththefree
gasandS(毩,毬)models.Forphotons,thecode
takesaccountofincoherentandcoherentscatter灢
ing,thepossibilityoffluorescentemissionafter
photoelectricabsorption,absorptioninpairpro灢
ductionwithlocalemissionofannihilationradia灢
tion,andbremsstrahlung[7].

2.1暋Geometricmodeling

AsshowninFig.1,theshieldingcalculation
wascarriedoutwithMCNPcodeusingasymmet灢
ricgeometry.Anisotropicpointsourceisfixedat
thecenterofa0.1cmradiussphericalspaceand
surroundedbyasphericalshieldingwallconsisting
ofrare灢earthdopedpolymerandheavymetal.

2.2暋Selectionofmaterials

Gd2O3 wasselectedastherare灢earthcompo灢
nentofshieldingmaterialduetothelargestther灢
malneutronabsorptioncross灢sectionofGdamong
rare灢earthelements.C2H4isusedasthepolymer
componenttakingadvantageofitslow density,
lowcostandgoodmechanicalproperty.Non灢toxic
W灢Nialloy,whichhashighermeltingpoint,hard灢
nessandcompressionstrengthcomparedwithPb,
ischosenas毭rayabsorber.Table1showsseven
compositematerialswithvariedquantitiesofrare灢
earth,polymerandheavymetal.Materials8and9
are the lead灢boron polyethylene: B4C(1%),

Pb(80%), C2H4(19%)and the W灢Ni alloy:

W(74%),Ni(15%),Fe(11%),respectively.

Fig.1 Schematicdiagram ofshieldingsystemfor MCNP

simulation (1.Vacuum,2.Shielding material,3.

Isotropicpointsource,4.Sphericaltally).

Table1暋Themolarratiosofeachcomponentin

shieldingmaterials

Typeofmaterial Gd2O3 C2H4 W灢Nialloy

1 1 暋1 1
2 5 暋3 1
3 3 暋5 1
4 3 暋1 5

5 5 暋1 3
6 1 暋3 5
7 1 暋5 3

2.4暋Simulationanddiscussions

Aseriesofnuclearanalyseshavebeenper灢
formedwithvariedquantitiesofshieldingmaterial
components.Bycalculatingneutronand毭photon
transportinmaterials,neutronand毭photonrela灢
tivefluxareobtainedforsixdifferentenergyre灢
gionsinsevenmaterials.Theresultsareshownin
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Figs.2and3forsixdifferentenergyregions.
TakeMaterial5asanexample,lg(I/I0)is

thelogarithmofrelativeflux,IandI0arerespec灢
tivelythenumberofneutrons(or毭photons)be灢
foreand afterthe absorption of material.As
showninFig.2,lg(I/I0)clearlyvarieswithshield
thicknessandsourceenergy.Itdecreasesapproxi灢
matelylinearly withincreasingtheshieldthick灢
ness,andhasahigherdecreasingrateinthecase
oflowerneutronenergy.Furtheranalysisrevealed
thatforneutronsinacertainenergyregion,lg(I/

I0)decreases morerapidlyinthecaseoflarger
thickness.Wealsoconcludefrom Fig.2thatfor
neutronsinenergyregion5—10 MeV,lg(I/I0)

dropssharplyatthethicknessof15cm,whichis
significantlylowerthan thosecorrespondingto
neighboringthicknesses.Fig.3showssimilarre灢
sultswithFig.2exceptthatlg (I/I0)inFig.3
keepsbetterlinearrelationwithshieldthickness.

We definethe shutdown thickness asthe
shieldthicknessatwhichtheneutronand毭relative
fluxdropsto0.5%,asshowninTables2and3
for7materialswithrespecttoenergiesofneutron
and毭ray.

Fig.2 Thelogarithmofneutronrelativefluxlg(I/I0)inthe

shieldasafunctionofshieldthicknesswithvarious

sourceenergies.

Fig.3 Thelogarithmof毭photonrelativefiuxlg(I/I0)in

theshieldasafunctionofshieldthicknesswithvarious

sourceenergies.

Table2暋Shutdownthicknessesofmaterials1—8forneutronshielding

0.1—0.5MeV 0.5—1MeV 1—3MeV 3—5MeV 5—10MeV 10—15MeV

Material1(cm) 22 28 41 49 57 59
Material2(cm) 25 32 46 55 61 61
Material3(cm) 19 25 38 49 59 64
Material4(cm) 30 37 47 54 57 58

Material5(cm) 33 40 53 59 62 61
Material6(cm) 19 25 35 42 51 58
Material7(cm) 17 22 33 42 54 64
Material8(cm) 31 41 54 59 68 77

Table3暋Shutdownthicknessesofmaterials1—7andmaterial9for毭rayshielding

0.239MeV 0.661MeV 1.17MeV 1.25MeV 1.33MeV 2.26MeV

Material1(cm) 3 13 21 22 23 30
Material2(cm) 4 14 22 23 24 32
Material3(cm) 5 14 28 30 31 41
Material4(cm) 2 10 15 16 17 22

Material5(cm) 3 11 17 18 19 25
Material6(cm) 3 12 19 20 21 27
Material7(cm) 4 18 29 30 31 42
Material9(cm) 1 4 7 8 8 10
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暋暋Table2indicatesthattheshutdownthicknes灢
sesofournewcompositematerials1—7toneutron
aresmallerthanthoseoftraditional material8
(lead灢boronpolyethylene)forneutronsinalmost
allenergyregions.Materials3,6,7haverelative灢
lysmallershutdownthicknessesandbettershiel灢
dingeffectivenesses.

Astheabsorptioncross灢sectionsofthermal
neutrons,slow neutrons,andintermediateneu灢
tronsofrare灢earthelementsareallmuchlarger
thanthoseofauthoritativeneutronabsorptionele灢
ments10BandCd,evenfastneutroncross灢sections
ofrare灢earthelementsarealso muchlargerthan
thatofCd,LiuLietal[5]theoreticallyconclude
thatmaterialswithhighercomponentofrareearth
elementsprovidebetterneutronshieldingeffective灢
nesses.Butoursimulationresultsindicatethat
materialswithmorecomponentsofrareearthele灢
mentsdon暞talwaysprovidebetterneutronshiel灢
dingeffectivenesses.Table1showsthecompari灢
sonofcomponentsofmaterials1—7,wefinda
more effective shielding performance has been
achievedwithreducinglevelsofGd2O3/C2H4 mix灢
tures.

Hereitisworthtonotethatalthoughrare灢
earthelementsownlargeneutronabsorptioncross灢
sections,unlessenough polymerisprovidedto
moderatemostofthefastneutrons,materialswith
morecomponentsofrare灢earthelementswillpro灢
videbetterneutronshieldingeffectivenesses.In
ordertoverifythisconclusion,wewillperform
furthersimulation:todeterminetheneededdosage
ofpolymer materialto moderatefastneutrons,

theninvestigatetheliabilityforshieldingeffective灢
nessoncomponentofrare灢earthelementsunder
thisneededdosageofpolymer.

FromTable2wealsofindabettershielding
performancehasbeenachievedwithreducinglevels
ofGd2 O3/W灢Nialloy mixtures.Thistendency
cannotbewellexplained,furtherstudyisneeded
torevealthereason.

Table3indicatesthattheshutdownthicknes灢

sesofmaterials1—7to毭rayarealllargerthan
thoseofW灢Nialloy.ThuswecanchooseW灢Nial灢
loythicknessinthecaseof毭rayshielding.Inad灢
dition,materials4,5,and6showgoodshielding
effectivenessestoneutron.Insufficientthickness,

theyeffectivelyshieldboththeneutronand毭radi灢
ation.CombiningtheresultsfromTables2and3,

itcanbeseenthatmaterial6showsthebestcom灢
prehensiveshieldingabilitytoneutronand毭ray.
Consequently,theoverallshieldingeffectivenessof
compositeshieldconsistingofrare灢earthdopedpol灢
ymerandheavymetalisbettercomparedtotradi灢
tionalshields.

3暋Conclusion

Westudiedneutronand毭photontransportin
shieldingmaterialsconsistingofrare灢earthdoped

polymerandheavymetalusingMCNPcode.The
simulatedresultsindicatethattherelativefluxof毭
photonsorneutronsinanabsorberfollowanexpo灢
nentialvariation withtheincreasingdistanceof
penetration.Ourresultsshowthecompositemate灢
rialconsisting ofrare灢earth doped polymerand
heavy metalhasstrongerneutronshieldingper灢
formancethanlead灢boronpolyethylene,butwea灢
ker毭 shielding effectivenessthan W灢Nialloy.
Meanwhile,materials with morecomponentsof
rareearthelementsdon暞talwaysprovidebetter
neutronshieldingperformance.Amongsevenma灢
terials,thematerial6showsthebestcomprehen灢
siveshieldingeffectivenesstoneutronsand毭pho灢
tons.Ifwefurtherconsiderthe material暞s me灢
chanicalproperty,heat灢resistanceandanti灢irradia灢
tionproperty,thematerialswillbemorepractical
inengineering.
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中子、毭射线在稀土灢高分子材料中的输运*
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摘暋要:为研究新型复合屏蔽材料的最佳厚度与各种成分最佳配比,用 MCNP计算了中子、毭射线在稀土灢
高分子与重金属复合材料中的通量。对中子、毭射线在屏蔽体中变化规律进行了深入探索,同传统复合屏

蔽材料的屏蔽性能进行了对比。结果表明,中子和毭射线通过屏蔽体时,其强度遵循指数衰减规律。新型

屏蔽材料对中子的屏蔽效果均优于铅硼聚乙烯,对毭射线的屏蔽效果均劣于 W灢Ni合金,且并非稀土含量

越高,材料对中子辐射屏蔽能力越强。
关 键 词:辐射屏蔽材料;MCNP模拟;中子和毭射线;稀土灢高分子灢重金属材料
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