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ABSTRACT

An extensive database of atomic displacement cascades in iron has been developed using
molecular dynamic simulations. More than 300 cascades have been completed at 100K at
energies between 100 eV and 100 keV, with fewer simulations at 600 and 900K. A systematic
evaluation of the database has revealed an unexpected influence of PKA direction in low energy
simulations.Forprimaryknockon(PKA) directionsthatlie in theclose-packed{110} planes,the
cascade tends to be constrained to develop in only two dimensions. This planar “channeling”
leadsto muchhigherpointdefectsurvivalthanwhenarandomhigh-indexPKA directionis used
to initiate the cascade. For example, the average number of stable Frenkel pair produced in 300
eV cascades is about 2.1 for cascades initiated with a [135] PKA, and 3.2 for [114] cascades.
Some influence of this PKA direction effect was observed for energies up to 2 keV. The
interstitial clustering behavior also appears to be affected in cascades with high defect survival.

INTRODUCTION

The exposure of materials to irradiation by high-energy particles leads to the formation of
atomic displacement cascades. Depending on the energy of the initiating particle, these events
involvefrom afew atomsto afew tensof thousandsof atoms,andoccuronthetimescaleof afew
pico-seconds. The method of molecular dynamics (MD) was first applied to simulate cascade
evolutionaround1960[1], but only in thelasttenyearshave thecapabilitiesprovidedby modern
computers made it possible to simulate the high energy cascades relevant to nuclear energy
systems [2-12]. For example, these same computational capabilities have permitted the
development of an extensive library of atomic displacement cascade simulations in iron with
cascade energies as high as 100 keV [12]. The analysis discussed in Ref. [12] provided a basis to
determine the number of simulations required to obtain statistically-relevant mean values for
several primary damage parameters as a function of cascade energy and temperature. This
database has also permitted meaningful comparisons of primary radiation damage parameters in
various irradiation environments to be made [13].

In order to avoid lattice effects such as channeling and directions with particularly low or
highdisplacementthresholds,mostMD cascadesimulationsareinitiatedusingahigh index PKA
direction. For example, most of the simulations in the database discussed in Ref. [12] were
generated using a [135] PKA direction. An initial investigation of PKA direction effects using 1
keV cascadesindicatedthatmeanvaluesobtainedwith [135] PKA shouldberepresentativeof the
average behavior at this energy [10]. However, further analysis of the cascade database revealed
unexpected phenomenon in the lower energy cascades that lead to relatively large differences in
pointdefectproduction.Thesedifferencesarediscussedbelow, whereit will beconvenientto use
the number of displacements calculated with the standard Norgett-Robinson-Torrens (NRT)
model as a normalizing factor [15]. This number of displacements isνNRT = 0.8*Tdam / (2*Ed),
whereTdamis theso-calleddamageenergy [15] andEd is theaveragedisplacementthreshold,40
eV for thecaseof iron [16]. Sincethecascadeenergy is analogousto thedamageenergy in these
MD simulations, the NRT model predicts that 3 stable Frenkel pair should be formed.



EFFECT OF PKA DIRECTION IN 300 eV CASCADES

The statistical analysis in Ref. [12] demonstrated that more simulations are required for low
than for high cascade energies to obtain similar fractional standard errors. There were originally
sixteen 300 eV cascades included in the database[5,7]. In order to improve the statistics, 24
additional 300 eV cascades were subsequently completed. The mean values for stable defect
formation and the fraction of interstitials in clusters were found to be significantly different
betweenthesetwo populations.Thedifferencesweretracedto aneffectof PKA direction.Twelve
different PKA directions were used in the initial 16 simulations, but only the [135] direction was
usedfor thesecondsetof 24.A review of thefirst 16simulationsindicatedthatsimulationsusing
[114] and [121] PKA directions appeared to be responsible for the differences.

In orderto verify thisobservation,16additionalsimulationswerecarriedoutusingfour PKA
directions: [135], [114], [121], and [123]. The [123] was added as second, relatively high index
pointof comparison.Theresultsof thesesimulationsareshown in Figure1,wherethenormalized

Figure 1.Effect of PKA direction on: (a) the number of stable displacement and, (b) the
fraction of interstitials in clusters. Both are normalized using the NRT displacements.
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number of stable defects produced is plotted in 1(a) and the normalized number of interstitials in
cluster in 1(b). Stable defect survival is significantly greater for the [114] than for the [135]
direction. The effect on defect survival is somewhat weaker for the [121] PKA direction, and
[123] results are not significantly different than the [135]. The impact of PKA direction on
interstitial clustering shown in Figure 1(b) is less systematic since there is more cascade-to-
cascadescatterin thisparameterthanin defectsurvival [12]. Moresimulationswouldberequired
to establish the statistical significance of the small differences observed in this figure.

The reason for the increased defect survival for the [114] and [121] PKA directions appears
to be the formation of a planar cascade morphology when the PKA direction lies in a close-
packed {110} plane. A typical cascade using a [135] PKA direction is shown in Figure 2, where
thepeakdamagestateis shown in part(a)andthefinal, stabledefectconfigurationin part(b).The
[135] cascades develop isotropically, with a nearly spherical configuration of displaced atoms in
thepeakdamagestateshown in Figure2(a).In thisandthesubsequentcascadeimages,thelarger
and lighter grey spheres are interstitial atoms and the smaller, darker spheres are vacant lattice
sites.Only onestableinterstitial-vacancy pairarecreatedby the300eV cascadein Figure2. The
single interstitial is in the form of a <110> dumbbell.

In markedcontrastto theisotropic[135] cascade,themorphologyof the[114] cascadeshown
at thepeakdamagestatein Figure3 is completelyplanar. Two alternateprojectionsaredisplayed
in parts (a) and (b). All of the displaced atoms lie in the (110) plane, which contains the [114]
PKA direction. Since the PKA energy is dissipated two-dimensionally, the vacancies and
interstitials are separated to a greater extent and a larger fraction of the displaced atoms fail to
recombine.As shown in Figure3(c),six interstitial-vacancy pairarecreatedby thiscascade.Four
of the interstitials (2/3 of the total) are in a single cluster of <111> dumbbells and crowdions.
Althoughthiswastheonly oneof thesixteen[114] cascadesthatwasperfectlyconstrainedwithin
a single plane, the morphology of all the [114] cascades tended to be disk-like. Similar
observations were made when viewing the [121] cascades. One out sixteen was perfectly
constrained to the (101) plane which contains the [121] direction. By analogy with its one-
dimensional counterpart, the behavior observed in these cascades can be described as a planar
channeling.

Figure 2. Typical cascade morphology for 300 eV cascade in iron at 100K using a [135] PKA
direction. Peak damage state is shown in (a) and final defect configuration in (b).

(a) (b)



EFFECT PKA DIRECTION A T HIGHER ENERGIES

It was expected that this planar “channeling” effect would only be observed at relatively low
energies since high energy recoils would have a greater probability of transferring sufficient
momentum to atoms out of the {110} plane. This was investigated by conducting additional
cascade simulations at energies of 0.5, 1.0, 2.0, and 5 keV using the [114] PKA direction for
comparison with the results to the [135] cascades completed previously. The normalized defect
survival ratios for the highest three energies are shown in Figure 4. It was surprising to observe
thatthedirectionaleffectpersiststo somedegreeupto acascadeenergy of about2 keV. Theratio
of the defect survival using [114] to that using [135] was 1.59, 1.12, 1.28, 1.15, and 0.995 for
cascade energies of 0.3, 0.5, 1.0, 2.0 and 5.0 keV, respectively. Based on the number of
simulations completed, the differences observed in the 1.0 keV simulations are significant at the
90% confidence level, while those at 2.0 keV are not.

(a) (b)

(c)

Figure 3.Planar cascade morphology observed
in 300 eV cascade in iron at 100K with a [114]
PKA direction. Peak damage state is shown in
two different projections in (a) and (b), and the
final defect configuration in (c).



DISCUSSION AND SUMMARY

An unexpected effect of PKA direction was found in MD simulations of 300 eV cascades in
iron at100K.A typeof planarchannelingwasobservedwhenthePKA directionlies in theclose-
packed{110} planes.Thetwo-dimensionalnatureof cascadedevelopmentleadsto moreefficient
separation of vacancies and interstitials, thereby reducing in-cascade recombination. Thus, a
greaterfractionof theradiation-producedinterstitialsandvacanciessurvivein cascadeswith PKA
directions such as [114] and [121]. This effect gradually disappears at higher energies as the
atomic recoils have a greater probability of breaking out of the plane and generating a three-
dimensionalcascade.However, thedataindicatethatsomedependenceonPKA directionpersists
up to about2 keV. Thedifferencebetweenthe[135] and[114] averagesis statisticallysignificant
at the95%confidencelevel for the300eV simulations.The[114] defectsurvival was15%higher
than [135] at 2 keV, although this difference is not statistically significant at the 90% confidence
level. Interstitial clustering appears to be less sensitive to PKA direction than does total defect
survival.

These results are probably most significant for low temperature irradiation conditions
because increased thermal motion of the atoms may mitigate the effect at higher temperatures.
Theinfluenceof irradiationtemperatureontheobservedbehavior is underinvestigation.Sincethe
effectof PKA directionondefectsurvival persistsupto cascadeenergiesashighas1-2keV (~2.5
keV PKA energy), a thorough investigation of PKA direction effects in low-energy cascades
should be carried out before choosing a single direction for high energy cascade simulations.
Finally, it is interesting to note that the PKA directions which gave higher than average survival
werenot thosedirectionswith a low displacementthreshold[17]. Thus,thiseffect shouldalsobe
consideredwheninterpretingtheresultsof experimentsintendedto measureatomicdisplacement
thresholds.

Figure 4. Effect of PKA direction on stable defect formation in iron cascades at 100K
for cascade energies of 1, 2, and 5 keV, values normalized using the NRT displacements.
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