
which relevant to FMD [9,10]. We believe that the proposed work will enable us to accurately estimate
the net damage production and may assist in devising methods for mitigating the radiation damage
process.
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Motivation

The motivation for this work is the determination of a methodology for deriving and validating a 
reference metric that can be used to correlate radiation damage from neutrons of various energies and 
from charged particles with observed damage modes. Exposure functions for some damage modes are 
being used by the radiation effects community, e.g. 1-MeV-Equivalent damage in Si and in GaAs [1] 
semiconductors as well as displacements per atom (dpa) and subsequent material embrittlement in iron
[2]. The limitations with the current treatment of these energy-dependent metrics include a lack of an 
associated covariance matrix and incomplete validation. In addition, the analytical approaches used to 
derive the current metrics fail to properly treat damage in compound/poly-atomic materials, the evolution 
and recombination of defects as a function of time since exposure, as well as the influence of dopant 
materials and impurities in the material of interest. The current metrics only provide a crude correlation 
with the damage modes of interest. They do not, typically, even distinguish between the damage 
effectiveness of different types of neutron-induced lattice defects, e.g. they fail to distinguish between a 
vacancy-oxygen defect and a divacancy with respect to the minority carrier lifetime and the decrease in

1 This work was supported by the United States Department of Energy under contract DE-AC04-94AL85000. 
Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the 
United States Department of Energy
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gain in a Si bipolar transistor. The goal of this work is to facilitate the generation of more advanced 
radiation metrics that will provide an easier intercomparison of radiation damage as delivered from 
various types of test facilities and with various real-world nuclear applications.

One first needs to properly define the scope of the radiation damage application that is a concern before an 
appropriate damage metric is selected. The fidelity of the metric selected and the range of environmental 
parameters under which the metric can be correlated with the damage should match the intended 
application. It should address the scope of real-world conditions where the metric will be applied, e.g. 
with respect to material impurities or alloy composition. At one time the light water pressure vessel 
embrittlement community used the metric of a neutron fluence greater than 1-MeV to correlate with 
embrittlement damage in various light water reactors. This was sufficient as long as the damage 
correlation was restricted to a class of light water reactors that had a similar design -  and little variation in 
the neutron spectrum at the critical weld locations. Once the iron radiation embrittlement community 
became interested in boiling water reactors, it quickly became evident that the iron dpa metric provided a 
much better correlation with the observed damage in the combined class of irradiation conditions. This 
same advantage of a more broadly applicable radiation damage metric is seen whenever a damage 
correlation is required for two radiation exposure conditions where the neutron spectra are different. The 
silicon l-MeV(Si) displacement kerma was a good metric for bipolar transistor minority carrier lifetime 
and gain degradation as long as one restricted their interest to cases where the damage was dominated by 
fast neutrons. In heavily moderated low energy neutron exposures the observed damage is much less that 
predicted by the displacement kerma metric -  probably due to a failure to distinguish between an 
electrical sensitivity in the device to the type of defect, e.g. a divacancy or a vacancy-oxygen defect. The 
correlation of fast neutron damage in GaAs was thought to correlate well with the displacement kerma 
until data was gathered in 14-MeV neutron fields. Here the dense damage clusters affected the resulting 
defect population and the observed damage to minority carrier heterojunction devices. The message here 
is that the application and applicable range of real-world conditions will dictate the level of sophistication 
required in the development of the damage metric and by its value to the community. It is also critical 
that the scope of environmental conditions under which the metric has been validated to correlate with a 
given damage mode be clearly defined and documented for the radiation community.

T erminology/Definitions

Before a procedure for calculating a damage metric is addressed, one has to establish a common lexicon 
for the words that will be used. It is appropriate to start with the definition of the general term “cross 
section”. A cross section is the probability of interaction with a given atom and has units of area and is 
typically given in bams or cm2. The important point to note here is that this is a microscopic quantity. 
There is an associated term, “macroscopic cross section”, which is equal to the cross section multiplied by 
the atom density and has units of an inverse distance, typically given in cm'1. The radiation effects 
community frequently switches back and forth between the macroscopic and microscopic representation 
and this can leave the reader confused concerning the relevant units. To address this issue the community 
often uses the term “microscopic cross section” rather than simply “cross section” in order to help orient 
the audience. The macroscopic cross section for photons is analogous to the macroscopic quantity termed 
the linear attenuation coefficient which is represented by the symbol (J.. The mass attenuation coefficient 
has units of an area divided by a mass, e.g. cm2/g, and is represented by the symbol (i/p [3]. For charged 
particles, one uses the term “linear stopping power” or “restricted linear electronic stopping power”, 
notated by the symbol “S”, to denote the energy loss per unit of length along the particle track. The 
related quantity S/p is called the mass stopping power and often is given with units of keV-cm2/mg. The 
mass stopping power can be broken down into its electronic, radiative, and nuclear components. The 
unrestricted linear energy transfer (LET) is the linear electronic stopping power but the restricted stopping 
power is often indicated as a restricted LET where the LET term is corrected by subtracting the sum of the 
kinetic energy for all electrons emitted by the charged particle with energy greater than indicated value of 
the subscript.

Kerma is the basic quantity that underlies traditional metrics for radiation damage by neutrons. The kerma 
is the kinetic energy of all primary charged particles released by uncharged particles per unit mass. This
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quantity is denoted with the symbol “K” and is equal to [ | i th/p] and typically is given in units of 
Gy(matl) or rad(matl). Here “matl” stands for the material in which the dose/energy is deposited. Kerma 
should always be quoted with respect to a specific material. An important point here are that kerma is only 
defined for uncharged particles and that it is a macroscopic quantity related to the radiation delivered in a 
given scenario. The term “kerma coefficient” is now the recommended term for what was previously 
called the “kerma factor” and is equal to the kerma divided by the incident particle fluence, <t>. The kerma 
is often divided into an ionizing and a non-ionizing component. The non-ionizing term is called the 
“displacement kerma”. Many in the radiation effects community use the term kerma loosely and refer to 
the microscopic analog of the kerma coefficient, K*[A/No]/0  which is often given with units of MeV-mb. 
To avoid confusion, this quantity should be referred to as the “microscopic kerma”. In this microscopic 
form, the units do not require that the material of the energy deposition be specified. An example of this 
type of usage is found in the manuals for the NJOY code [4] which refer to this quantity as kerma. The 
NJOY/HEATR module reports this microscopic parallel as the displacement kerma. An important point 
here is that the displacement kerma includes more than the energy that goes into breaking bonds in the 
target lattice. It also includes the energy that is delivered to the lattice in the form of phonons -  and which 
ends up as heat. Table 1 shows the break down of energy loss from a 50 keV Si ion incident on a Si 
lattice. The primary ion, because of its higher particle energy and the dynamics of the energy partition 
between displacement and ionization, is responsible for most (30.5%) of the energy lost into ionization. 
The recoil atom is responsible for most of the energy that goes into displacements (vacancies + phonons). 
The largest component of this non-ionizing or displacement kerma corresponds to the energy that goes 
into the lattice in the form of phonons.

Table 1. Energy Partition for 50 keV Si Ion in Si Lattice

Energy Loss 
Mechanism

% Energy Loss
Primary Ion Recoil Atoms

Ionization 30.50 25.67
Vacancies 0.23 3.38
Phonons 0.77 39.44

Dose is another macroscopic metric for the energy loss in a material. Dose takes into account the transport 
of secondary electrons. In the limit where one has charged particle equilibrium (CPE), it is identical to 
kerma for uncharged particles. Dose can also be broken into its ionizing and non-ionizing (or 
displacement) components. While this macroscopic quantity should be given in units of Gy(matl) or 
rad(matl), it is often cast into a microscopic form and presented with units of MeV-mb.

The scope for this paper calls for an investigation of the radiation damage equivalence between neutrons 
and charged particles. The fact that the traditional damage term “kerma” is only applicable to uncharged 
particles can make this mapping of radiation damage metrics to charged particle effects difficult. 
However, the radiation effects community does have a term analogous to kerma for charged particles -  it 
is called cema. Cema is equal to the energy loss by charged particle, except for secondary electrons, per 
unit mass. Cema is typically given in units of rad(matl) or Gy(matl). This quantity is defined as the 
integral of the mass stopping power multiplied by the particle fluence as the particle slows down. Cema, 
like dose and kerma, can be broken down into displacement and electronic energy loss (ionizing) terms. 
Kerma and cema can be considered to be parallel quantities where one changes the mass stopping power 
into the mass attenuation coefficient multiplied by the energy.

The non-ionizing energy loss, or NIEL, is another term that is used by the radiation effects community. 
This is the rate at which energy of an incoming particle is lost per unit length in the material, through non
ionizing processes. This quantity is a microscopic term but is related to the macroscopic quantity of 
displacement dose and is frequently used by the space radiation effects community to characterize 
displacement damage modes in satellite materials (solar cells and electronics). This term is often broken 
down into its Coulombic and nuclear components. Note here however that the nuclear term is the energy 
lost due to nuclear reactions and is not to be confused with the partition of the stopping power into 
“electronic” and “nuclear” processes. The “nuclear” stopping power refers to elastic Coulomb collisions 
that impart recoil energy to the lattice atom.
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Damage Metrics

Now that the basic terminology for the energy deposition in materials has been established, one can 
address how this energy is translated into quantities that can be readily related to specific damage 
modes of interest to the radiation effects community. While energy into ionization is typically related 
to the damage modes that depend upon the breaking of molecular bonds, the neutron effects 
community is typically more interested in effects that depend upon the introduction of displacements 
in the target lattice, or the introduction of Frenkel Pairs (FP), i.e. vacancy-interstitial pairs.

An important consideration here is the algorithm used to partition the energy into ionizing and non
ionizing energy loss. The early work in this area was done in 1963 by Lindhard, Scharff, and Schiot
[5]. These authors treated elastic and inelastic energy loss where the elastic loss used the Thomas- 
Fermi potential and the inelastic loss used a non-local free uniform electron gas model. Their work is 
referred to as the LSS energy partition. In 1968 Robinson [6 ] derived an analytic expression that 
represented a good fit to the LSS energy partition using the atomic mass and atomic number for the 
incident ion and lattice atoms. Figure 1 shows the fraction of energy that goes into ionization as a 
function of the ion energy. For high ion energies almost all of deposited energy goes into ionization. 
For lower energy ions about 80% of the energy can go into creating displacements and into lattice 
phonons. Many applications, e.g. NJOY/HEATR module and ASTM standards, use this Robinson fit 
to partition the kerma into ionizing and displacement components.

Various types of reactions are possible when a neutron undergoes an interaction with a lattice atom. 
The probability of a given reaction is a function of the neutron energy and the lattice atom. Figure 2 
shows the primary recoil ion spectrum for some representative neutron energies and reaction types in a 
silicon lattice. There is an analytic expression for the maximum energy a neutron can impart to a 
lattice atom in an elastic scattering process. This energy can be seen in the sharp cut-off energy in the 
high energy region of the recoil spectra for the two curves corresponding to elastic processes and is 
shown in Figure 2. The (n,a) transmutation reaction, by contrast, is seen to result in a smooth high 
energy tail in the primary recoil spectrum. In the case of the (n,a) reaction, in addition to the primary 
recoil atom, Mg, a high energy alpha particle is also generated. This alpha particle has a large range 
and will result in additional lattice displacements. Figure 3 shows the recoil spectra for the primary 
recoil atom, averaged over all reaction channels, for neutrons of various energies incident on a silicon 
lattice. At a neutron energy of 1-keV, the primary reaction is elastic scattering and the spectrum 
depicts the sharp high energy edge in the recoil spectra. For a 14-MeV neutron many reactions 
channels are possible and the recoil spectra depicts a much more complex shape. Figure 4 shows the 
LSS energy partition for silicon as a function of the incident neutron energy. This curve was generated 
using the ENDF/B/V11 silicon cross sections, the NJOY representation of the reaction-dependent 
recoil atom spectra, and the LSS energy partition function.

Fig. 1. LSS 
ionization.

Si Ion Energy (eV)

damage energy partition into

xlO
0.30

_o
To 0A 5  

O
p H  0.10

A rbirary Probability N ormalization

1 M e V  Z8Si Elastic 

10 MeV 28Sifn,ot)

10  10  10 1 0 '  10 10 

PKA Recoil Energy (keV)
Fig. 2. Representative spectra for the neutron primary 

recoil atom in a silicon lattice.

The Thomas-Fermi potential is known to over-estimate the elastic energy loss. Recent (2006) work on 
silicon by Akkerman [7] treated the elastic process using a screened Coulomb interaction with the 
Ziegler-Biersack-Littmark (ZBL) potential [8 ] and a combination of local (impact parameter 
dependent) and non-local models for electronic scattering. This representation of the potentials better
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represent current experimental data than do results using the traditional LSS potential. Akkerman 
used these potentials to provide a new damage partition function for silicon using an analytic 
expression in the same form as was used by Robinson. Use of the Akkerman damage partition for 
silicon results in changes of up to 15% in the damage energy as compared to that resulting from the 
use of the LSS energy partition.
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Fig. 3. Primary recoil atom spectra
corresponding to various incident neutron 
energies.
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Fig. 4. LSS damage energy partition into 
ionization as a function of incident 
neutron energy

A common displacement damage metric is the number of displacements per atom or dpa. Dpa refers to 
the mean number of times each atom of a solid is displaced from its lattice site during an exposure to 
displacing radiation. To generate this computational metric, the displacement damage energy is 
converted to a number of displacements. The most common model used for this conversion was 
presented in 1955 by Kinchin and Pease (KP) [9]. Norgett, Robinson, and Torrens (NRT) [10] 
presented an update to the KP formulation that refined the creation of FPs in the threshold damage 
energy region where the damage energy was only sufficient to produce one or two discrete FPs. The 
problem with this metric, even with the refined NRT approach, is that, as demonstrated with 
MARLOWE simulations [11] using a simple binary collision approximation (BCA) of the ion-lattice 
interaction, closely spaced FPs have a large probability of recombining -  thus significantly decreasing 
the effective/residual defect population. In fact, after the initial quenching of defects, which occurs in 
picoseconds, there can be a significant evolution in the types and quantities of defects. This evolution 
of the early-time defect population is commonly explored using molecular dynamic (MD) methods. 
The results of the MD analysis can be analyzed to statistically characterize the numbers and relative 
locations of different and complex defect types, e.g. dislocation loops and anti-site atom replacements. 
The application of MD techniques has been successfully applied to the study of defect evolution out to 
tens or hundreds of nanoseconds and for ion energies up to tens of keV. Often the high fidelity MD 
results for low energy ion interactions are spliced onto the results from BCA calculations in order to 
efficiently utilize both techniques in the regimes where they are accurate and computationally 
efficient. When the computational requirements of MD become too stressing, either in terms of cpu 
time or memory, even for massively parallel systems, kinetic Monte Carlo (kMC) techniques are used 
to track the further defect evolution. kMC approaches do not require the treatment of a large number 
of nodes in a discrete lattice volume sufficient to contain the complete spatial volume of diffusing 
atoms and only require the specification of defect mobilities and interaction probabilities. For the use 
of kMC for defect evolution in electronics, it may prove necessary to extend the kMC approaches to 
address boundaiy conditions for the electron flow and to explicitly treat the interaction of the charge 
state of defects.

With the more advanced treatment of the late-time evolution of the defect population the range of 
potential damage metrics greatly increases. For electronics, one will desire to distinguish the formation 
and persistence of defects that are electrically active, e.g. divacancies and vacancy-phosphorus defects 
in silicon, and ignore the presence of some defects, such as vacancy-oxygen defects. In this vein, some 
authors have proposed other damage metrics such as residual freely migrating defects or defect
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clusters. What remains is to establish a correspondence of the damage metric with the observed 
damage mode under various irradiation conditions.

Related Work at Sandia National Laboratories

Work at Sandia National Laboratories had focused on neutron damage to electronics. Efforts here have 
used MD techniques to aid in the selection of the displacement threshold energy and to examine, with 
high fidelity, the defects that result from a low energy ion incident on the target lattice, typically Si or 
GaAs. While approaches have been explored that use BCA techniques to transport the primary and 
recoil atoms down to a predetermined energy and then to append on a defect cluster that is statistically 
representative of the MD results, the easier approach of extracting a normalization factor from the MD 
calculation and applying it to the final defect metric that results from the BCA analysis is typically 
used. Figure 5 shows the variety of defects than can result from the BCA representation of the initial 
defect population of an arsenic ion incident on a GaAs lattice. For a 10 keV incident ion into the GaAs 
lattice calculations showed a comparable number of Ga and As interstitials and vacancies, and about 
half as many Ga and As anti-site defects. A pair correlation function [12] can be used to describe the 
probability distribution for the separation between defects. The pair correlation function (PCF) can be 
used to determine if there is a different spatial clustering for different types of defects, e.g. vacancies 
and anti-site replacements. The PCF is computed for both the MD and BCA analysis and these 
distributions are compared to ensure that the dynamic aspects of the cascade are adequately captured 
in the specific application of the BCA approach. This approach, and its set of internal consistency 
checks, have proven to have sufficient fidelity and are all that is thought to be warranted until better 
data is available in order to refine the correlation of the selected computational metric with the 
observed damage mode of interest. This MD-complemented BCA analysis is typically performed 
using the MARLOWE code. MARLOWE is run for a set of scenarios varying the incident ion type, 
incident ion energy, lattice composition, and displacement threshold energy. For each case the results 
of selected metrics are captured and the results are built into a database. Figure 6  shows the 
probability of generating a specified number of Frenkel Pairs in a cascade generated from an incident 
silicon ion of a given energy into a silicon lattice.
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Fig. 5. One sample of the spatial configuration of 
different defect types resulting from a 
10 keV As ion incident on a GaAs lattice.

FPs per Cascade
Fig. 6 . Frenkel Pair distribution from silicon 

ions.

In support of the analysis of radiation damage from neutrons, once the damage metric has been 
selected and the computational metric completely parameterized for the range of relevant ions and 
energies, this information is folded in with the recoil spectrum. The NJOY code has been modified to 
employ the different energy partitions, e.g. the Akkerman partition for silicon, use of the NRT 
displacement formalism, and to permit the use of lattice-specific displacement threshold energies and 
a weighted treatment of composite (multi-atom) crystal lattices. For a radiation exposure of interest, 
MCNP [13] calculations are performed to determine the neutron spectrum at the location of interest, 
often at the emitter-base junction of a bipolar npn transistor. Given the neutron spectrum, the 
interaction probability with the relevant lattice atoms is calculation and convoluted with the recoil ion
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spectrum. Recoil spectra are obtained using the SPECTER [14], TALYS [15], or EMPIRE [16] codes. 
The recoil spectrum resulting from summing over all of the neutron interactions is then folded with the 
computational metric. Figure 7 shows the probability distribution for Frenkel Pairs generated from the 
EMPIRE recoil spectrum for various monoenergetic neutron irradiations of a silicon lattice. Figure 8  

convolutes this neutron energy-dependent FP production curve with the neutron spectrum from the 
Sandia Pulsed Reactor 111 (SPR-lll). This figure shows that the Frenkel Pair distribution function for a 
reactor spectrum has a very broad distribution of the number of Frenkel Pairs. As part of this process, 
the cascade density in the area of interest is computed in order to flag cases where high neutron 
fluence irradiations may result in the overlap of cascades.

For small feature size semiconductor applications, the cascade density is also combined with feature 
size to determine the number of interactions in the relevant volume. In cases where there is a small 
number of neutron interactions and a (potentially) large variation in the damage metric between 
different neutron interactions, one can expect a significant device-to-device variation in the 
experimental data. For example, when one uses a metric of the number of FPs created, the probability 
density distribution for FP creation in the Sandia Annular Core Research Reactor (ACRR), a water 
moderated reactor, because of the broad neutron spectrum, the FP distribution is very wide. A 
maximum pulsed exposure at the White Sands Missile Range (WSMR) fast burst reactor is found, by 
calculation, to only result in ~20 defects in the active area of small feature size GaAs devices. If there 
are only a few neutron interactions in the sensitive volume of an electronics device, then the use of an 
average number of FPs created per neutron interaction requires consideration of the uncertainty (or 
variation) due to the sample size (number of interactions).
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Fig. 7. Frenkel Pair distribution from 
monoenergetic neutrons.

Fig.

FP per Cascade

Probability density distribution for Frenkel 
Pair creation in the SPR-lll fast burst 
reactor neutron spectrum.

Another issue that can complicate correlating a computational metric with a given damage mode is the 
synergy that can exist between damage caused by neutrons and that caused by gammas. Most neutron 
exposures actually represent a mixed radiation field having both neutron and gamma components. 
Table 2 shows the neutron and gamma kerma from a representative exposure in the ACRR reactor 
field where a lead-boron shield/bucket is used to minimize the secondary gamma component. Even 
when an experimenter tries to reduce the gamma field, the gamma radiation component, there can be a 
significant dose to the parts -  and the fraction of the dose attributed to the gammas is strongly 
dependent upon the material of interest. As shown in Table 2, with this shielded ACRR exposure 
configuration only 7% of the dose in silicon devices is attributed to the neutron environment, whereas 
69% of the dose as recorded in an alanine dosimeter comes from the neutrons. This is due to the large 
hydrogen component in the alanine. One must be very careful to properly relate the dose as measured 
in a dosimeter with the dose as experienced within a part under test. When an active (time-dependent) 
diagnostics, such as a diamond/carbon photoconductive photodetector is used to record the time 
profile of an exposure, the detector, in this ACRR shielded configuration, records 28% of its temporal 
response as coming from the neutrons.
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Table 2. Neutron/gamma response of various materials 
in an ACRR irradiation in a Pb-Boron bucket.

Matl. Neutron
Kerma

Gamma
Kerma

% Dose
from
neutrons

Alanine 469.2 208.2 69%

Diamond 74.3 192.9 28%

Silicon 16.0 203.2 7%

CaF2:Mn
TLD 31.45 202.4 13%

Uncertainty Quantification

A damage metric has limited value if the user cannot associate an uncertainty with its application. This 
represents a major deficiency with the current community approach -  and is an area which Sandia is 
trying to address. The correct way to represent the uncertainty is with an energy-dependent covariance 
matrix. Early work in this area generated a covariance matrix for silicon 1-MeV-equivalent damage 
using the variation seen in community representations of the silicon displacement kerma. Figure 9 
shows the resulting energy-dependent correlation matrix [17]. The small sample size and the inability 
to address correlations in the underlying cross section evaluations limited the fidelity of this 
covariance matrix.

4.0 50 6.0
Log[E(eV)]

Fig. 9. Silicon correlation matrix based upon an 
examination of cross sections used 
within the radiation effects community.

Another approach to formulating a covariance matrix is to use a Total Monte Carlo (TMC) approach 
[18]. The TALYS code and the randomly generated cross section evaluations available within the 
TENDL-2010 cross section library make it possible to explore this approach. The TENDL-2010 
random library currently only presents a sample size of 30 for the random cross section evaluations. A 
sample size closer to 1 0 0  is desired in order to generate the energy-dependent covariance matrix using 
an energy grid of sufficient range and resolution for most applications, i.e. about 90 energy bins. 
Figure 10 shows the correlation matrix that is generated for the silicon displacement kerma using the 
TENDL-2010 cross sections and the TMC approach [19]. The shape of this correlation matrix for the 
displacement kerma is very similar to that seen for the total cross section. The correlated regions 
correspond to areas where one reaction channel tends to dominate the neutron interaction probability. 
An inspection suggests that the shape of the correlation matrix is not significantly influenced by the 
uncertainty in the recoil spectra. Work is ongoing to separate the displacement kerma covariance 
matrix into the cross section and recoil spectral components.

Fig. 10. Correlation matrix for °8Si
displacement kerma based upon 
TENDL-2010 random generation cross 
sections.
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A critical issue associated with the use of calculated covariance matrices is the treatment of “model 
defect”. This is an uncertainty component that is intrinsic to the models incorporated within the codes 
and may not be probed with the model parameter variation that is used to generate the random draws 
of the cross section evaluations. Previous comparisons of the TALYS-generated cross section 
uncertainty with the recommended data-driven dosimetry cross section evaluations as found in the 
1RDF-2002 library [20] and with EXFOR experimental data [21] suggest that the high energy portion 
of the TENDL cross sections significantly understates the uncertainty and exhibits a different energy- 
dependent shape [22]. The TENDL community addressed this issue for dosimetry cross sections in 
their 2 0 1 0  release by renormalizing the baseline cross section shape to the best experimental-based 
cross section for the dosimetry reactions. Figure 11 shows that the TENDL-2010 random cross 
section evaluation correctly represents the parameter-driven variation about the renormalized baseline 
cross section. The challenge is how to correctly capture the non-parameter-drive model uncertainty in 
the covariance matrix for reactions channels where adequate experimental data does not exist to 
permit the use of this baseline renormalization approach.

Fig. 11. Comparison of 2008 and 2009 TENDL 
calculated cross sections with the 
dosimetry-quality evaluation and 
experimental data for the 24Mg(n,p)24Na 
reaction.

Neutron Energy (MeV)

Fig. 12. TENDL-2010 parameter-driven
variation in the computed re-normalized 
24Mg(n,p)24Na cross section.

Work has shown that the effect of parameter variation of the interaction potentials used in the MD and 
BCA models can introduce a very large uncertainty in the model results for FP generation. Sandia’s 
approach to this has been to eliminate the systematic portion of this uncertainty by using a calibration 
to a reference experimental point. This has been shown to drastically reduce the uncertainty that must 
be assigned to the computed metrics. This is consistent with the spirit incoiporated into the 1- 
MeV(Si) and l-MeV(GaAs) ASTM standards.

When one examines the uncertainty in the simulation of radiation damage under test reactor 
exposures, one needs to consider a wide range of uncertainty components, including:

• uncertainty in the incident neutron spectrum, typically derived from a least squares spectrum 
adjustment

• uncertainty in the neutron cross section, typically provided by the covariance matrices in ENDF
or TENDL evaluations

• uncertainty in the recoil atom energy spectrum, currently modeled by the parameter variation
within the TENDL-2010 random draws for the cross sections

• uncertainty in the energy partition function due to:
o  knowledge of the displacement threshold energy and its angle dependence
o  knowledge of the interaction potentials used to model the MD or BCA ion transport
o  model defect in the MD or BCA codes used to model the ion transport.

Parameter variations in the BCA and MD codes has demonstrated that the variation in the interaction 
potentials and displacement threshold energy can result in a large uncertainty, but the largest share of
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this uncertainty is systematic and can be removed by an energy calibration. We calibrate at a fast 
neutron energy using a fast fission reactor spectrum, so the uncertainty is small until we transition to 
thermal neutron energies or up to the high energy regions (> 8  MeV). Through the use of a double 
ratio technique, calibration in the ACRR Pb-Boron shielded configurations has been shown to produce 
only a 1 % variation in the FP generation due to the displacement threshold energy and 1 % due to the 
atom interaction potential when one makes a prediction for a fast fission spectrum representative of 
the SPR-lll reactor. We have not yet found a way to calibrate out the systematic uncertainty due to 
the recoil atom spectrum. The correlations in the TENDL/TALYS models are not used for this since 
we have not found a way to account for model defect. When we compare the effect of recoil atom 
spectra using different codes, we are forced to accept an uncertainty o f -12%. Efforts are underway to 
find a way to extract the systematic component from this uncertainty. The uncertainty in using an 
average number for the FP generation per cascade has not yet been factored into our approach. For 
cases with a large number of neutron interaction sites this uncertainty should be small, but the FP 
distribution has been shown to be very non-Gaussian, so simulations are needed in order to quantify 
how this uncertainty will be propagated. The effect of dopants (P or B typically for silicon devices) 
has been shown to not be important in the initial defect population from MD or BCA analysis, but can 
be large when kMC codes are used to model the evolution of the defect population.

There are a number of other complicating factors that must be studied. These include the effect of the 
incident neutron fluence rate, the effect of impurities, long-term defect migration, and synergistic 
effects from ionization or helium accumulation. Whether these complications are addressed with 
modeling or through experiments demonstrating the correlation between the damage metric and the 
observed damage mode depends upon the needs for the given application and the acceptable 
uncertainty.

Conclusions

There are many remaining challenges to the development of good computational damage metrics that can 
be used to compare the damage from different irradiation scenarios involving neutrons and charged 
particles. This paper has outlined an approach being pursued at Sandia National Laboratories to add an 
uncertainty treatment to the generation of the damage metrics. Key elements of our approach are the use 
of a Total Monte Carlo technique built upon the TENDL cross section library and use of an experimental 
calibration point in order to limit the uncertainty in the metric. The first step is to define the damage 
modes that are of interest. Different computational metrics may be valid for different damage modes. 
Another consideration in the path forward regards how the correlation of the damage metric can be 
validated and the specification/documentation of the range of conditions under which the correlation has 
been validated.
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NJOY/HEATR: What It Calculates Now, What Should It Calculate?

A. C. (Skip) Kahler

Theoretical Division
Los Alamos National Laboratory
USA

We provide a summary report that accompanies the LA-UR-12-25154 oral presentation made at the 
October 2012 IAEA Technical Meeting on “Primary Radiation Damage: from Nuclear Reactions to 
Point Defects” held in Vienna, Austria.

The NJOY Nuclear Data Processing System [1,2] is used worldwide to create application specific 
nuclear data libraries from Evaluated Nuclear Data File (ENDF) formatted [3] files.

In this summary report we briefly review the ENDF system, then discuss use of NJOY to calculate 
“radiation damage”.
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