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Abstract: The results of molecular dynamics (MD) displacement cascade
simulations in bee iron have been used to obtain effective cross sections for two
measures of primary damage production: (1) the number of surviving point defects
expressed as a fraction of the displacements calculated using the standard
secondary displacement model of Norgett, Robinson, and Terrens (NRT). and (2)
the fraction of the surviving intergtitials contained in clusters that formed during the
cascade event. Primary knockon atom spectra for iron obtained from the SPECTER
code have been used to weight these MD-based damage production cross sections
in order to obtain spectrally-averaged values for several locations in commercial
fission reactors and materials test reactors. An evaluation of these results indicates
that neutron energy spectrum differences between the various environments do not
lead to significant differences between the average primary damage formation
parameters. In particular, the defect production cross sections obtained for PWR
and BWR neutron spectra were not significantly different. The variation of the
defect production cross sections as a function of depth into the reactor pressure
vessel wall is used as a sample application of the cross sections. A dight difference
between the attenuation behavior of the PWR and BWR was noted; this difference
could be explained by a subtle difference in the energy dependence of the neutron
spectra. Overall, the simulations support the continued use of dpa as a damage
correlation parameter.
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Introduction

Radiation-induced embrittlement in reactor pressure vessel (RPV) steels
has traditionally been correlated with exposure parameters such as the neutron
fluence above } MeV or atomic displacements per atom (dpa) [I ,2]. One advantage
of dpa over fast fluence is that it explicitly accounts for atomic displacements
produced by the entire neutron energy spectrum. Therefore, it provides improved
correlation when data have been obtained from irradiation facilities with different
neutron energy spectra. Differences in neutron energy spectra are manifested as
differences in the energy spectra of the primary knockon atoms (PKA) that are
produced in eastic collisions with these neutrons. Low energy PKA, such as those
produced by thermal neutrons. are somewhat more efficient at net defect production
than are high-energy PKA. This suggests that these displacements should be more
heavily weighted in dosimetry. Conversely, the lower energy PKA produce fewer
point defect clusters that can promote the formation of extended defects that are
responsible for mechanical property changes.

The issue of PKA energy effects can be investigated by displacement
cascade simulations using the method of molecular dynamics (MD). Although MD
simulations can provide a detailed picture of the formation and evolution of
displacement cascades, they impose a substantial computational burden. However,
recent advances in computing equipment permit the simulation of high cnergy
displacement events involving more than one-million atoms [3-8]; the results
presented below will encompass MD cascade simulation energies from near the
displacement threshold to as high as 40 keV. These simulations were carried out
using the MOLDY code {9], in which the computing time is amost linearly
proportional to the number of atoms in the simulation. Higher energy events require
a larger atom block as listed in Tablel. Two to three weeks of computer execution
time is required to complete the highest energy 40 keV cascade simulations with
1,024,000 atoms for 15 ps on a modem high-speed workstation.

Two parameters have been extracted from the MD simulations: the number
of point defects that remain after the displacement event is completed, and the
fraction of the surviving intergtitials that are contained in clusters. For the purpose
of comparison with standard dosimetry, these values have been normalized to the
numberofatomic displacements calculated with the secondary displacement model
by Norgett, Robinson, and Tarrens (NRT) [ 10]. The energy dependence of the two
MD defect parameters was used to evaluate the effects of neutron energy spectrum.
Simple, energy-dependent functional fits to the MD results were obtained, and the
SPECOMP code {1 I] was used to compute effective cross sections for point defect
survival and point defect clustering. PKA spectra for iron obtained from SPECTER
[12] were then used to weight these effective cross sections in order to calculate



Table 1. Typical MD cascade parameters and required atom block sizes

Neutron A\;(rzge Correspondi NRT Atoms in
Energy Energy ng Eyp | Displaceme Simulation
(MeV) (keV) (keV) nts
0.0034 0.116 0.1 1 3.456
0.0058 0.236 0.2 6,750
0.014 0.605 0.5 6,750
0.036 1.24 1.0 10 54,000
0.074 2.54 20 20 54,000
0.19 6.60 5.0 50 128,000
0.40 13.7 10. 100 250,000
0.83 288 20 200 250,000
1.8 61.3 40 400 1,024,000

spectrum-averaged values for various neutron irradiation environments. These
include several locations through the wall of RFVs of representative commercial
pressurized and boiling water reactors (PWR and BWR), and positions in both
water and sodium-cooled materials test reactors.

MD Cascade Simulations

The molecular dynamics code, MOLDY, and the interatomic potential for
iron that was used are described in detail in Refs. 9, 13 and 14. Briefly described,
the process of conducting a cascade simulation requires two steps. First, a block of
atoms of the desired size is thermally equilibrated. This process permits the lattice
thermal vibrations {phonon waves) to be established for the simulated temperature,
and typically requires a smulation equivalent to approximately 10 ps. This atom
block can be saved and used as the starting point for several subsequent cascade
simulations. Then, the cascade simulations are initiated by giving one of the atoms
adefined amount of kinetic energy, Eyyp, in a specified direction. This atom is
equivalent to the PKA following a collision with a neutron. Statistical variability
can be introduced by either further equilibration of the starting block or by
choosing either a different primary knockon atom or PKA direction. Based on the
maghitude of the calculated standard deviations, at least six different cascades are
required to obtain statistically representative average parameters at any one cascade
energy and temperature.

The MOLDY code describes only elagtic collisions between atoms; it does
not account for energy loss mechanisms such as electronic excitation and
ionization. Thus, the initial energy Epgp given to the smulated MD knoeckon atom
is analogous to the damage energy (T 4am) in the NRT model [IO]. Using the values
of Eyp in Table 1, the corresponding Epg 4 and the NRT defects in iron have been
calculated using the procedure described in Ref. 1O with the 40 eV displacement
threshold recommended in ASTM ES521, Standard Practice for Neutron Radiation
Damage Simulation by Charged-Particle Irradiation. These values are aso listed in
Table 1. Note that the difference between the MD simulation, or damage energy,
and the PKA energy increases as the PKA energy increases.

The cascade simulations are continued until in-cascade recombination of
vacancies and interstitials is complete and the atom block has returned to near
thermat equilibrium. The required simulation time varies from about 5 ps for the
low-energy cascades to 15-20 ps for the 40 keV cascades at 100 K. Some further
point defect recombination and clustering will take place at the longer times
associated with point defect diffusion. However, such times are not accessible by
the MD method. These results are thereby strictly representative of primary damage
formation only. The range of neutron energies covered by these simulations is aso
listed in Table | and illustrated in Figure 1. The neutron spectra obtained for a
typical PWR at the inside of the pressure vessel, and at positions 0.25 (114-T) and
0.75 (3/4-T) of the way through the RPV are shown. MD cascade simulation
energies are shown that correspond to atomic recoils from elastic collisions with
neutrons of the indicated energies.
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Figure 1 — Represensative PWR neutron spectra at the inside surface of the
RPV, and rhe 1/4-T and 3/4-T RPV locations. Average cascade energies
correspond to the indicated neutron energies.
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Two parameters are of primary interest to this work: the number of point
defects that survive after in-cascade recombination is complete, and the fraction of
the surviving intergtitials contained in clusters rather than as isolated defects. The
former is important because it is only the surviving point defects that can contribute
to radiation-induced microstructural evolution. The latter is significant because
these small clusters provide nuclel for the growth of larger defects which can give
rise to mechanical property changes. The formation of these small clusters directly
within the cascade means that the extended defects can evolve more quickly than if
the clusters could only be formed by the much dower process of classical
nucleation. For purposes of this work, interstitials were considered clustered if they
were within the nearest-neighbor lattice distance of another intergtitial. The size
distribution of the interstitial clusters produced is a function of the cascade energy
[3], and the interdtitial clustering fraction is calculated by summing that

distribution.
The surviving MD defects can be conveniently described as a fraction of

the NRT displacements [10] and the number of clustered interstitials as a fraction of
the surviving MD defects. The energy dependence of the surviving defect fraction
(1) and the intergtitial clustering fraction (f;.;} from the MD simulations is shown in
Figures 2 and 3, respectively. Since the MD results did not exhibit a strong
dependence on irradiation temperature, all of the results obtained at 100, 600, and
900 K are shown [3-71. The line drawn through the data in each figure is a nonlinear
least-squares fit to the data using the following functions:

N = 0.5608 - By ™ 432272107 - E,yp, m

fio = 10097 - In(Eyp + 091" - 7x107 - Eyyp, @

In both Egns. (1) and (2), the first term in the function dominates the energy
dependence up to about 20 keV. The second term accounts for the effect of
subcascade formation at the highest energies [5-7]. Mathematically, this term is
responsible for the minimum in the defect survival curve and the maximum in the
interstitial clustering curve at about 20 keV. As discussed elsewhere [5,6], this
change in the energy dependence occurs because subcascade formation makes a
single, high energy cascade appear to be the equivalent of several lower energy
cascades. Thus, the defect surviva fraction is dightly higher, and the intertitial
clustering fraction dightly lower at 40 keV than at 20 keV.

Theincrease in the defect survival fraction between 20 and 40 keV is dight,
but it appears to be statistically significant from tbe magnitude of the standard
deviations that are shown as error bars in Figure 2. These standard deviations are
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Figure 2 — Average MD poimi defect survival fraction as a function of
cascade energy; results of MD simulations at 00, 60, and 900K.

0.9

0.0

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Least-square fit for SPECTER
—s—i T=100K
—a—  G00K
—e— 900K

0.1 1 10
MD cascade energy (keV)
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based on the average of 7, 10, and 7 cascades at 10, 20, and 40 keV, respectively.
The results of a preliminary analysis of 50 keV cascades is consistent with a slight
increase in the cascade survival fraction above 20 keV. However, only four such
cascades have been completed at thistime and thisistoo small anumber to obtain a
reliable average. Additional simulations are underway at 40 and 50 keV to obtain a
better statistical estimate of the avenges a each energy. Since the standard
deviations on the average intertitial clustering fractions are much larger, the
significance of the maximum shown in Figure 3 is less clear. Based on the degree of
subcascade formation observed in the 40 keV cascade simulations, it appears
unlikely that 1 and f;; will change significantly at higher cascade energies.
‘Therefore. the values calculated from Eqgns. (1) and (2) for40 keV were applied for
all the higher energy PKA in the SPECOMP and SPECTER calculations.

Defect Production Calculations Using SPECOMP and SPECTER

Energy-dependent defect production cross sections for surviving MD
defects and clustered interstitials, and spectrum-averaged values for severa
irradiation environments were generated by modifying the SPECOMP [I 1] and
SPECTER [12] computer codes. SPECOMP normally calculates displacement
cross sections for compounds using the primary knockonr atomic recoil energy
distributions contained in a 100-neutron-energy by 100-recoil-energy grid for each
of 40 different elements. For the present defect and clustered intertitial
calculations, these new functions were used as a factor multiplying the standard
displacement cross section equations as a function of the damage energy, Tgam-
SPECOMP thus produced surviving defect and clustered interstitial cross sections
on al00 point neutron energy grid.

The SPECTER computer code contains libraries of calculated cross
sections for displacements, gas production, and total energy distribution, as well as
atomic recoil energy distributions for more than 40 elements and various
compounds. For a given neutron energy spectrum and irradiation time, the code can
be used to calculate the net radiation damage effects, as listed above. In the present
case, the SPECOMP calculations for the surviving defect and clustered interstitial
cross sections were added to the SPECTER libraries. SPECTER runs for various
neutron spectra were then used to produce spectrum-averaged values for the point
defect and interstitial clustering fractions.

Results and Discussion

The primary results of these calculations are summarized in Figure 4. The
PKA-spectrum-averaged defect surviva fraction is shown in Figure 4a, and the
interstitial clustering fraction in Figure 4b. In both cases, the effective production
cross section has been divided by the NRT dpa cross section. Values are shown for

the 114-T and 314-T RPV positions from representative PWR and BWR neutron
spectra [15]. Four additional irradiation sites are also shown. These are: positions
located in the peripheral target position (PTP) and removable beryllium reflector
{RB*) of the High Flux Isotope Reactor (HFIR) at ORNL, and the mid-core and
below-core (BC) positions in the Fast Flux Test Facility (FFTF) at the U.S. DOE
Hanford Reservation.

Including the HFIR and FFTF positions provides spectra from two broadly
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Figure 4 — Comparison of spectrally-averaged damage production cross
sections (per NRT dpa) for various irradiation environments; defect survival
ratio is shown in (a) and the interstitial clustering fraction is shown in (b).



used materials test reactors {although the FFTF is no longer operating). The former
isavery high-flux (up to-10' vm ), water-moderated test reactor, and the latter is
aliquid metal (Na) cooled fast reactor. In spite of the differencesbetween the
various neutron energy spectra, only relatively small differences are observed in the
two spectrum-averaged damage cross sections. This is consistent with the observed
iron PKA energy distributions shown in Figure 5. In the region where the PKA
probability is highest, i.e. for PKA energies between | keV and 0. J MeV, the PKA
spectra are quite similar.

A dlight difference between the PWR and BWR spectra can bc seen in the
way the spectra change as a function of thickness through the pressure vessal. This
isillustrated in Figure 6, where the spectrum-averaged defect production cross
sections are shown for four positions: the last water node point before the RPV, the
1/4 and 3/4 RPV locations, and the first node point in the cavity beyond the RPV.
The values for the two reactor types are most similar at the pressure vessel wall, and
diverge somewhat at greater depths. The reason for this modest divergence is a
subtle difference in the neutron energy spectra and the way in which neutron
attenuation occurs. The BWR spectrum is generally considered to be softer than the
PWR, and would be expected to give a higher defect survival fraction based on the
results shown in Figure 2. However, the average PKA energy at the 1/4-T and
deeper positions is actually somewhat higher for the BWR. This can be rationalized

L.

E

2

7]

3

]

s

«

o

k-]

L

]

z LY
— PWA, 1/3-T N e\
---—- BWR, 114-r i
wnremen HEIR PTP [
——— FFTF midcore \.\

10-6 1 A A 1 L
10" 107 to? 1o’ 1
PKA energy (MeV)
Figure ! BWR
i4-T,

by a comparison of the 114-T neutron spectrain Figure 7, where the
energy-dependent group fluxes are normalized using their respective peak values.
The BWR spectrum shows both ahigher relative thermal flux and a higher relative
fast flux than the PWR spectrum. Since most of the displacements are generated by
the higher energy neutrons, the effective avenge PKA energy for the BWR
spectrum is greater than that of the PWR. Although the details of this comparison
may apply only to these particular reference spectra [15), it illustrates how using a
dose or correlation parameter that makes use of the complete neutron spectrum can
provide more information than is obtained when only a simple fluence greater than
a specified energy threshold is used.

The projected attenuation of the damage rate through a PWR reactor
pressure vessel is shown in Figure 8, in which results based on the MD-based
damage cross sections are compared to neutron fluence (E>1.0 MeV) and dpa. The
results are normalized to the value obtained at the first node of the transport
calculation inside the RPV. The other four points plotted are the 1/4-T, 3/4-T, the
last node in the RPV, and the first node in the reactor cavity. Because an increasing
fraction of displacements are caused by lower energy neutrons as the high energy
end of the spectrum is lost, dpa is attenuated more slowly than fast fluence. The MD
point defect survival is attenuated somewhat more slowly than dpa because of the
increased survival fraction at lower energies shown in Figure 2. However, the small
difference between dpa and the MD-based results shown in this figure indicates that
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Figure 6 — Variation of spectrally-averaged damage production cross
sections (per NRT dpa) through the RPV for PWR and BWR.



dpa accounts for nearly al of the spectral shift associated with attenuation through
the RPV.
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Figure 7 -Normalized heutron spectra for PWR and BWR at the 1/4-T
location. Note that the BWR fluxes are higher of both the lowest and
highest energies.
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Summary

Although it is not yet possible to simulate the highest energy displacement
cascades generated in the materias used in fission reactors, the analysis of MD
cascade simulations in bee iron for energies up to 40 keV are of considerable
relevance. For example, while Fig. § indicates that there is a significant probability
of PKA production at energies above 100 keV for fission reactor neutron spectra,
the highest average PKA energy obtained from SPECTER for any of the LWR RPV
neutron spectra was only 23 keV,

The primary damage parameters derived from the MD results exhibit a
strong dependence on cascade energy up to about JO keV. At this point, a high
degree of subcascade formation leads to nearly asymptotic behavior at higher
cascade energies. However, there is aso evidence of a minimum in the fractiona
defect survival curve at -20 keV. This potentia for a dight increase in the cascade
survival fraction above 20 keV is being investigated further. Analysis of cascade
and subcascade morphology indicates that the primary damage parameters will not
significantly change at higher energies, which implies that the results reported here
should be relevant to an evauation of neutron energy spectrum effects.

Notably, the spectrurn-averaged defect production cross sections calculated
for several fission reactor neutron spectra were all quite similar. This included
locations within the pressure vessels of commercial PWRs and BWRs, as well as
locations in light water and liquid metal cooled materials test reactors. Since the
cross sections were so similar, it appears unlikely that spectral differences will
significantly influence comparisons of PWR and BWR data when dpa is used as a
correlation parameter. In addition, an evaluation of damage attenuation through the
RPV wall for both reactor types indicates that the spectrum-avenged, MD-based
damage production cross sections are attenuated at a rate which is not significantly
different from the dpa cross section. This implies that neutron energy spectrum
changes due to attenuation should aso be well accounted for through the use of
dpa.

Finaltly, the spectrum-averaged defect production cross sections obtained
from the MD results can be used to guide the selection of appropriate radiation
damage source terms in the kinetic models used to investigate. radiation-induced
microstructural evolution and embrittlement in pressure vessel steels. It has not
been demonstrated that these results are relevant to materials other than ferritic
steels; however, a comparison of MD cascades in fce copper and bee iron up to 10
keV revealed many similarities between these two materids [3].
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