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INTRODUCTION / MOTIVATION
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INTRODUCTION / MOTIVATION
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DISPLACEMENTS PER ATOM / DPA

NRT-dpa

If radiation damage would be only formed in a
sequence of binary collisions, it should scale
linearly with damage energy T,

This leads to the NRT-dpa equation for the
number of defects N,
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DISPLACEMENTS PER ATOM / DPA
Problems with NRT-dpa

The PKA event is not a binary collision sequence, but a many-body problem
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DISPLACEMENTS PER ATOM / DPA
Why a improved analytical model is needed

The MD simulations are easily doable thanks to modern computers, and can in
principle replace NRT-dpa

However, for parameterizing higher-scale models (neutronics damage models,
FEM, ...) it is not really feasible to do MD simulations for every recoil

If a simple analytical model can be fit to the data, huge advances are gained:
Analytical equation: nanosecond on one core
MD simulation: one week on thousand cores



DISPLACEMENTS PER ATOM / DPA

arc-dpa

Considering the heat spike as two spherical zones with perfect recombination
Inside R, and a shell R-L with surviving interstitials, the surviving defect fraction:
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At high energies cascades split into sub-cascades
-> |inear, and demanding consistency with the
NRT-dpa at the threshold, one arrives at the final form
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DISPLACEMENTS PER ATOM / DPA
rpa

Consider now the atomic mixing (replacements)

It is actually a very good approximation that all
atoms within the core are replaced. Hence

simply N«xR3
Combining this with the previously noted R « Tj
and demanding linearity:
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DISPLACEMENTS PER ATOM / DPA
Limitation of arc-dpa -> full energy range dpa

Cu
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DISPLACEMENTS PER ATOM / DPA
Limitation of arc-dpa -> crc-dpa

K. Nordlund et al. J. Nucl. Mater. 512 (2018) 450-479

Defect mobility: taking into account
correlated movement of interstitials and
vacancies, separately.

Defect Production Efficiency (Surviving
Defect Fraction) in Irradiated Copper
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DISPLACEMENTS PER ATOM / DPA
Current status

With current models we can take into account the:
Defects produced from binary collisions (NRT-dpa) [1]
Account for the heat-spike [2,3]

— Corrects real damage (arc-dpa)

— and replacements (rpa)

Correction to low energy regime, full energy range dpa [4]
Account for thermal correlated movement, crc-dpa [5]

What is still missing:

Defect production a range, not exact value/morphology
. . [1] M. J. Norgett et al. Nuc. Eng. Des. 33 (1975) 50-54
High energies, stable defect clusters can form [2] K. Nordlund et al. Nat. Commun. 9 (2018) 1084
[3] K. Nordlund et al. J. Nucl. Mater. 512 (2018) 450-479
[4] Q. Yang and P. Olsson, Phys. Rev. Mater. 5 (2021) 073602
[5] S. J. Zinkle and R. E. Stoller, J. Nucl. Mater. 577 (2023) 154292



LIMITATIONS
Cascade overlap

The dpa models can account for single PKAs in pristine material, however...
The dose is micro- to milli-dpa, maybe not relevant
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LIMITATIONS
Cascade overlap/High-dose simulations

The dpa estimate only applies when there is Dose (dpa)
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EXAMPLE: Multiscale modelling
Need for "cascade overlap”

Utilize DFT-based ML

Combination

potentials to carry out MD __ D ORIVE
cascades and utilize OKMC = T [ |
to evolve the time to
experimental ones.
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Initial studies, on W, show
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J. Wu et al. https://arxiv.org/abs/2409.15856
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CONCLUSIONS

The NRT-dpa value is still the most used measure for dose, used for comparison
Better models do exist to predict the real damage or displacements
Considering heat-spike/recombination and long-term diffusion

In single elements replacements are quite useless, however, in complex
materials the replacements can be the real defects

Current limit is high energies (material specific), where complex defects can form
Still, the limit is when the PKA is not anymore in a pristine material

This happens quickly as the dose increases

Practically only solution is full simulations instead of analytical models
=> We still need full-scale high-energy and high-dose simulations!
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