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Overview

A RaDIATE Technical Meeting was held via web-conference (ReadyTalk) on April 7, 2014, to discuss DPA calculations of various simulation codes and the “standard” method used in the nuclear community. There were many participants from several institutions including Fermilab, ORNL, PSI, PNNL, University of Birmingham, University of Oxford, FRIB-MSU, RAL-STFC, NNL, and ESS. Colin English of NNL and David Wootan of PNNL gave presentations which are available in the “Meetings” section of the RaDIATE web-site. Colin gave an overview of the “standardized” DPA calculation stemming from the reactor world with implications for the accelerator applications and David presented a similar overview, but with a focus on how MCNPX can be used to calculate DPA. During both presentations, Nikolai Mokhov of Fermilab, primary developer of the MARS simulation code, commented on and clarified DPA calculation within MARS. The meeting was very useful and the RaDIATE community would like to thank Colin, David, and Nikolai for helping us come to grips with this important issue.

Miscellaneous Notes from the Discussion

· “standardized” DPA calculations generally rely on neutronic codes and dosimetry to determine the Primary Knock-on Atom (PKA) flux distribution for a given neutron flux energy spectrum.
· There can be many PKA’s for one incident neutron/ion depending on energy and material. These PKA’s will be created with a range of energies depending upon incident neutron/ion energy. At higher energies, non-elastic effects lead to more complex distributions of recoil energies as well as higher values of recoil energy.
· Calculation of damage is then done in a “sub-routine” nature for each PKA (individually or integrated over the entire PKA energy spectrum). This sub-routine, for the “standardized” DPA consists of fairly simple analytical expressions which compute the damage energy and relate the damage energy available to number of displaced atoms (NRT formulism).
· The actual damage per unit volume (DPA) is then calculated from the results of the neutron flux calculation, the PKA flux energy spectrum, and the displacement (as a function of PKA energy) calculation.
· The damage calculation has been simplified and standardized into “displacement cross-sections” (measured in barns) for neutrons in ASTM E693
· In the “standardized” damage calculation (NRT), a displacement efficiency factor (kd or ß) is set to 0.8 regardless of target material or irradiation temperature or energy.
· Molecular Dynamics (MD) calculations and empirical evidence has shown that kd is dependent upon energy (can vary from 1.4 at low energy to 0.3 at high energy).
· MARS uses a displacement efficiency that is dependent upon energy (based upon MD studies). This is one important difference that must be understood when comparing DPA calculations from different sources.
· In the “standardized” damage calculation (NRT), the threshold energy to cause a stable displacement has been standardized for about a dozen elements. These values are averaged over all crystallographic directions and appear to be about twice that found in empirical studies and calculations. This is also something that needs to be checked when comparing DPA calculations from different sources.
· The “standardized” damage calculation assumes that energy lost to electronic interactions does not go into damage. Studies have now shown that at high energy density, electronic losses can create damage if the energy loss exceeds a threshold value (30-40 keV/nm in Zr and Fe). This should be checked in accelerator applications where electronic losses along the track of the GeV protons may be very high.
· When comparing radiation damage studies, it is necessary to have a standardized method of calculating DPA. However, comparisons should take into account all other factors such as gas production (gas appm/DPA ratios), irradiation temperature, dose rate, etc.
· ASTM E521 also contains useful information on how to calculate DPA for ion irradiation simulation of neutron radiation damage. In it there is an interesting comparison between protons and neutrons showing that, by “standardized” DPA calculation, the proton irradiation should have created twice the damage of the neutron irradiation. However, micro-structural evaluation showed identical levels of damage for the same fluence values. Perhaps dose rates were different for the 2 irradiations?
· SRIM is used often by the ion irradiation community for calculation of stopping ranges and damage. It is a useful tool, but must be used carefully to ensure a “standardized” DPA result. This is described in R. Stoller’s (et al) article in NIMb (310, 2013, 75-80).
· MCNP started for lower energy neutron interactions and has now been expanded for higher energy interactions using FLUKA or LAQGSM (which are incorporated in MCNPX)
· MCNPX uses 2 different methods of calculating DPA: DPA XS (use of standard or MD cross-sections from SPECTER/ENDF) and directly with MCNPX (HISTP/HTAPE)
· DPA XS has energy limitations (listed in presentation)
· Using MCNPX directly entails using the history data to calculate damage energy spectrum which is converted to DPA. However neutrons with energies less than 20 MeV are not recorded in the history data and could underestimate damage in processes with significant damage contributions from less than 20 MeV neutrons
· MARS, FLUKA, and MCNPX have been compared by Nikolai and others and agree for DPA calculation within 20-30%. Even at low energy where MARS used to have larger discrepancies. But within the past 2 years MARS has undergone a “re-tooling” for DPA calculation that has improved this.

Next Steps

· It was generally recognized that (all other things being equal) using more recent approaches to DPA calculation (Molecular Dynamics) will result in DPA more descriptive of actual damage. But it is also recognized that we need to be able to calculate “standardized” DPA for comparison to past literature data (kd=0.8).
· Nikolai indicated that it would be relatively straightforward to add that option in MARS so that we could output “standardized” DPA and energy dependent kd DPA. For sake of clarity, we should come up with a good nomenclature to distinguish between the 2 such as “standard DPA” (DPAS) and “physical DPA” (DPAP)? In addition, options to output the PKA flux energy spectrum and/or the damage created by different PKA energies would be helpful.
· When doing such DPA calculations for accelerator applications, we should check the electronic losses/distance to ensure we are including all the damage.
· When doing such DPA calculations for accelerator applications, we should check the displacement energy thresholds being used (experimentally measured or “standardized”) and ensure that the average values (averaged over all crystallographic directions) are being consistently used.
· [bookmark: _GoBack]We need to find a common material and testing method that we can use for correlation and validation purposes. A well-researched material under well-controlled irradiation conditions and a simple property test (such as hardness) that can be repeated under different irradiations to compare and validate methods of calculating DPA with the “standardized” method. Note that the damage effects will be very different for different irradiation parameters (temperature, dose rate, energy, particle type, etc.) even at the same calculated DPA. Therefore “validation” is only useful for specific cases. Comparing the results of specific cases systematically could reveal interesting correlations and similarities.
· It is important to record and document all irradiation parameters when reporting radiation damage studies including DPA calculation method.
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