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1. Introduction 

The damage produced in metals has traditionally been primarily characterized in terms of the total 

damage production, which typically is first estimated with the dpa number. As discussed in previous 

meetings of this CRP, the dpa is not actually very well suited for typical dense metals, since the 

number it gives is typically about 3 times larger than the number of actual defects produced, and 30 

times smaller than the actual number of defects produced. Hence we developed the improved arc-dpa 

and rpa standards, that give in a simple analytical form a defect number that does correspond well to 

MD and experimental data [1]. Section 2 summarizes the development of the arc-dpa and rpa 

standards. In sections 3 and 4 we discuss the role of damage clustering in damage production. 

2. Status of arc-dpa and rpa development  

The new functional forms for the “athermal recombination-corrected dpa” (arc-dpa) and 

“replacements-per-atom” (rpa) equations are: 
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   where the efficiency function ξ(E) is for the arc-dpa: 
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The original NRT-dpa damage efficiency is obtained with ξNRT (E) = 1.  

We emphasize that the arc-dpa and rpa equations are not intended to replace the NRT-dpa, which is 

still valid as a convenient energy deposition unit and can be used for e.g. comparing different kinds of 

irradiations. Rather, they are an alternative if one wishes to have a somewhat more accurate estimate 

of the actual damage production or number of replaced (mixed) atoms.  

Within the IAEA CRP we have collected MD data on damage production and mixing for the metals in 

Fe, Ni, Cu, Ag, Au, Pd, Pt, W.  We have fitted the data, including the uncertainty of the data if 

possible, using a least-squares Levenberg-Marquardt fitting algorithm for both the arc-dpa and rpa 

equations. The fits provide element-specific fitting parameters barcdpa, carcdpa, …  including their 

statistical uncertainties to the data. The fits will be done to composite data for several different 

interatomic potentials, and as such the uncertainties of the parameters will also include an estimate of 

the systematic error with respect to the variation of the potentials. 

The fits to data on both damage and mixing, including an estimate of the upper energy limit for 

their validity, will be provided in the final report of the CRP group. 

 

Fig. 1.  Summary of fits of the arc-dpa and rpa functions to composite damage production and atom 

replacement (mixing) data in Fe. 

 

3. Molecular dynamics modelling of cluster formation.  

The arc-dpa data shows in some cases an increase in the damage production at the highest energies, 

which is due to formation of large dislocations loops in the cascades. This relates to the density of the 

material and the irradiation condition, as summarized qualitatively in Fig. 2. Even the primary damage 

state may contain a significant fraction of damage clustering. 

Recently, we participated in a systematic study of damage clustering in W. Although damage 

production in W has already been studied for a long time, the fraction of damage in clusters has 

remained clear. Since the large damage clusters are likely to completely dominate the long-time scale 

evolution, knowing this fraction is crucial. Using in-situ transmission electron microscopy carried out 

by collaborators at CCFE, we directly observed nano-scale defects formed in ultra-high purity 

tungsten by low-dose high energy self-ion irradiation at 30K. At cryogenic temperature lattice defects 

have reduced mobility, so these microscope observations offer a window on the initial, primary 

damage caused by individual collision cascade events. Electron microscope images provide direct 

evidence for a power-law size distribution of nano-scale defects formed in high-energy cascades, with 

an upper size limit independent of the incident ion energy. Furthermore, the analysis of pair 

distribution functions of defects observed in the micrographs shows significant intra-cascade spatial 
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correlations consistent with strong elastic interaction between the defects. This study is the first ever 

direct determination of primary cluster sizes in experiments and simulations, and has attracted major 

interest in the international fusion community. The key result is shown in Fig. 3, which shows 

excellent agreement between simulations and experiments on damage clusters in W. 

 

 

Fig. 2.  Schematic illustration of damage production in collision cascades. Upper row: low-energy or 

light recoil. Lower row: high-energy, massive recoil. In both cases, damage clustering tends to 

occur, but in the case of heavy recoils in dense materials at high (> 10 keV) energies, they may 

dominate damage production already in the primary damage state. 

 

Fig. 3.  Results on the size of damage clusters in W. From Ref. [2]. 
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4. Reduced radiation damage in high-entropy alloys 

The conventional metals we know from everyday life are based on one element forming a well-

ordered crystal structure, with additional elements mixed in at small concentrations. A conceptually 

new way of making metals was thought out only recently, when it was found that one can mix 

numerous (three to seven) different types of metal atoms at completely random positions in equal 

concentrations, while still retaining a single good crystalline phase. In these, so called equiatomic or 

high-entropy alloys, the atoms are thus completely disordered in position. 

We recently carried out, in collaboration with Oak Ridge National Laboratory, the first ever studies of 

radiation tolerance of high-entropy alloys [3]. The results of a combination of experimental and 

modeling efforts reveal that atom-level disorder in NiFe and NiCoCr alloys, compared to elemental 

Ni, indeed lead to a substantial reduction of damage accumulation under prolonged irradiation. The 

random arrangement of multiple elemental species lead to unique site–to–site lattice distortions, that 

slow down the motion of extended defects, known as dislocation formed by the irradiation. This in 

turn leads to slower growth of large dislocation loops, which are the dominant form of radiation 

damage in metals at high doses. Understanding of alloying effects on modified energy landscapes in 

such chemically disordered single-phase alloys will allow prediction of radiation-tolerance alloys for 

next-generation nuclear reactors and other high-radiation environments.  

The analysis also revealed that alloying effects on significant reduction of dislocation mobility are 

generic, and not specific to the current choice of materials or number of elements in the system. The 

large improvement from NiFe to NiCoCr demonstrates that a reduction will depend on material 

choice, and suggests that there may be alloys with even larger damage reduction than the currently 

observed one – especially in more chemically disordered alloys with increasing number of principal 

elements at significant concentrations. 

Overall, the work on both Ni and the alloys shows that under prolonged irradiation, damage 

production in dense metals is completely dominated by the evolution of defect clusters. 

 

 
 

Fig. 4.  Left: radiation damage in a conventional metal, Ni. Right: radiation damage for exactly the 

same dose in NiFe equiatomic alloys. Due to the random arrangement of atoms in NiFe, the 

defect structures are smaller in these alloys. Figure from Fredric Granberg (University of 

Helsinki). 
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Introduction 

The motivation for this work was the characterization of damage metrics such as displacements per 

atom (dpa) for the MYRRHA reactor [1], which is a requested task for its design and licensing phase. 

MYRRHA is a multi-purpose irradiation facility conceived as an accelerator driven system (ADS) and 

currently in the design phase at SCK•CEN. Its core includes a MOX fuel cooled by liquid lead-

bismuth (Pb-Bi) eutectic. MYRRHA is conceived to operate both in critical and subcritical conditions. 

In the second case, the linear accelerator provides high energy protons that are used in the spallation 

target to create neutrons and sustain the fission chain. The reactor configuration allows the production 

of neutron fluxes up to several hundreds of MeV.  

Although the fast neutron source enhances the flexibility of the facility, the undergoing radiation 

damage has a major detrimental effect on the reactor components, such as material embrittlement. To 

quantify the damage metrics for the reactor's structural materials – e.g. beam window, fuel pin, 

cladding, core barrel – computer codes must be used with reliable evaluated nuclear data. Also 

uncertainty values should be provided for the damage metrics. Since MYRRHA's operational 

conditions cover neutron spectra much harder than those of traditional reactors (Fig. 1), several work 

packages of the FP7 project have been already dedicated to the development of adequate nuclear data 

and covariances for the MYRRHA reactor safety analyses [2]. 

The MYRRHA subcritical configuration also includes the possibility to irradiate material samples 

placed in the spallation target, where radiation damage levels comparable to fusion conditions can be 

reached. 

In this work, dpa values for 
56

Fe and 
184

W subject to MYRRHA irradiation conditions were calculated 

using evaluated data from ENDF/B-VII.1 [2], JEFF-3.2 [3] and TENDL-2015 [4]. Then, a 

methodology was implemented to generate covariance matrices for energy-dependent damage metrics 

using NJOY [6] and the nuclear data sampling code SANDY [7]. These covariances were propagated 

and uncertainties for the dpa values were obtained. 
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