
Computational modeling of 
radiation damage in
high-temperature superconductors: 
ŉƖŸůШƖĲċĦƣŸƖќƚШĬĲƚŔŊŰШƣŸ
damage at the atomic level

D. Gambino1,2,3

1 Department of Physics, Chemistry and Biology (IFM), Linköping University, 58183 Linköping, Sweden
2 Department of Physics, University of Helsinki, P.O. Box 43, 00014, Helsinki, Finland
3 Department of Applied Science and Technology, Politecnico di Torino, Torino, Italy

1



Collaborators

ÅD. Torsello

ÅF. Ledda

ÅN. Di Eugenio

ÅF. Laviano

ÅV. Jantunen

ÅJ. Byggmästar

ÅK. Nordlund

ÅF. Djurabekova

2

Funding

ÅA. Dickson

ÅS. T. Murphy



Radiation environment

Suriet al, J. Phys.: Conf. Ser.208012001 (2010)
Design of 

compact fusion 
reactor

3

wŜŀŎǘƻǊΩǎ ŘŜǎƛƎƴ

Knaster et al., Nature Phys12, 424ς434 (2016).

Defect structure with atomistic simulations

5ŀƳŀƎŜ ŀƴŘ ǊŜŀŎǘƻǊΩǎ ƭƛŦŜǘƛƳŜ

Torsello et al, IEEE Trans. Appl. Supercond. 35, 1-6 (2025)

Irradiation with proxy

Zaluzhnyy et al, ACS Appl.Nano Mater.7, 15943 (2024)



Radiation environment

Suriet al, J. Phys.: Conf. Ser.208012001 (2010)

Zaluzhnyy et al, ACS Appl.Nano Mater.7, 15943 (2024)

Irradiation with proxy

Knaster et al., Nature Phys12, 424ς434 (2016).

Defect structure with atomistic simulations

Torsello et al, IEEE Trans. Appl. Supercond. 35, 1-6 (2025)

5ŀƳŀƎŜ ŀƴŘ ǊŜŀŎǘƻǊΩǎ ƭƛŦŜǘƛƳŜ

Design of 
compact fusion 

reactor

4

wŜŀŎǘƻǊΩǎ ŘŜǎƛƎƴ



Design of 
compact fusion 

reactor

5

wŜŀŎǘƻǊΩǎ ŘŜǎƛƎƴ

Radiation environment

Suriet al, J. Phys.: Conf. Ser.208012001 (2010)

Zaluzhnyy et al, ACS Appl.Nano Mater.7, 15943 (2024)

Irradiation with proxy

Knaster et al., Nature Phys12, 424ς434 (2016).

Defect structure with atomistic simulations

Torsello et al, IEEE Trans. Appl. Supercond. 35, 1-6 (2025)

5ŀƳŀƎŜ ŀƴŘ ǊŜŀŎǘƻǊΩǎ ƭƛŦŜǘƛƳŜ



Goal of this talk

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

ÅIrradiation damage in HTS: (biased) comparison between experiments 
and simulations
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Primary radiation damage

ÅIrradiation with energetic particles 
induces a collision cascade
ÅEnergetic particle (neutron, ion) hits 

the primary knock-on atom (PKA)

ÅThe PKA travels in the material 
generating defects (vacancy, 
interstitials, antisites)

ÅSome defects recombine (short and 
long term)

ÅComputational methods:
ÅMolecular dynamics (MD)

ÅBinary collision approximation (BCA): 
see Ledda this afternoon 7
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Molecular dynamics (MD)

ÅLƴǘŜƎǊŀǘƛƻƴ ƻŦ bŜǿǘƻƴΩǎ Ŝǉǳŀǘƛƻƴǎ ƻŦ Ƴƻǘƛƻƴ

ÅRelies on interatomic potential
ÅFor YBCO, potential for radiation damage available [Gray et al., Supercond. 

Sci. Technol. 35, 035010 (2022)]

ÅImproved machine learning potentials (MLP): see Di Eugenio and Dickson this 
afternoon

ÅDepending on potential, simulations up to: 

ÅSize: 106-109 atoms (< 1 µm)

Å¢ƛƳŜΥ ҒƴŀƴƻǎŜŎƻƴŘ

ÅNo electrons, but methods to include them approximately
ÅElectronic stopping power as a friction term
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Historical review of MD for HTS
ÅChaplot, 1988-1990: first interatomic potential of YBCO
ÅBased on rigid-ion model
ÅSatisfactory phonons
ÅOrthorhombic to tetragonal transition at high temperature at 

different O contents

ÅThreshold displacement energies and radiation damage
ÅChaplot potential
ÅPreferential displacement of O atoms, TDE as low as 1.5 eV
ÅGray et al. developed a potential for radiation damage (2022)
ÅMore recently, TDE under strain investigated by Zheng et al.

ÅDiffusion investigated in different conditions:
ÅAnisotropic diffusion of O atoms below 900 K: O1 more in a-b 

plane, O2,O3, and O4 more in c direction
ÅActivation energy for diffusion of O in grain boundary region 

depends on strain in a similar way as Jc.
Åfracture dominated by grain boundaries in YBCO

9Chaplot, Phys. Rev. B 37, 7435 (1988)
Chaplot, Phys. Rev. B 42, 2149 (1990)

Kirsanov and Musin, Phys. Lett. A 153, 493 (1991)
Cui et al., Phys. Rev. B 46, 11182 (1992)
Zheng et al., Supercond. Sci. Technol. 38, 055001 (2025)

Zhang and Catlow, Phys. Rev. B 46, 457 (1992)
C. Liu et al., Solid State Ionics 232, 123ς128 (2013)
Wang and Gou, J. Supercond. Nov. Magn. 32, 2259-2269 (2021)
Zhang et al., Engin. Frac. Mech. 303, 110139 (2024)



Workflow for the investigation of radiation 
damage in HTS
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Molecular dynamics 
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Torsello et al., Supercond. Sci. Technol. 36, 014003 (2023)
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Cascadesimulations
Å Defectsize vs energy
Å Defectmorphology
Å Defectrecombination
Å Temperature transients



MD ςcollision cascade simulations

Å/Ŝƭƭǎ ǳǇ ǘƻ Ғмлл Ƴƛƭƭƛƻƴ ŀǘƻƳǎ

ÅInitial equilibration (NPT)

ÅCollision cascade performed in 
NVE-ensemble within a sphere

ÅOuter atoms thermostatted to 
dissipate excess energy

12Ғтл ƴƳ



MD cascade simulations
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Average number of defect vs time Temperature vs time

D Torsello, D Gambino, L Gozzelino, A Trotta and F Laviano, Supercond. Sci. Technol. 36, 014003 (2023) 



MD cascade simulations
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Ek=7 keV

Ek=110 keV

D Torsello, D Gambino, L Gozzelino, A Trotta and F Laviano, Supercond. Sci. Technol. 36, 014003 (2023) 



MD cascade simulations

ÅExample: Ba PKA, 5 keV cascades

ÅDefects: mainly O vacancies and 
interstitials

ÅLarge amount of O interstitial between 
CuO chains

ÅO atoms mainly coming from O1 and 
O4 positions

15

Results from Gray, Rushton, and Murphy, 
Supercond. Sci. Technol. 35, 035010 (2022)



BCA+MD ς Number of defects vs energy

ÅCombination of MD resultswith 
BCA enablesprobingfull energy 
spectrum

ÅDamagein specificexperimental
setting can be obtainedby 
convolutionwith MC PKA spectra

ÅDetails from Ledda this afternoon
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Machine Learning potential (MLP)

Improve accuracy of description of interatomic interactions with MLP

ÅSee Di Eugenio and Dickson this afternoon: MLP for radiation 
damage

ÅExplorative investigation of defect properties in YBCO with MLP

ÅFocus on diffusion rather than radiation damage
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Machine Learning potential (MLP)
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Orthorhombic to tetragonal transition

a b

MLP

Exp.

Snapshot at T=1080 KIdeal structure

CuO 
chains

Promising for diffusion properties!!!



Radiation damage from different particles
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Neutrons (w/o thermal)

Unterraineret al,Supercond. Sci. Technol.37105008 (2024)

Helium ions

Iliffe et al,Supercond. Sci. Technol.3409LT01 (2021)

Protons

Xionget al,Phys. Rev. B38,240 (1988)

Electrons

Legriset al,Journal de Physique I3, 1605-1615 (1993)
Fischeret al,Supercond. Sci. Technol. 38, 055019(2025)

Adamset al,Supercond. Sci. Technol.36, 10LT01 (2023)



Legriset al,Journal de Physique I3, 1605-1615 (1993)

Tolpygo et al, Phys. Rev. B 53, 12462 (1996)

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

Electron irradiation: Threshold displacement 
energies (TDE)
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Experiments: electron irradiation

Tolpygo et al. Legriset al.

TDE1 2.8 10

TDE2 8.4 15

Additional computational results in:
Å Kirsanov, Musin, Phys. Lett. A 153, 493-498 (1991)
Å Cui et al., Phys. Rev. B 46, 11182 (1992)
Å A. Dickson 



Thermal neutrons and GdBCO
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Unterrainer, DGet al,Supercond. Sci. Technol.37105008 (2024)

Example of 40 eV Gd recoilGd absorbs thermal neutron and 
ƎŜƴŜǊŜŀǘŜǎ ǊŜŎƻƛƭ ƻŦ Ғол Ŝ±

DOS at Fermi level of selected defects



Rutherford Back Scattering (RBS)

ÅIrradiate with ions in channeling 
direction

ÅIons are backscattered by interstitial 
atoms

ÅPossibly see O interstitials if 
exploiting a nuclear resonance

ÅNeed more benchmark to understand 
feasibility
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O Meyer et al, Phys. Rev. B 37,9757 (1988)

2 mdpa

34 mdpa

68 mdpa

O Meyer et al, Nucl. Instrum. Methods Phys. Res., B 35, 292-300 (1988)

35 mdpa

70 mdpa



Disordered fraction vs NRT-dpa: RBS and XRD
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O Meyer et al, Nucl. Instrum. Methods Phys. Res., B 39, 628-634 (1989)

Disordered fraction of atoms from H+ (?) 
irradiation: XRD and RBS

Comparison with disordered fraction 
from BCA+MD for irradiation in TRIGA

See Ledda this afternoon



Annealing
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Legriset al,Journal de Physique I3, 1605-1615 (1993)

Fischeret al,Supercond. Sci. Technol. 38, 055019(2025) Unterraineret al,Supercond. Sci. Technol.37105008 (2024)

Recoveryrate:
ρ

ЎὝ

ὨЎὝ

ὨÌÏÇὝ

Ὁ =0.08 eV

wŜǉǳƛǊŜŘΥ ƛƴǾŜǎǘƛƎŀǘŜ άƭƻƴƎέ ǘƛƳŜǎŎŀƭŜ
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Legriset al,Journal de Physique I3, 1605-1615 (1993)

Fischeret al,Supercond. Sci. Technol. 38, 055019(2025) Unterraineret al,Supercond. Sci. Technol.37105008 (2024)

Recoveryrate:
ρ

ЎὝ

ὨЎὝ

ὨÌÏÇὝ

Ὁ =0.08 eV

Ὁ =0.32 eV Ὁ =0.41 eV

wŜǉǳƛǊŜŘΥ ƛƴǾŜǎǘƛƎŀǘŜ άƭƻƴƎέ ǘƛƳŜǎŎŀƭŜ
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Ba PKA, T = 300 K, Ek = 110 keV
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