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Greetings from white nights of Finland
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Actual talk contents

üIrradiation effects in materials 

üVery brief summary of basic physics (material-agnostic)

üDifferences in behaviour by materials class

üMetals

ü Heat spikes crucial

ü Athermal recombination in cascades and arc-dpa

üSemiconductors

üLinear increase of damage

üComplex damage morphology

üCeramics (briefly)

üExample of WC

üSummary
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ü Schematical illustration of the slowing-down 

process of an energetic ion in materials

Basic physics: ion damage
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ü Neutron damage starts with a nuclear recoil deep inside the material

ü MeV neutrons lead to recoil energies ~ 10 ï 100 keV ï similar to ion irradiation

ü After nuclear collision, physics is similar to incoming ions except for the surface effects

Basic physics: neutron damage
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The traditional picture

Rest of talk: it is way more 

complicated than this!  
University of Helsinki

Department of Physics

Prof. Kai Nordlund

Knaster et al., Nature Phys12, 424ï434 (2016).
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Molecular dynamics can provide

an atom-level, many body view of 

these processes
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From recoil spectra to damage

24.6.2025

University of Helsinki

Department of Physics

Prof. Kai Nordlund
9

üRecoil spectra n(E) can be obtained for neutrons from 
nuclear physics databases, for electrons from the 
McKinley-Feshbach equations, for ions from binary 
collision approximation (e.g. SRIM) or MD range 
calculations

üLatter two reliable to within 1-2% or so 

üNeutronics reliability: good with newest libraries

üOnce spectrum known, can be integrated 
against MD data Q(E) to give
a total damage production

 Q = Ú n(e) Q(e) dE 

comparable to experiment
log E

lo
g

Q(E)
n(E)



www.helsinki.fi/yliopisto

Importance of high-energy tail of recoil 

spectra for damage distribution
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üIt is commonly assumed that light ions only produce 

damage in the form of single Frenkel pairs

üThis is actually almost never true: keV ions always have 

a tail of high-energy recoils. While these are much less 

in number, they may produce damage in large clusters

üMD simulations together with cluster analysis can be 

used to determine the size of clusters and what fraction 

of all damage is in clusters
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Example: assessment of p and 

He damage in GaAs
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üDid this for GaAs for a radiation damage in space issue:

Ion  Vacancies and Vacancies Interstitials 

 Interstitials/ion  in clusters/ion in clusters/ion 

100 keV H 10.9 6.1 5.1 

6 MeV He (top 10 mm) 2.8 2.3 1.9 

6 MeV He, all depths 297 231 191 

[Nordlund et al, J. Appl. Phys. 90, 1710 (2001)]

ὨὉ

Even for 

protons, 

about half 

of damage 

is in 

clusters!
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Comparison of ion and neutron 

recoil spectra
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ü It is difficult to carry out damage production experiments with neutrons: 

ü Fission reactors expensive, fusion reactors do not yet exist

ü Ion beams may be used to mimic neutron damage ï if one finds an ion 

irradiation condition that is similar to fusion

ü Protons are far from neutron spectra

[R. S. Averback and T. Diaz de la Rubia, Solid State Physics 51 (1998) 281]
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Comparison of ion and neutron 

recoil spectra
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üExample: for W, 400 keV ions surprisingly close, for Fe not as good a 

match, but 5 MeV is similar at high energies

ü Beam combinations might work even better

[K. Nordlund and M. Gilbert, (2025) unpublished]
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Comparison of ion and neutron 

recoil spectra ï updated after talk
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üExample: for W, 400 keV ions surprisingly close, for Fe not as good a 

match, but 5 MeV is similar at high energies

ü Beam combinations might work even better

[K. Nordlund and M. Gilbert, (2025) unpublished]
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Metals: Recombination in 

cascades and arc-dpa
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üA fundamental feature of collision cascades in 

metals is that although a lot of damage is created 

initially, most of it recombines during the cascade

üThis was observed in the 

very first MD simulations 

of a cascade in the heat 

spike regime by Diaz de 

la Rubia in 1987, and 

consistently seen in all 

metal MD simulations 

since then
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Letós make this more interesting
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üSame event but with three different color scales

24.6.2025

Color scale: Kinetic Energy                                      Potential Energy                                           Atom displacements               
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Recombination and mixing

üThis illustrates that there is a huge difference between:
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Number of atoms that are in a 

defective position after the 

cascade: very small 

The number of atoms that are 

part of a cascade and in the 

end find a position different 

from their initial one

[K. Nordlund, S. J. Zinkle, A. E. Sand, F. Granberg, R. S. Averback, R. Stoller, T. Suzudo, L. Malerba, F. Banhart, W. J. Weber, 

F. Willaime, S. Dudarev, and D. Simeone, Nature communications 9, 1084 (2018) and J. Nucl. Mater. 512, 450 (2018)]
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Reason to major recombination
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üThe major recombination can be understood in terms of 

the recrystallization front pushing vacancies towards

the cascade center

üInterstitials left behind

[K. Nordlund, S. J. Zinkle, A. E. Sand, F. Granberg, R. S. Averback, R. Stoller, T. Suzudo, L. Malerba, F. Banhart, W. J. Weber, 

F. Willaime, S. Dudarev, and D. Simeone, Nature communications 9, 1084 (2018) and J. Nucl. Mater. 512, 450 (2018)]
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Arc-dpa and rpa models
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üFrom this idea, one can derive:

üarc-dpa for number of final defects

ürpa for number of replaced atoms

Note factor of 

30 difference!!

[K. Nordlund, S. J. Zinkle, A. E. Sand, F. Granberg, R. S. Averback, R. Stoller, T. Suzudo, L. Malerba, F. Banhart, W. J. Weber, 

F. Willaime, S. Dudarev, and D. Simeone, Nature communications 9, 1084 (2018) and J. Nucl. Mater. 512, 450 (2018)]
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Semiconductors: no recombination, 

but complex damage
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üSemiconductors behave very differently from metals

üThere is some recombination, but core of cascade 

doesnôt recrystallize, instead is left in a rather 

disordered state

üOn long time scales,

the disordered pockets

partly anneal, but

large ones not fully

üThe amorphous zones

have also been 

seen experimentally 

(Ruault 1984 etc.)
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1 keV cascade in Si: 3 views
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üMuch less displaced atoms than in metals

üReason: open crystal structure leads to less dense (no) heat 

spikes)

Color scale: Kinetic Energy                                      Potential Energy                                           Atom displacements               
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How to define what is a ñdefectò?
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üIn these kinds of messy structures, 

how to even define what is a 

defect??

üLong-standing issue, some 

common approaches:

üWigner-Seitz cells

üòEmpty spheresò

üPotential energy

=> All give different values

üKey point: no unique

definition, consider what experiment is compared with!

üIdeally: simulate experimental signal from atom data

Individual 

case

Wigner-

Seitz 

defects

Empty 

sphere: 

Lindemann 

radius

Empty 

sphere: nn 

radius

Potential 

energy 

(> 0.2 eV)

5 keV12 35 283 104 404

5keV13 44 355 116 367

[data from Phys. Rev. B 57 (1998) 7556]
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Semiconductors: no arc-dpa 

behaviour
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üDue to little recombination, the damage in 

semiconductors can be pretty well described with a dpa 

equation ï damage may actually exceed the linear dpa 

prediction

üReplaced atoms 

of course do: there 

is enhancement as 

in metals when 

compared to

Wigner-Seitz

defect criterion

[K. Nordlund 2025; data from Phys. Rev. B 57 (1998) 7556; 

red  curve is just for illustration]
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Semiconductors: large fraction of 

damage in clusters
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üAs evident from the Si movie, a large fraction of the 

damage is in clusters

üE.g. in GaAs

almost all 

vacancies

and more than 

half of 

interstitials

are in clusters

at all energies

üLinear dependence

both in isolated and

clustered defects

GaAs

[Nordlund et al, J. Appl. Phys. 90, 1710 (2001)]

Isolated

defects

Clustered

defects

σπ

σ
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Low-energy recombination barrier 

of semiconductors
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üWe have very recently 

found that annealing can 

occur in Si even down to 

cryogenic temperatures

üKey point for MD: use 

quantum thermostat that 

describes also zero-point 

vibrations

https://arxiv.org/abs/2408.07518
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Low barriers can lead to major 

energy releases
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üWe observed that the large energy release events are 

always at low-temperatures preceded by crossing a very 

small (~ 0.1 eV) barrier

üThis initial small rearrangement of 

atoms slightly heats up the 

immediate surroundings, which 

can trigger a much larger atom 

rearrangement and hence energy release

üThis is analogous to critical phenomena, 

such as avalanches in sand piles or snow

üWe hence call this a ñrecombination avalancheò effect

Trigger

Avalanche

https://arxiv.org/abs/2408.07518
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Animation of recombination 

avalanche
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https://arxiv.org/abs/2408.07518
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Ceramic materials
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üCeramic materials are the most complicated, and may 

show either metal-like strong recombination or 

semiconductor-like almost no recombination

üSome amorphize easily, some never [Trachenko, Phys. 

Rev B. 71 (2005) 184104; 73 (2006) 174207] 

üThere is no simple rule for when ceramics amorphize

Example: cascade in WC
Compare: end result of cascade

in YBCO [Davide Gambino]



www.helsinki.fi/yliopisto

Ceramics: example of WC
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üCascades in WC do exhibit major recombination ï yet 

not complete like in metals, but a disordered zone 

remains

üStrong elemental asymmetry: the smaller, light C atoms 

dominate damage

Björkas et al, Phys. Rev. B 74 (2006) 140103R 

Isolated

defects

All

defects
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Graphical summary: qualitative 

behaviour of damage vs. energy
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Summary

üThe ñdpaò value does not, almost ever, correspond to 

any well defined or measurable physical parameter!

ü It is possible to make modifications of the dpa equation that 

actually correspond to experimentally measurable quantities:

ü rpa corresponds directly to ion beam mixing

ü arc-dpa corresponds to defects in metals measured by electrical 

resistivity ï wonôt work for insulations 

üThe only useful meaning of ñdpaò is as a measure of 

nuclear deposited energy (dose): deposited 

energy/volume 

24.6.2025

University of Helsinki

Department of Physics

Prof. Kai Nordlund
31



www.helsinki.fi/yliopisto

Backup slides
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Recombination of pre-existing 

damage
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üIt is well established that overall damage levels in 

metals saturate on long-term irradiation

üSaturation observed at ~ 0.1% Frenkel pair concentration

in resistivity experiments

[Nordlund and  Averback, Phys. Rev. B 56, 2421 (1997)]

SimulationExperiment

[Averback et al,. Phys. Rev. B 16  (1977) 3860 ]

Cu
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Recombination mechanism
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üThis is because the heat spike phase of the cascade 

can absorb pre-existing defects and make them 

recombine

[Nordlund and  Averback, Phys. Rev. B 56, 2421 (1997)]


