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Science Question 1
What is the impact of 5f electrons

on phonon and electron structure in
Th1-xUxO2 and UZr alloys?

Atomscale

DefectfreeNeutron scattering

ARPESFirstprinciplesQuantumOscillations

DynamicMeanFieldTheory

Science Question 2
How do intrinsic and irradiation-
induced defectsself-organize in
Th1-xUxO2 and UZr alloys,and

what are their impacts on
electron and phonon scattering?

Science Question 3
What are the collectiveeffectsof

defects,defectordering, and
defectsupersaturationon

thermal transport of
Th1-xUxO2 and UZr alloys?

DefectsAtomscale
Input

Atomprobetomography

HRTEM
Electronandphononscattering Thermalconductivity

Operando

BoltzmannMesoscalecomplexity
Output

Modulatedthermoreflectance

Brubaker,Z.E.etal.,Phys.Rev.B.(2019)
Yao,T.,etal.,inprep.(2020) Deskins,R.,etal.,inprep.(2020)



ThoriumDioxideCrystalStructureandSynthesis
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Th

O

§P.Macedo,W.Capps,J.Wachtmann/ J.Amer.Ceram.Soc.(1964)

PhysicalProperties

ElasticConstants§ C11=367GPa
C12=106GPa
C44=79.7GPa

Density¶ 10.01g/cm3

MeltingPoint�Á 3,350°C

BoilingPoint�Á 4,400°C

MolarMass 264.037g/mol

RefractiveIndex(n)¶ 2.105(at589.3nm)
2.135(at435.8nm)

¶J.Belle,R.M.Berman,�'�2�(���1�(�²����������(1984)

�ÁW.M.Haynes, HandbookofChemistryandPhysics(92nded.).(2011)

HydrothermalCrystalSynthesisMethod

�¾ Spontaneousnucleationperformed
insilverampoules

�¾ ThO2 feedstockpowderplacedin
silverampoule

�¾ 6MCsFmineralizersolutionusedto
dissolvefeedstockandtransportit
tocrystallizationzone

�¾ Watercounter-pressureappliedto
silverampoule

�¾ Reactionconditionsmaintainedfor
10days

Crystallization
Zone

(690°C)

FeedstockZone
(750°C)

J.Castilow, etal.,Mater.Res.Soc.Symp. Proc.Vol.
1576(2013)



IonIrradiationatTexasA&MAcceleratorLaboratory
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SampleID Avg.dpain
PlateauRegion
(0�²12.5µm)

H+ ion
energy

H+ ion irradiation
fluence(ions/cm2)

IrradiationTemperature

ThO2-SN-8f Pristine N/A N/A N/A

ThO2-SN-8h 0.01dpa 2MeV 1.73x1017 RoomTemperature

ThO2-SN-8j 0.05dpa 2MeV 8.635x1017 RoomTemperature

ThO2-SN-8c 0.1dpa 2MeV 1.73x1018 RoomTemperature



ChangesinOpticalAbsorptionafterIonIrradiation
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Pre-Irradiation Post-Irradiation

ThO2-SN-8h

0.01dpa
Avg.Plateau
Displacement

Damage

ThO2-SN-8j

0.05dpa
Avg.Plateau
Displacement

Damage

�¾ Protonirradiationchangedthoriumdioxidea
colorlesscrystaltoadarkblueappearance

�¾ Changeinopticalabsorptionduetoelectrons
trappedinpointdefectsthatcreatestateswithin
thebandgap

1.80eV

2.02eV

B.G.Childs,P.J.Harvey,andJ.B.Hallett,Colorcenters
andpointdefectsinirradiatedthoria.

J.Am.Cer. Soc.,53(8),431-435(1970).

18MeVH+



CharacterizationofMicrostructuralDamageviaOpticalSpectroscopy
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�¾ OpticalAbsorption/emissioncouldbe
influencedbyelectronictransitionsfrom
intervalencebandscreatedbyirradiation-
induceddefects,orbychargeddefects

�¾ Intensitiesofabsorbed/emittedspectramay
beusedtocorrelatewithdisplacement
damagelevels

1.81eV 2.02eV
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DamageProfileusingSRIM

7R.E.Stoller,M.B.Toloczko, G.S.Was,A.G.Certain,S.Dwaraknath, andF.A.Garner:OntheuseofSRIMforcomputingradiationdamageexposure.
Nucl. Instrum. MethodsPhys.Res.,Sect.B.310,75(2013).

�¾ 2MeVH+ ionsatnormalincidence

�¾ Totalfluence:8.65x1017 ions/cm2

�¾ Kinchin-PeaseMethod

�³�3�O�D�W�H�D�XDamage�5�H�J�L�R�Q�´

�³�3�H�D�NDamage�5�H�J�L�R�Q�´

0.1

0.2

0.3

0.4

0.5

D
am

ag
e(d

pa
)



Laser-basedModulatedThermoreflectanceMethod

8M.Khafizov, V.Chauhan,Y.Wang,F.Riyad,N.Hang,D.H.Hurley,Investigationofthermaltransportincompositesandionbeamirradiatedmaterialsfornuclearenergyapplications.
J.Mater.Res.,32(1),204-216(2017).

ThermalWave
Diffusion
Depth



ThermalWaveAmplitude&PhaseProfilesinPristineThO2
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1kHz

2kHz

5kHz

10kHz

20kHz

50kHz

100kHz

FittedroomtemperaturethermaldiffusivityofpristineThO2: �. =7.66± 0.7mm2/s

Usingroomtemperaturedensity�! =10.01g/cm3 andheat
capacityCp =229.1J/(kgK),thethermalconductivityof
pristineThO2 is:

�� =17.56W/(mK)

RoomTemperatureMeasurements



Temperature-dependentPhaseProfilesinPristineThO2

10

�¾ Phaseprofilesbecomemoresteepwithincreasingtemperature
�¾ Indicateschangeinthermaldiffusivitywithtemperature

PhaseProfilesonPristineThO2

measuredfrom77K�±295Kat50kHz

77K

102K

150K

200K

250K

295K



Temperature-dependentPhaseProfilesinIrradiatedThO2
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PhaseProfileson0.01dpaThO2

measuredfrom77K�±295Kat50kHz
PhaseProfileson0.05dpaThO2

measuredfrom77K�±295Kat50kHz

77K

102K

150K

200K

250K

295K

77K

102K

150K

200K

250K

295K



DamageDoseDependenceofThermalWavePhaseProfiles
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PhaseProfilesfordifferentdamage
dosesmeasuredat50kHzand77K

PhaseProfilesfordifferentdamage
dosesmeasuredat50kHzand295K

Pristine

0.01dpa

0.05dpa

Pristine

0.01dpa

0.05dpa

�¾ Phaseprofilesbecomesteeperwithincreasingdisplacementdamage
�¾ Changeinslopemorepronouncedatlowtemperatures



Temperature-andDose-DependentThermalConductivity
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�¾ Reductioninthermalconductivitywith
temperatureinpristineThO2 �±three-phonon
processesmediatedbylatticeanharmonicity

�¾ Stronginfluenceofirradiation-induceddefects-
~60%&~80%reductionin0.01dpaand0.05
dpa,respectivelyatroomtemperature.

�¾ Lowtemperaturedependenceinirradiated
samples,withslightdecreaseatlower
temperature



Temperature-DependentThermalConductivityusingBoltzmannTransport
Formalism
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BTEwithrelaxationtimeapproximation:

Phononscatteringrate�2-1duetodifferentprocessesis
givenby:

Latticeanharmonicity

Isolatedpointdefects

Resonantscatteringof
phononsfromquasi-local
impuritymodesproducedby
F-centers

R.O.Pohl,InfluenceofFcentersonthelatticethermalconductivityinLiF. PhysicalReview,118(6),1499(1960).

�¾ PointdefectsinirradiatedThO2trapelectronsandholesthatresultinresonant
phononscattering

�¾ ExistenceofshallowholeanddeepelectronsstatesissuggestedbyDFT.Latteris
confirmedbyopticalabsorptionandphotoluminescencemeasurements



Summary&Conclusions
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�¾InvestigatedtheinfluenceofmicrostructuraldefectsinducedbyirradiatingsinglecrystalThO2
sampleswith2MeVH+ ionsatroomtemperature

�¾Irradiation-inducedopticalabsorptionpeakssuggestformationofF-centerdefectsincrystal
lattice

�¾ Spatially-resolvedthermaltransportmeasurementsperformedonthelength-scaleof
microstructuralheterogeneity(withinthedamagelayer)usingamodulatedthermoreflectance
approach

�¾Irradiation-induceddamagestronglyaffectsthermaldiffusivity/conductivity�±~83%reduction
frompristineto0.05dpaat295K

�¾BTEmodelwithscatteringratesfordifferentprocessesshowsthatresonantscatteringfrom
strainfieldsassociatedwithF-centers

�¾Futureoutlook:
�¾DFTmodelingofelectronictransitionswillbecomparedwithopticalabsorptionellipsometry

measurements
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