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Goal of this talk

Alntroduce workflow for the investigation of radiation damage in HTS:
Particle transport Monte Carlo (MC) and MD simulations

Alrradiation damage in HTS: (biased) comparison between experiments
and simulations




Primary radiation damage

Alrradiation with energetic particles
Induces a collision cascade
AEnergetic particle (neutron, ion) hit

the primary knockon atom (PKA)

AThe PKA travels in the material -

generating defects (vacancy, e

Interstitials, antisites)
ASome defects recombine (short an
long term) >®
AComputational methods:
AMolecular dynamics (MD)

ABinary collision approximation (BCA):
seeleddathis afternoon

Knaster et al.Nature Phyd.2, 424,434 (2016).



Molecular dynamics (MD)

ALY OUSANYOGAZ2Y 2F bSoia2yQa Sljdzl A2\

ARelies on interatomic potential

AFor YBCO, potential for radiation damage availaBley et al. Supercond
Sci. TechnoB5, 035010 (2022)

Almproved machine learning potentials (MLP): 88é-ugeniand Dicksonthis
afternoon

ADepending on potential, simulations up to:
ASze: 16-10° atoms (< 1 um)
ACAYSY Fyly2aS0O2YyR

ANo electrons, but methods to include them approximately
AElectronic stopping power as a friction term
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Historical review of MD for HTS® -~~~ .
AChaplot, 1988.990:first interatomic potential of YBCO - .. N T
A Based on rigidon model — .
A Satisfactory phonons T e
A Orthorhombic to tetragonal transition at high temperaturet °©02 000003000
different O contents vo o s b o0
AThreshold displacement energies amadiation damage o oo
A Chaplotpotential S, e
A Preferential displacement of O atonmiEDE as low as 1.5 eV :
A Grayet al. developed a potential foradiation damage(2022) % €% @ ¢E e FC D
A More recently, TDE under strain investigated by Zheng et al. cDododoqoyae
ADiffusioninvestigated in different conditions: oo Be0sgeve0
A Anisotropic diffusion of O atom$elow 900 K: O1 more inla T e r
plane, 02,03, and O4 more in ¢ direction R R
A Activation energyfor diffusion of O irgrain boundaryregion R T
depends on strain in a similar way as J ©
A fracture dominated by grain boundaries in YBCO T
Zhang and Catlowrhys. Rev. B6, 457 (1992 Y ...:{:.;:..’:E 2 Z{:‘{E}:jee?}i{}? i ;{:S;{‘: l;:
Kirsanov and MusirRhys. Lett. A53 493 (1991) C. Liu et alSolid State lonic@32, 123128 (2013) [ —— "':‘"gg-g-;‘*':”—"*--*—w’—‘-"&f
Chaplot,Phys. Rev. 87, 7435 (1988 Cuiet al, Phys. Rev. B6, 11182 (1992 Wangand GouyJ.SupercondNov. Magn32, 22592269 (202) — ¢ (c) 9

Chaplot,Phys. Rev. B2, 2149 (199) Zheng et al.SupercondSci. TechnoB8, 055001 (2025) Zhang et al.Engin. Frac. Mecl303 110139 (2024)



Workflow for the investigation of radiation

age In HTS
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rate (PKA/s)
3 g

Model of NB I O 2 N autron spectrao
geometry SEOE

Primaryradiation
damage

Torsellcet al., Supercond Sci. Technol. 36, 014003 (2023)
Ledda et al.Fusion Eng. De202, 114323 (2024)
Ledda et al.LEEE Tran&ppl Supercond34, 1-5 (2024)
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Workflow for the investigation of radiation

damage iIn HTS

ux (n/(cm?s))

rate (PKA/s)
3 g

Model of NB I O 2 N autron spectrao
geometry Smagne

Cascadsimulations
A Defectsize vs energy
A Defectmorphology

= A Defectrecombination
& A Temperaturetransients

—

Torsellcet al., Supercond Sci. Technol. 36, 014003 (2023)
Ledda et al.Fusion Eng. De202, 114323 (2024)
Ledda et al.LEEE Tran&ppl Supercond34, 1-5 (2024)
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MD ccollision cascade simulations

Al Stfta dzLJ 62 Fwmn
Alnitial equilibration (NPT)

ACollision cascade performed in
NVEensemble within a sphere

AOuter atomsthermostattedto
dissipate excess energy

Ftn YyY =



MD cascade simulations

Average number of defect vs time
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MD cascade simulations
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Results from Gray, Rushton, and Murphy,
SupercondSci. TechnoB5, 035010 (2022)

MD cascade simulations
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AExample: Ba PKA, 5 keV cascades :

ADefects: mainly O vacancies and A
interstitials S N I
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BCA+ML2 Number of defects vs energy

ACombination of MDesultswith

BCAenablesprobingfull energy
spectrum

ADamagen specificexperimental
setting can beobtainedby
convolutionwith MC PKApectra

ADetails fromLeddathis afternoon
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Machine Learning potential (MLP)

Improve accuracy of description of interatomic interactions with MLP

ASeeDi EugenicandDicksonthis afternoon: MLP for radiation
damage

AExplorative investigation of defect properties in YBCO with MLP
AFocus on diffusion rather than radiation damage



Machine Learning potential (MLP)

Orthorhombic to tetragonal transition

Ideal structure

Snapshot at T=1080 K
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Radiation damage from different particles

Electrons
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Electron irradiation: Threshold displacement

energles (TDE)
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Experiments: electron irradiation

Tolpygoet al. Legriset al.
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TDE 8.4 15

Our calculations (eV)

Average Minimum

TDE(O1) 8.7 3
TDE(O2) 24.0 8
TDE(O3) 24.4 12
TDE(O4) 13.5 3

Additional computational results in:
A Kirsanov, Musin, Phys. Lett. A 153, 498 (1991)
2.5 A Cuiet al., Phys. Rev. B 46, 11182 (1992)

Energy (MeV) A A. Dickson
Legriset al,Journal de Physigué&| 16051615 (1993)
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Thermal neutrons and GdBCO

Gd absorbs thermal neutron and
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Example of 40 eV Gd recaoill
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Rutherford Back Scattermg (RBS)

Alrradiate with ions in channeling

direction
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DISORDERED FRACTION

Disordered fraction vs NRIpa: RBS and XRD

Comparison with disordered fraction

Disordered fraction of atoms from*K{?)

irradiation: XRD and RBS
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Annealing
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TEM reconstructions

intensity [arb. unit]

1
Ba PKA, T =300 K, Ek = 110 keV




TEM reconstructions

intensity [arb. unit]

1
Ba PKA, T =300 K, Ek = 110 keV




TEM reconstructions

1
Ba PKA, T =300 K, Ek = 110 keV






