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Th N l F l C lTh N l F l C lThe Nuclear Fuel CycleThe Nuclear Fuel Cycle

HLW = High Level WasteHLW = High Level Waste
TRU = Transuranic WasteTRU = Transuranic Waste

John Ahearne (1997) John Ahearne (1997) Physics TodayPhysics Today



N clear Wastes in U S 2010N clear Wastes in U S 2010Nuclear Wastes in U.S.: 2010Nuclear Wastes in U.S.: 2010
Uranium mine & mill tailingsUranium mine & mill tailings 438 million m438 million m33Uranium mine & mill tailings Uranium mine & mill tailings 438 million m438 million m33

3,000 MCi3,000 MCi

Depleted uranium (UFDepleted uranium (UF66)) 500,000 metric tonnes500,000 metric tonnesDepleted uranium (UFDepleted uranium (UF66)) 500,000 metric tonnes500,000 metric tonnes

HighHigh--level Waste (defense reprocessing)level Waste (defense reprocessing) 380,000m380,000m33

2,400 MCi2,400 MCi

Buried waste (TRU, LLW, hazardous)Buried waste (TRU, LLW, hazardous) 6.2 million m6.2 million m33

Spent Nuclear Fuel (commercial)Spent Nuclear Fuel (commercial) 61, 800 mTHM61, 800 mTHM
39,800 MCi39,800 MCi

Contaminated soilContaminated soil 79 million m79 million m33Contaminated soil Contaminated soil 79 million m79 million m33

Contaminated waterContaminated water 1,800 to 4,700 million m1,800 to 4,700 million m33

CleanClean--up and disposal cost = 300 billion US dollarsup and disposal cost = 300 billion US dollars



Pl toni m In entories in 2000Pl toni m In entories in 2000Plutonium Inventories in 2000Plutonium Inventories in 2000
in spent nuclear fuel (70in spent nuclear fuel (70--100 tons/year)100 tons/year) 1,000 1,000 
mTmT
in operating reactorsin operating reactors 80 mT80 mTin operating reactorsin operating reactors 80 mT80 mT
separated by reprocessing of ‘civil” SNFseparated by reprocessing of ‘civil” SNF 210 210 
mTmTmTmT
(France, 73 MT; UK, 60 MT; Russia, 30 MT; Japan 24 MT)(France, 73 MT; UK, 60 MT; Russia, 30 MT; Japan 24 MT)

military inventories:military inventories:
RussiaRussia 140 mT140 mT
USAUSA 100 mT100 mT

thth 15 T15 Tothersothers 15 mT15 mT

Estimated World TotalEstimated World Total 1 545 metric tons1 545 metric tons



Gro th of “Ci il” PGro th of “Ci il” P In entorIn entorGrowth of “Civil” PuGrowth of “Civil” Pu--InventoryInventory

Albright and Kramer (2004) Albright and Kramer (2004) Bulletin of the Atomic ScientistsBulletin of the Atomic Scientists



GNEP: GNEP: Closed Fuel Cycle StrategyClosed Fuel Cycle Strategyy gyy gy

courtesy Department of Energycourtesy Department of Energy



Characteristics of the Characteristics of the 
Waste StreamWaste Stream

radionuclideradionuclide
radiotoxicityradiotoxicity

halfhalf--lifelife
crystal chemistrycrystal chemistry

geochemistrygeochemistry
characteristics of the repositorycharacteristics of the repository

courtesy of Boris Burakovcourtesy of Boris Burakov



Why is the waste form Why is the waste form yy
important?important?

••NearNear--field containmentfield containment

b h i b d l db h i b d l d••LongLong--term behavior can be modeledterm behavior can be modeled

••Natural “analogues” can be used to verify Natural “analogues” can be used to verify ••Natural analogues  can be used to verify Natural analogues  can be used to verify 
extrapolated behaviorextrapolated behavior

••With chemical processing, waste form can be With chemical processing, waste form can be 
designeddesigned to match waste streamto match waste stream



Challenges for Waste FormsChallenges for Waste FormsChallenges for Waste FormsChallenges for Waste Forms

•• designdesign•• designdesign

•• developmentdevelopment•• developmentdevelopment

•• synthesissynthesis•• synthesissynthesis

•• l t  fl t  f•• evaluate performanceevaluate performance



Designing Nuclear Waste FormsDesigning Nuclear Waste Forms
Radionuclide should guide the selection of the solid Radionuclide should guide the selection of the solid 

phasephasephase.phase.

If longIf long--term durability is important, let Nature guide.term durability is important, let Nature guide.

Chemical durability is not only a matter of experimental Chemical durability is not only a matter of experimental 
leach rate, but also depends on the corrosion leach rate, but also depends on the corrosion 

mechanismmechanism and the specific geologic setting.and the specific geologic setting.mechanism mechanism and the specific geologic setting.and the specific geologic setting.

For crystalline waste forms, radiationFor crystalline waste forms, radiation--induced induced 
transformations may have a profound effect ontransformations may have a profound effect ontransformations may have a profound effect on transformations may have a profound effect on 

chemical chemical and mechanical properties. This requires:and mechanical properties. This requires:

the study of natural Uthe study of natural U-- and Thand Th--samples of great age; samples of great age; 
well controlled experiments using ion beam irradiations;well controlled experiments using ion beam irradiations;
accelerated experiments, e.g., accelerated experiments, e.g., 238238Pu and Pu and 244244CmCm



Typical Requirements for Waste FormsTypical Requirements for Waste Forms

••match the waste stream compositionmatch the waste stream composition

••high waste loadinghigh waste loading

••easy processingeasy processing

••chemical flexibilitychemical flexibilitychemical flexibilitychemical flexibility

••durabilitydurability

••radiation stabilityradiation stability

••natural analoguesnatural analogues



Science & Technology Plan:Science & Technology Plan:
Th TiTh TiThree TiersThree Tiers

•• Immediate Research NeedsImmediate Research Needs

•• LongLong--term Research Planterm Research Plan

•• “Integration by Simulation”: “Integration by Simulation”: 
Properties and PerformanceProperties and PerformanceProperties and PerformanceProperties and Performance



Immediate Research NeedsImmediate Research Needs
••shortshort--lived fission productslived fission products

••longlong--lived fission productslived fission products

l  t  tl  t  t••complex waste streamscomplex waste streams

••offoff--gas radionuclidesgas radionuclidesoffoff gas radionuclidesgas radionuclides

••grouts for low level waste streamsgrouts for low level waste streams

••low activity waste streams containing low activity waste streams containing 
i d d h d  h i li d d h d  h i lmixed and hazardous chemicalsmixed and hazardous chemicals



LongLong--Term Research PlanTerm Research PlanLongLong Term Research PlanTerm Research Plan
••“Use“Use--inspired” research of inspired” research of pp

specific materialsspecific materials

••CrossCross--cutting fundamental researchcutting fundamental research

QuickTime™ and a
TIFF (LZW) decompressor

are needed to see this picture.



“Use“Use--inspired” Research of inspired” Research of 
Specific MaterialsSpecific MaterialsSpecific MaterialsSpecific Materials

••structure and chemistrystructure and chemistry
h  t iti    f ti  f t t  h  t iti    f ti  f t t  ••phase transitions as a function of temperature phase transitions as a function of temperature 

and radiation fieldand radiation field
•• h i l d bilit     f diti  h i l d bilit     f diti  ••chemical durability over a range of conditions chemical durability over a range of conditions 

(thermodynamic and kinetic studies)(thermodynamic and kinetic studies)
••corrosion mechanisms and ratescorrosion mechanisms and rates••corrosion mechanisms and ratescorrosion mechanisms and rates
••mechanical propertiesmechanical properties

di ti   t  diff t t  f di ti   t  diff t t  f ••radiation response to different types of radiation response to different types of 
radiationradiation
••natural “analogue” studiesnatural “analogue” studies••natural “analogue” studiesnatural “analogue” studies
••synthesis technologiessynthesis technologies



Basic Research Needs forBasic Research Needs forBasic Research Needs for Basic Research Needs for 
Advanced Nuclear Energy Advanced Nuclear Energy 

SystemsSystems
•• Materials under Materials under 

extreme conditionsextreme conditions
•• Chemistry under Chemistry under 

extreme conditionsextreme conditions
•• Separations scienceSeparations science
•• Advanced actinide fueAdvanced actinide fue

QuickTime™ and a
TIFF (LZW) decompressor

are needed to see this picture.

•• Advanced waste formsAdvanced waste forms
•• Predictive modeling Predictive modeling gg

and simulationand simulation



Basic Research Needs for Geosciences:Basic Research Needs for Geosciences:Basic Research Needs for Geosciences: Basic Research Needs for Geosciences: 
Facilitating 21st Century Energy SystemsFacilitating 21st Century Energy Systems

•• Multiphase fluid transportMultiphase fluid transport
in geologic mediain geologic mediag gg g

•• Chemical migration Chemical migration 
processes in geologic processes in geologic p g gp g g

mediamedia
•• Subsurface Subsurface 

characterizationcharacterization
•• Modeling and simulation Modeling and simulation gg
of of geologic systemsgeologic systems



“Cross“Cross--cutting” cutting” 
Fundamental ResearchFundamental ResearchFundamental ResearchFundamental Research

QuickTime™ and a
TIFF (LZW) decompressor

are needed to see this picture.

••novel materialsnovel materials
••interfacesinterfacesinterfacesinterfaces
••thermodynamics of complex systemsthermodynamics of complex systems
••radiation & radiolysis effectsradiation & radiolysis effects
••predictions of longpredictions of long--term performanceterm performancepredictions of longpredictions of long term performanceterm performance



Grand ChallengesGrand Challenges

••ff--electron challenge for electron challenge for 
the chemistry and physics the chemistry and physics 
of actinideof actinide--bearing materialsbearing materials

QuickTime™ and a
TIFF (LZW) decompressor

are needed to see this picture.

of actinideof actinide bearing materialsbearing materials
••First principles multiscale description of First principles multiscale description of 

material properties under extreme material properties under extreme material properties under extreme material properties under extreme 
conditionsconditions
••Understanding and designing new Understanding and designing new 

molecular systems to gain unprecedented molecular systems to gain unprecedented 
control on chemical selectivity during control on chemical selectivity during 
processingprocessing



“Cross“Cross--cutting” cutting” 
Fundamental ResearchFundamental ResearchFundamental ResearchFundamental Research

••Microscopic basisMicroscopic basis
of macroscopic complexityof macroscopic complexityof macroscopic complexityof macroscopic complexity
••Highly reactive subsurface materials and Highly reactive subsurface materials and 

i ti tenvironmentsenvironments
••Thermodynamics of the soluteThermodynamics of the solute--toto--solid solid yy

continuumcontinuum



Grand ChallengesGrand Challengesgg

••Computational thermoComputational thermo--
dynamics of complex dynamics of complex dynamics of complex dynamics of complex 
fluids and solidsfluids and solids
••Integrated characterization, modeling, Integrated characterization, modeling, 

and monitoring of geologic systemsand monitoring of geologic systemsg g g yg g g y
••Simulation of multiSimulation of multi--scale systems for scale systems for 

ultraultra long timeslong timesultraultra--long timeslong times



The Seam Between “Immediate” and The Seam Between “Immediate” and 
“Fundamental” Research Needs“Fundamental” Research NeedsFundamental  Research NeedsFundamental  Research Needs

••Novel materials (mesoporous)Novel materials (mesoporous)
••New approaches to the design of materialsNew approaches to the design of materialspp gpp g
••Computational simulation of waste form Computational simulation of waste form 

propertiespropertiespropertiesproperties
••Waste forms that are part of the processing Waste forms that are part of the processing 

h lh ltechnologytechnology
••Waste forms that use the natural environment Waste forms that use the natural environment 

to advantageto advantage



“Integration by Simulation” “Integration by Simulation” 
Waste Form Properties & Waste Form Properties & Waste Form Properties & Waste Form Properties & 

PerformancePerformance

Computational simulation of: Computational simulation of: pp

waste form propertieswaste form properties
waste form behavior in the environmentwaste form behavior in the environment



Full Performance SimulationFull Performance Simulation

Tomas de la Rubia (2007) Tomas de la Rubia (2007) Basic Research Needs for Basic Research Needs for 
Materials in Extreme EnvironmentsMaterials in Extreme Environments



ExampleExample





Actinide Matrices:Actinide Matrices:Actinide Matrices:Actinide Matrices:
Mineralogical SolutionMineralogical Solution

simple oxides:simple oxides: zirconiazirconia ZrOZrOsimple oxides:  simple oxides:  zirconiazirconia ZrOZrO22

complex oxides: complex oxides: pyrochlorepyrochlore (Na,Ca,U)(Na,Ca,U)22(Nb,Ti,Ta)(Nb,Ti,Ta)22OO66
murataitemurataite (Na,Y)(Na,Y)44(Zn,Fe)(Zn,Fe)33(Ti,Nb)(Ti,Nb)66OO1818(F,OH)(F,OH)44
zirconolitezirconolite CaZrTiCaZrTi22OO77
perovskiteperovskite CaTiOCaTiO33

silicates: silicates: zircon*zircon* ZrSiOZrSiO4444
thorite*thorite* ThSiOThSiO44
garnet*garnet* (Ca,Mg,Fe(Ca,Mg,Fe2+2+))33(Al,Fe(Al,Fe3+3+,Cr,Cr3+3+))22(SiO(SiO44))33
britholitebritholite (Ca,Ce)(Ca,Ce)55(SiO(SiO44))33(OH,F)(OH,F)
titanitetitanite CaTiSiOCaTiSiO55

phosphates: phosphates: monazite*monazite* LnPOLnPO44
apatite*apatite* CaCa44 xxLnLn6+x6+x(PO(PO44))yy(O,F)(O,F)22pp 44--xx 6+x6+x(( 44))yy( , )( , )22
xenotime*xenotime* YPOYPO44

*durable heavy minerals*durable heavy minerals



PyrochlorePyrochlorePyrochlorePyrochlore

AA11--22BB22OO66(O,OH,F)(O,OH,F)00--11 pHpH22OO

(Ca Na U(Ca Na U(Ca,Na,U, (Ca,Na,U, 
REE)REE)22(Nb,Ta,Ti)(Nb,Ta,Ti)22OO66(OH,F)(OH,F)

(Ca,Gd,Pu,U,Hf)(Ca,Gd,Pu,U,Hf)22TiTi22OO77

CaZrTiCaZrTi22OO77 (monoclinic)(monoclinic)

CaPuTiCaPuTi22OO77 (monoclinic to cubic)(monoclinic to cubic)



P hl t Fl itP hl t Fl itPyrochlore to FluoritePyrochlore to Fluorite

Lian, Wang, Wang, Chen, Boatner and Ewing (2001) Lian, Wang, Wang, Chen, Boatner and Ewing (2001) Phys. Rev. Lett.Phys. Rev. Lett.
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RadiationRadiation--Induced Amorphization Induced Amorphization pp
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REEREE TiTi OO Irradiated with 1 MeV KrIrradiated with 1 MeV Kr++REEREE22TiTi22OO77 Irradiated with 1 MeV KrIrradiated with 1 MeV Kr++

6E+15cm
2 )

5E+15

ce
 (I

on
s/

c

Tb2Ti2O7

Sm2Ti2O7

Eu2Ti2O7

Gd2Ti2O7

3E+15

4E+15

tio
n 

flu
en

Er Ti O
Ho2Ti2O7

Tb2Ti2O7

Y2Ti2O7

Dy2Ti2O7

2E+15

3E+15

m
or

ph
iz

at

Yb2Ti2O7

Er2Ti2O7

Lu2Ti2O7

1E+13

1E+15

A
m

Lian, Chen, Wang, Ewing, Farmer, Boatner and Helean (2003) Lian, Chen, Wang, Ewing, Farmer, Boatner and Helean (2003) Phys. Rev. BPhys. Rev. B

1E+13
0 200 400 600 800 1000 1200

Tc (K)



Critical Temperature, TCritical Temperature, Tcc, , vsvs. . p ,p , cc,,
AA--site:Bsite:B--site Radius Ratiosite Radius Ratio
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TT GdGd (Z(Z TiTi )) OOTTcc vs.vs. GdGd22(Zr(ZrxxTiTi11--xx))22OO77
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St TiSt Ti A hi tiA hi tiStorage Time Storage Time vs.vs. AmorphizationAmorphization
Equivalent Storage Time (years)Equivalent Storage Time (years)
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Temperature Dependence of Temperature Dependence of e pe atu e epe de ce oe pe atu e epe de ce o
Amorphization for PuAmorphization for Pu--pyrochlorepyrochlore
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State of the ScienceState of the ScienceState of the ScienceState of the Science
We now have We now have the the beginningsbeginnings of the of the 
fundamental understanding of radiationfundamental understanding of radiation--
induced structural transformations requiredinduced structural transformations requiredinduced structural transformations required induced structural transformations required 
to design nuclear materials, such as waste to design nuclear materials, such as waste 
forms and nuclear fuels, to specificforms and nuclear fuels, to specificforms and nuclear fuels, to specific forms and nuclear fuels, to specific 
performance requirements, such as chemical performance requirements, such as chemical 
durability and radiation “resistance”.durability and radiation “resistance”.

We should use this knowledge as a We should use this knowledge as a 
f d ti f d i i t f tf d ti f d i i t f tfoundation for designing waste forms to foundation for designing waste forms to 
specific geologic repository conditions.specific geologic repository conditions.



ThanksThanksThanksThanks


