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Motivation
High-Temperature Superconductors

(HTS) like YBa2Cu3O7−δ (YBCO) are an 

enabling technology for magnetic 

plasma confinement, which is crucial 

for the design of compact fusion 

reactors.

Neutron damage affects 

superconducting properties! 

Depending on defects’ morphology:

• Enhances carriers scattering, 

decreasing Tc

• Defects act as pinning centers that 

increase jc
• Dynamical suppression of properties 

and temporary degradation of 

performance.

Need to evaluate the number, 

morphology and type of defects!R. Unterrainer et al 2024 Supercond. Sci. 

Technol. 37 105008

Compact fusion reactors such as 

ARC and STEP

Are enabled by HTS magnets

CFS Energy, Arc commercialization 

2025, https://cfs.energy/technology
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Radiation Damage Modelling in Materials
The group’s goal is to develop a comprehensive modelling of irradiation effects in HTS. 

Monte 
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Defects 

characterizationRadiation 

environment and 

total damage 
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S. Sparacio et al 2024 IEEE Trans. 

Appl. Supercond. 34 4206508

DFT + 
Machine 
Learning

D. Torsello et al 2023 

Supercond. Sci. Technol. 36 

014003)

D. Torsello et al 2025 IEEE Trans. Appl. 

Supercond. 35 4200206

D. Gambino, N. D. Eugenio et 

al., arXiv:2509.26095 (2025) 

A. Dickson, N. D. Eugenio et 

al., arXiv:2512.24430 (2025)

N. Di Eugenio, et al., 

arXiv:2511.22592 (2025).
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Interatomic Potential for Radiation Damage
The material is complex: 2 

distinct Cu sites with 

different charge states and 
4 O sites!

• Cu1  sits in  Cu–O chains, 

bonded with O1.

• Cu2 bonds to five oxygen 
ions, forming a square-

based pyramid.

An interatomic potential for radiation

damage analysis in YBCO has been

developed (R. L. Gray et al 2022
Supercond. Sci. Technol. 35 03501).

• 3 terms: Buckingham + Coulomb + ZBL, 

fitted on Density Functional Theory
(DFT) results.

Need of an accurate, non-empirical potential 
which compares well with experiments!

Machine Learning 
Potentials (MLPs)
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• Developed an ACE potential for YBCO to 

describe the phase transition from the low-

temperature orthorhombic structure to the 

high-temperature tetragonal structure

• Caused by the rearrangement of O atoms in 

the basal plane

• O atoms from the CuO chains and from the 

apical positions move to interstitial positions

between the chains, making a,b equal 

• Driven by entropic effects that favor 

disordering of O occupation in the basal plane

Preliminary Work on MLPs

D. Gambino, N. D. Eugenio et al., “The diffusion-driven 
orthorhombic to tetragonal transition 
in YBa₂Cu₃O₇ derived with a machine learning 
interatomic potential,” (2025), arXiv:2509.26095
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DFT Calculations

• Supercell size optimization
• Energy minimization

Compounds
• YBa₂Cu₃O₇
• YBa₂Cu₃O₆
• Y₂O₃
• Cu₂O
• CuO
• BaO
• Ba 
• Y

• Cu
• O₂

For each compound:
• 30 different volumes

• 5 random strains per 

volume

• 5 thermal displacement 

per strain

Total: 750 configurations

For YBa₂Cu₃O₇:
• O1, O2, O3, O4, Y, Ba, Cu1, 

Cu2 vacancies (644 
structures)

• Ba, Cu, Y and O interstitials 
(1008 structures)

• Amorphous structure (60 
structures)

• Antisites (96 structures)

9308 structures 

simulated in DFT!

N. Di Eugenio, et al., Machine-Learned Interatomic 
Potentials for Structural and Defect Properties of 
YBa2Cu3O7−δ. arXiv:2511.22592 (2025).
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Database Creation (1/2)

YBa₂Cu₃O₆ YBa₂Cu₃O₇
Ba Cu

Cu₂O YBa₂Cu₃O₇ amorphous YBa₂Cu₃O₇ interstitial YBa₂Cu₃O₇ vacancy
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Database Creation (2/2)
Dataset overview:

• Each point corresponds to 

a structure represented by 

its SOAP descriptor

• Pairwise similarities

computed via the 

average in DScribe

• Similarity matrix projected 

in 2D t-distributed 

stochastic neighbor 

embedding (t-SNE)

• Three principal high-

density “islands” are 

observed within the YBCO 

region (dotted line)
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Finding a Descriptor
GAP tabGAP ACE MACE

• Represents the energy of 

a system as a sum over 

atomic environments.
• Each atomic 

environment is 

represented by 

descriptors.
• Atomic energies are 

predicted by comparing 

the similarity of 

environments using a 

kernel function.

• Interpolation of GAP 

energies for all possible 

combinations of pairs 

and triplets.

• Energies are tabulated in 
a large file.

• Simulations extract 

energies from that file. 

• Energy is a sum of 

contributions from 

clusters of atoms (pairs, 

triplets, quadruplets, …).

• Uses a linear model in 
the high-dimensional 

basis of cluster functions.

• Can systematically 

increase accuracy by 

including higher-order 

clusters.

• Uses ACE as a basis 

but introduces a 

message passing 

neural network that 
maps cluster features 

to atomic energies.

• Can capture complex 

non-linear interactions 

unlike ACE and has 

higher expressivity.
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Bulk Properties
• All MLPs reproduce both the 

orthorhombic distortion in YBCO7 
(a ≠ b) as well as the tetragonal 

symmetry of YBCO6

• MLP models are capable of 

correctly capturing the symmetry-

breaking due to oxygen 

stoichiometry

• Discrepancy in YBCO7: 

preponderancy of defected 

configurations?

• The bulk moduli of the YBCO_ACE 

and YBCO_MACE models are an 

excellent match to the DFT results

• C22 elastic constant proves to be 
the most challenging to reproduce
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Defects Formation Energies
• The introduction of defects during radiation damage cascades is directly relevant to the 

superconducting properties of YBCO

• Procedure: relax an YBCO7 supercell, introduce a defect and relax again, then compute defects' 

formation energies as
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Handling YBCO Stochiometry

• MLPs strength is to fit broad and 

diverse datasets: can capture 

stoichiometric variations in 

complex materials

• In YBCO, the oxygen content can 

be experimentally determined

from lattice parameters: 

correlation between the c-axis 

length and the oxygen 

concentration

• Oxygen removal causes the a and 

b axes to converge, leading to 

tetragonal symmetry at an oxygen 

concentration of 6: trend also 

observed experimentally!
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Computational Efficiency

~8000 atoms ~3.8 million atoms

• All simulations have been performed on the same hardware and software

• CPU simulations are performed on 936 atoms

• tabGAP is the fastest model, followed by ACE and MACE (much slower and affected by non-linear 

scaling with system size)

• For radiation damage simulations, we employ the two fastest models (ACE and tabGAP)
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Threshold Displacement Energies 

• DFT average values at 25 K and 360 K fall within ACE and tabGAP distributions: MLIPs successfully replicate DFT

• The averaged values for ACE and tabGAP differ by less than 0.5 eV, indicating strong consistency

• The Gray potential overestimates TDEs by 1–2 eV and shows a systematic shift to higher energies, leading to significant 

differences in predicted primary damage response

• Improved short-range repulsive terms and potential energy surfaces of the MLIPs give higher fidelity TDE values
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Collision Cascades 
• Ten 5 keV Ba PKA cascades of 3 million atoms are 

simulated in each Cartesian direction (8 ps), averaging 
vacancy counts for direct comparison with the Gray 

potential (no electronic stopping; defects measured as 

vacancies)

• All cells are equilibrated for 20 ps (timestep 1 fs) in NPT 

at 25 K (likely operational temperature of fusion 

magnet), then hybrid NVE/Langevin dynamics mode

• MLPs predict defect counts 50 percent higher than the 

Gray potential: different primary damage response

• MLPs predict higher recombination for O and a larger 

proportion of Cu defects, consistent with experimentally 

observed Cu–O divacancies

• The larger final defect counts suggest a greater degree 

of local amorphisation with ACE and tabGAP

• Irradiation direction does not strongly impact defect 

generation, consistent with previous findings
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Sub-Stoichiometric Collision Cascades 

• ACE and tabGAP stabilise Ortho-II ordering and model sub-stoichiometric YBCO consistently across 0 ≤ δ ≤ 0.4

• Total defect count (vacancies, interstitials, antisites) decreases with decreasing oxygen content for both MLIPs

• Damage volume shows no strong dependence on oxygen content; ACE predicts slightly larger and more variable 
damaged regions than tabGAP

• Both MLIPs indicate that oxygen stoichiometry has limited impact on total damage production
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Fusion Relevant Collision Cascades 

D. Torsello et al 2023 
Supercond. Sci. 
Technol. 36 014003

• 300 keV Ba PKA cascade in YBa2Cu3O6.93, 
representative of commercial tapes and fusion-

relevant ARC conditions

• Supercell is 350 million atoms, tabGAP was used for its 
efficiency and more reliable short-range repulsion

• NVE/velocity-rescaling approach is employed here, as 

Langevin struggles with reflection of thermal shock

• The cascade exhibits significant splitting and multiple 

sub-cascades, typical of high PKA energies

• 27,949 defects (vacancies, interstitials, antisites) were 
identified in the final frame, indicating substantial 

damage production

• With the PKA directed along the c axis (fusion-relevant 
geometry), results suggest defect generation is not 

strongly dependent on irradiation direction
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Simulated HRTEM Image

• 40 nm lamella extracted from the cascade region; HRTEM images 

simulated using abTEM package

• Thermal diffuse scattering modelled via frozen-phonon approximation 

(10 configurations) to reproduce realistic experimental contrast

• Imaging conditions matched Linden et al. and the JEOL JEM-3000F 

machine (300 kV, Cs 0.6 mm, Cc 1.1 mm, 0.65 eV spread

• Simulated bc-plane HRTEM reveals ~3 nm spherical amorphous regions 

with peripheral oxygen interstitial defects, reproducing experimentally 

observed cascade morphology

• Agreement with reported YBCO TEM (~3 nm amorphous cores) suggests 

that the MLP accurately captures defect production and short-range 

damage physics
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• Radiation damage in HTS needs to be described in terms of density, morphology and 

distribution of defects and cascades to link with superconducting properties

• We are implementing a workflow for the computational investigation of radiation damage 

in HTS, focusing on the fusion environment

• New models allow for exploration of YBCO properties, also under conditions of oxygen 

depletion and in general are DFT-accurate at a fraction of the cost

• Experimental investigations will provide quantitative validation of MLPs quality!

• Overall, MACE shows a higher accuracy, but the required computational time is high: can 

it be used for large-scale radiation damage simulations?

• Future Work: Distillation Neural Networks from MACE to lighter models

Summary
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Equations of State

• Equations of state show change in 

energy as a function of lattice volume

• Recorded by minimising the energy of 

the simulation cell under internal/external 

pressure

• Good agreement suggests that the 

system will behave correctly under lattice 

distortion

• MACE shows very accurate fits, even 

when lattice parameters are distorted!

YBCO
6

YBCO7
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• Evidence of the diffusion-

driven orthorhombic to 

tetragonal phase 

transition in YBCO7!

• As temperature 

increases, oxygen 

migrates to interstitial 

positions adjacent to the 
CuO chains

• This transition is inherently 

kinetically driven: 

inaccessible to 

conventional DFT 

simulations, which are 

limited to much smaller 

timescales, but seen by 

MLPs!

Thermal Expansion
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Liquid Phase Simulations 

• For highly energetic collision cascades the ability to accurately reproduce the heat spike is crucial

• Used the MLPs to melt a 6x6x2 cell at 2000K in NPT MD, then perform NVT for 50 ps

• RDFs were averaged over all positions for every 100 timesteps for the potentials, and every 1 

timestep for DFT

• MD simulations of liquid YBCO to evaluate the accuracy of the MLPs in this environment

A. Dickson, N. Di Eugenio et 
al., Insights Into Radiation 
Damage in YBa2Cu3O7−δ 
From Machine-Learned 
Interatomic Potentials. 
arXiv:2512.24430 (2025).
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